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Degrecs Fahrenheit to Dcgrees Celsius: 'F = (9,5)("C) + 32 

~-- - -- -

\lul t ip ly  l l e t r i c  Units BY To Obtain English Units 

blcters ( m l  3.1839895 Feet ( f t )  

Lleters (m)  0.0006?1371 1922 >files (mi )  

Kilometcrs(l im) 0.621371 1921 Miles (mi) 

Kilometers fhml  3280.839895 Feet ( f t )  

Sqi~are bletcrs lm'l 0.0002471054 .Acres (ac) 

Square Llcrers im') 0.000000386 1003 Square btiles (mi2)  

Hectares Iha) 2.47 1054073 .Acres (ac) 

Huctares (ha) 0.00356107915 I11652 Square Miles (mii) 

Hectares Iha) 107639.1042 Square Feet (ft'l 
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EXECUTIVE SU&I&lLIARY 

INTRODUCTION 

Stream temperature has been and continues to be a concern in u.atersheds throughout Nonhem California. There 
lhas been heizhtened interest in the potenrial effects of altered stream temperatures on salmonids and other 
aquatic riparian species. Several regulatory measures ha\.e been promul~atedto mitigate potential impacts of 
increased water temperatures on aquatic biota. Restoration activities have been initiated, conservation measures 
developed. and land use practices altered in an attempt to counteract possible alterations in stream temperatures 
rhroughout the state of Califomia and the Pacific Northwest. Land stewards in the private and public sector have 
been gathering remperarure data for seleral years. Wlth the onset of cont~nuoustemperarure sensor technolo=, 
large !olumes of stream temperature data are now b e ~ n sassembled and analyzed. More and more state and federal 
agencies and private landowners are choosing continuous stream temperature monitoring devices over thermometers 
because of  the need for diurnal and seasonal water temperature data. 

Stream temperature is an important factor in aquatic ecosystems for several reasons. Water temperarure directly and 
indirectly intluences fish physiolo~yand behai~iorin several ways: 

Xfetabolism 
Food requirements. appetite. and disestion rates 
Gro\\rh rates .. Developmental rates of:mbryos and alevins 
Timing of life-history events. including adult nugrations. f v  emergence, 

and smoltification . Competitor and predator-prey interactions 
Disease-host and parasite-host relationships 

Stream temperature may also influence other aquatic and riparian species such as reptiles. amphibian:, and 
macroinvenebrates. Collecrion of stream temperamre data is driven largely by the concern for aquatic biological 
resource protection. Monitoring of stream temperature to assess diurnal and seasonal variation is a prerequsite to 
assessing potential acute and chronic thermal impacts to aquatic biota. The seasonality of life histories of the species 
of interest must also be considered when monitoring stream temperatures. Thus, monitoring that captures the 
temporal trends in stream temperature is needed to assess thermal exposures of different life stages. 

BACKGROUND 

With the onset of continuous temperature sensor technology, large volumes of stream temperature data are available 
and are continuing to be gathered. Despite the hundreds of gigabyes of stream temperature data collected by various 
goups  and asencies throughout the state, no regional synthesis and assessment of these data has been published and 
no clear understanding of temperature regimes and their association with land use practices exists. This regional 
stream temperawe assessment focuses on a well-defined geographic area of interest (AOI), namely the California 
portion of the Southern Oregon Northern Coastal California (SONCC) and the Central California (CC) 
evolutionarily significant units (ESUs) for coho salmon (Oncorhynch~~skisutch). It is unknown whether all streams 
in the A01 are temperarure sensitive in relation to the California Forest Practice Rules or other peninent land 
management treatments (i.e.. Northwest Forest Plan). To identify sensitive streams in the AOI, characrerization of 
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stream temperature regimes in the various watersheds. basins. and ecoregions comprising the AOI is essential. A 
characterization of contemporary thermal regimes across a broad geographic area was the primary goal o f  the Forest 
Science Project's regional stream temperature assessment. 

State and federal agencies are lacking information on \%,hatrange of stream temperawes are physically achievable in 
a stream reach. watershed. or basin, given the prevailing management prescriptions and climatic conditions. 
Provided with thisinformation. agencies would be bener able to I )  set reach- or watershed-specific temperature 
standards that are scientifically defensible. (2)assess the relative contributions of natural and human-induced 
factors to non-anainment of strean? temperature standards. ( 3 )  identify and prioritize stream reaches that are grossly 
out of compliance and most in need of remediation. and ( 4 )  establish realistically attainable temperature-reduction 
goals for streams. watersheds, and basins that have naturally high water temperatures. The Forest Science Project's 
regional stream temperature assessment provides agencies. land stewards. and landoumers with the information 
needed to make iniportant decisions regarding adaptii,e management. remedial measures, and restoration goals. 

SCOPE 

The \vatersheds and basins within the California ponion of the SONCC and Central California ESUs were defined 
as the geographic AOI. This area extends from the Oregon border south to San Francisco and eastturd to the 
Central \'alle). 

.This assessment repon IS based on data gathered by numerous p p t e  landowners. and various state and federal 
agencies. Land srexvards that subnutted data for the assessment cui;ected stream temperature data under a multitude 
otobjectives and assumptions. These diverse objectives can be grouped into three broad categories:. 

Pre- and post-timber harvest plan monitoring 
Thernwl reach monitoring 
Character~zationof thermal refugia 

Forest Science Project cooperators and other panies that submined stream temperarure data can be characterized as 
forested Iandocvners and stewards. Therefore, the population of stream temperature monitoring locations all fell in 
predominately forested catchments or on lands zoned as Timber Protection Zone ITPZ) or Agriculture Exclusive 
IAE). Data from both private landowners and public resource management agencies were acquired. Thus. the land 
management prescriptions were dependent upon whether monitored streams were on private or public lands. Stream 
temperature records from I087 sites spanning nine years were assembled and analyzed. Not all sites were monitored 
ever). year. Predominantly. results from analyses of 1998 data were included in the various chapters found in this 
repon since 1998 was the most complete data set with which to work. 

The assessment was restricted to data collected using continuous sensor technoloa. Snapshot (synoptic) data usln: 
hand-held thermometers or min-mas thermometers were not included in statistical analyses in the regional 
assessment. Some synoptic data were used in qualitative comparisons of contemporary to historical stream 
temperatures. Hourly (or othertime intenal) data from continuous sensors were obtained from the various'data 
contributors. Data that xere aggregated to a particular temporal or spatial level prior to submission to the Forest 
Science Project were not used due to potential differences in statistical analpical procedures and aggregation 
approaches. Consistent data verification. validation, and spatial and temporal aggregation were deemed critical for 
increasing the likelihood of data comparabiliry for statistical comparisons (i.e.. comparing apples with apples). 

The amount of site-specific information provided by data contributors was limited. In some instances. analyses on a 
reduced subset of the data were performed to explore imponanr site-level or landscape-level relationships. In such 
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cases. the number of sites and their geographic distribution are illustrated for evaluation. I n  some instances. 
Geographic Information System (GIs)-derived dara 1e.g.. elevation. distance to coast) or re~ iona l  data 1e.g.. ail 
temperature. tlou. depree day) irere used to perform analyses. As mentioned previously, 1998 had the most 
complete data set in terms oistream temperature and sire-specific attribute data. Thus. many o f  the analyses 
presented in the repon are based on 1998 dara. 

The majority ot'dara contr~butors collected stream temperature dara during the summer months (June through 
Septeniber). Some investigators allo~vsd temperature recorders to remain in the stream for lonzer or shorter periods 
of rime. Inasmuch as the preponderance o f  data bvas gathered during the summer season. the assessment repon 
focused on summenime stream temperatures. The juvenile life stage o f  coho salmon and other anadromous jpecies 
1s the stage most cummonly encountered during the summer. Thus. the repon places stream tempemture analhses in 
ihe context o f  potential thermal stress on summer juvenile coho salmon primarily. with some reference to other 
anadromous ju\enile salmonids. This is not to imply that adult stages o f  larious species are not present in the stream 
s)stems in the ,401 during the sunmer months. e.g.. chinook salmon and steelhead trout. Ho\vever, juvenile stages 
dre known to be the most sensitive to thermal stress. hence the reason for this focus. 

OBJECTIVES 

The objectives of this stream temperature assessment repon were: 

1. 	 Compile available stream temperature data in a verified and validated database for purposes o f  
resional assessment 

2 .  	 Assess status and trends in stream temperatures across the region 

3 .  	 Evaluate the influence o f  regional scale factors 1e.g.. climate. geogaphic location. iratershed position. 
e t c l  and sire-specific factors (e.2.. canopy closure. channel orientation. etc.1 on status and trends in 
stream temperatures 

4 Through the assessment process identify areas where improvements i n  existins protocols and analysis 
and synthesis are needed 

5 Identify knowledge gaps in site-specific information that should be collected on a routine basis to 
improve our assessment capabilities and move us closer to a regional stream temperature sampling 
design 

6 ,  Identify knowledge gaps between stream temperature monitoring and information on the distribution 
o f  coho salmon and other aquatic species 

SIGNIFICANT FINDINGS 

.A single stream temperature standard is difficult to apply across a broad region, such as the entire range o f  the coho 
salmon in Nonhern California, because streams differ markedly in size; drainage area, elevation, geographical 
location. prevailing climatic conditions, aspect, riparian vegetation, etc. These factors act directly or indirectly to 
influence water temperature by affecting the degree of shading or the ambient climatic conditions (air temperature. 
humidity, and solar radiation). For example, maximum water temperarures would be expected to differ markedly 
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between a wide. low-altitude. near-coastal stream in Southern Humboldt County as compared to a narrow. well- 
shaded mountain stream in nonheastern California. Streams in diverse settings behave v e v  differently. and 
temperarure standards. whether narrative or numeric. should reflect those differences. 

Regional Trends in Air Temperature (Chapter 4) 

Air temperature is known to have a significant influence on stream temperatures. Bartholo\v ( 1989)and Sinokrot 
and Stefan (1994) ranked air ternperature as the single most important parameter for predicting water temperature. 
follo\ved by solar radiation. Most stream temperature models use air temperature as a driver to predict temporal 
change in water temperature. To  deternune the effects of air temperatures on mean stream temperature. acquisition 
of local air temperatures is particularly important. If one uses remote or approximate air temperature data. then one 
can only hope for remote or approximate stream temperature predictions. 

Air temperatures did not follow expected adiabatic cooling trends across the entire study area. Near the coast. air 
temperature was more a function of distance from the coast rather than elevation. In the interior portion of the study 
area air temperatures follo\v the more expected trend: decreasing air temperature with increasing elevation. The 
relationsh~p between air temperature and the two independent variables. distance from the coast and elevation varied 
seasonally. During the wirner months air temperatures in the coastal portion of the s ~ d y  area conformed more to the 
expected negative relationship with ele\.ation. 

In addition to yearly data acquired from 7 2  remote air sites. 30-year long-term regional air temperature data were 
acquired froni the Oregon State Universit) Climate Analysis Service and the Oregon Climate Sensice at Oregon 
State Cntversity. These data were developed using PRISM (Parameter-elevation Regressions on Independent 
Slopes 3lodel). PRISM is a climate analysis system that uses point data. a digital elevation nlodel (DEM). and other 
spatial datasets to generate gidded estimates of annual. monthly and event-based climatic parameters. 

Examination of 30-year long-term average PRISM air temperature data revealed that air temperatures exhibit 
appreciable gradients within and across U.S. Geological Sun.ey hydrologic units IHUCs) that comprise the range of 
the coho salmon in Nonhem California. Hydrologic units that are predominantly coastal have cooler air 
temperatures whereas those that have a somewhat southeasterly to northwesterly orientation show strong thermal 
r a d ~ e n t s .  Some HUCs are 10°C to 15°C wamler in the upper reaches than near the coast. Interior HUCs have 
\! arnier air temperatures throughout the drainage. with cooler air temperatures at higher elevations. 

PRISM air temperature data sets were used to de\.elop a relationship between the 30-year average maximum 
monthly air temperature (AVGMAX) and the inland extent of  the coastal effect. The zone of coastal influence 
(ZCII was deri\,ed from 30-year long-term PRISM air temperature data by defining the steepest rate of  change in air 
temperature along transects at increasing distances from the coast. The ZCI is an approximation of  the fog zone. 
which intuitively ~vould ha\,e a cooling influence on water temperatures due to its associated cooler air temperatures 
and solar e n e r g  interception. Using the ZCl as a spatial coverage. stream temperature monitoring sites were 
stratified by whether they were inside or outside of  the ZCI. 

Spatial trends in air temperatures across the region must be understood in order to predict their influence on water 
temperatures. .4 useful air ternperature database has been developed to characterize air temperature regimes across 
Nonhem California. In the future. acquisition of  the monthly average PRISM air temperature data for individual 
water temperature years will greatly improve our understanding of the role air temperature plays in influencing 
water temperatures at large spatial scales. 
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Air and Water Temperature Relationships (Chapter 5 )  

Nearest-neighbor air >rations ere identified using a 12-dimensional Euclidian distance model. Air temperatures 
from these nearest-neighbor air stations. referred to as macroair temperatures. were found to show some correlation 
\ n t h  water ternpemrures at a regional scale. >lonrhly minimum water temperatures were greater than monthly 
minimum macrpair temperatures at most sires. Conversely. monthly maximum water temperatures were usually 
luaer than monthly maximum macroair temperatures. hlonthly mean water temperatures in the interior ecoprovince 
tarled nlure closely with monthly mean macroair temperamres than water temperatures in the coastal ecoprovince. 

The uarer-to-air temperature ratlo increased with increasing distance from the watershed divide. The divide distance 
at which the ratio began to exceed unity varied by HUC. but generally fell between 6 h a n d  LO h .  HUCs with 
tributaries that originate in the warm interior portions of the study area and drain into the zone of coastal influence 
evh~bited greater nunibers o f s ~ t e s  1 ~ 1 t h  water-to-air ratios greater than one. HUCs that lie entirely within the interior 
ponion of the study area exhibited fewer sites with warer-to-air temperature ratios exceeding one. 

The assessrnrnt report explores the correlations between water temperature and air temperatures measured at 
stream-side (microair) and at remote air monitoring sites lmacroair). 

Geographic Position and Stream Temperature (Chapter 6 )  

Stream temperatures across Nunhern California vat?, with geographic position. The variation in water temperature 
with respect to distance from the coast. UThl y-coordinate (a surrogate for latitude). ecoprovince, zone of coastal 
~ntluence, and elevat~on was large for the highest 1998 values of the daily maximum IXYIDX) and the seven-day 
mating average of the daily average I?;Y.A~DA) and daily maximum (XYA7DXI stream temperatures. Variation in 
lowest daily min~mum trmperature I IY I Dl) in relation to various seographic position factors was not as great. brirh 
much clearer trends discemable. Geographic position factors are largely surroeates for air temperature. Since the 
dally minimum temperature. in this case the lowest 1998 daily minimum observed at each site, occurs at the time 
when solar radiation is absent. the reduced scaner in IY ID1 values suggests that air temperature may be asserting 
more influence on this stream temperature metric than on those mettics that have more of  a solar-heating and daily- 
maimum-air-temperature component. While air temperature is known to influence water temperatures, the large 
variation observed for XY IDX. XYA7DA. and XYA7DX suxgests that other factors are important in explaining 
the observed variability across the region. These factors include canopy closure, watershed area, distance from the 
watershed divide. flow. gradient, and chamel orientation. 

Watershed Position and Stream Temperature (Chapter 7 )  

Water temperatures have a tendency to increase with increasing distance from the watershed divide and with 
increasing drainage area. Water temperature near the source is the coolest, normally close to groundwater 
temperature. Groundwater temperature is 1).pically within I "C to 3°C of mean annual air temperature. Using 
PRlShl 30-year long-term air temperamre data. the 30-year mean annual air temperature was computed at 4-kmgrid 
resolution. Mean annual air temperamres can serve as estimates of  groundwater temperature throughout HUCs that 
comprise the range of  the coho salmon in Northern California. Since groundwater temperatures vary with air 
temperature. large variability is also exhibited in estimated groundwater temperatures. 

In some HUCs, estimated groundwater temperatures are within a few degrees of  the maximum weekly average 
temperature IMWAT) threshold. Some headwater streams may originate in areas with warm groundwater 
temperatures. Well monitoring data is being acquired by the Forest Science Project to assess the accuracy of  
groundwater temperatures estimated from PRISM air temperature data. 
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Founeen HUCs contained sufficient numbers of  stream temperature monitoring sites to characterize the change in 
water temperamre with watershed position. All HUCs exhibited a trend of increasing water temperamre with 
increases in both n.atershed Area and distance from the watershed divide. Streams that drain HUCs that are 
predominantly situated inland (i.e.. away from the zone of  coastal influence) showed much greater increases in 
stream temperature with increasing watershed area and divide distance. 

Influence of Site-Specific Attributes on Stream Temperature (Chapter 8) 

With an understanding of the hydrolorn and basin characteristics of Nonhem California i t  was not sulprising to find 
that there were fewer streams in the 0" to 90" and 90" to 180" orientation classes. These are streams with nonherly- 
to-nonheasteriy and southeasterly-to-southerly flows, respectively. 

Graphical and statistical e~aluations of the relationship between the highsst 1998 daily maximum stream 
temnerature IXY IDXI and the dailv maximum on 26  June 1998 and channel orientation showed slizht. albeit not ~~~~~ r - .~~ ~~,~~ ~ ~ -

~~~~ 

significant. differences between channel orientation classes. Examination of  canop). closure in relatlon to channel 
orientauon did not show any si&pificant differences between channel orientation class bvithin each canopy class. 
Average daily maxima were slightly lower in the east-west orientation class for intemiediate canopy classes. 
alihough they \<ere not significantly different from the nonh-south orientation class. 

Given all the other factors le.g.. canopy. air temperature) that have been sho\vn to influence various stream 
temperatures metrics. such as the highest daily maximum. channel orientation appears to play a minor role. Due to a 
lack of significance in the interaction between canopy class and channel orientation. special canopy retention levels 
for cenain channel orientations may not be warranted. Ho\ve\.er. GIs-derived channel orientation estimates may not 
be completely representari\.e of the orientation of  the entire stream reach. 

,411 skres in our regional stream temperature analysis conrained non-missing values for channel oriemation due to our 
abilii-y to derive this atrribute in GIs .  Ho\vever. out of 548 sites with water temperarure data available for reg~onal 
analyses in 1908. only 207 of these were accompanied by canopy data. There \\.as an even greater paucin of canop? 
data in years prior lo 1998. Null data \+,ere a _ereat impediment to our abiiiry to discern regional status and trends in 
stream temperatures and the factors that control them. A statistically \,slid sampling design coupled uith canopy 
measurements collected using a consistent protocol is needed to bener address the interaction between channel 
orientation. canop!. and stream temperarure. 

Cltarrrtel Gradient 

There was a decreasing trend in water temperature with increasing gradient. This trend may have several underlying 
mechanisms. Generally. as gadient increases the distance from the watershed divide and drainage area decreases. 
Streani temperatures are expected to be cooler closer to the headwaters. Streams become narrower at higher 
gradients. thereby making riparian vegetation more effective in providing shade. 

While the Forest Science Project Stream Temperamre Protocol (found'in the Append~x of  the full repon1 calls for 
placement of temperature sensors in well-mixed habitats, e.g.. riffles and runs. many data contributors piaced their 
sensors in pools. There was no overriding sampling design Each organization had their own objectives for 
rnonitorin_e temperature. which often included characterization of  the extent of  cold water refugia. In 1998. 
temperature sensors were about equally divided into pools and riffles/mns. Generally. pools \\ere cooler than 

http:Ho\ve\.er
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riffles runs. Statistical analysis revealed that shallow. medium. and deep pools could be combined. as well as riffles 
and runs. for subsequent modeling. 

Influence of Canopy on Stream Temperatures (Chapter 9) 

Canopy has been uidely ackno\rledged as inlluencing stream temperature. I t  has been shown that forest harvesting 
or road building that removes riparian vegetation lcanopy! increases the water temperature o f  the adjacent stream. In 
a comparison o f  stream temperature models by Washington's Timber. Fish, and Wildlife found that canopy. in some 
form. was included in all but one o f  the six stream temperature models that were evaluated. 

Some cooperators estimated canopy closure optically. A canopy closure computer-senerared card \Gas provided to 
cooperators for use in 1998 inan attempt to increase the number of sites with non-null canopy values. The card 
scrved lo calibrate the eye to different canopy levels. The card presented canopy closure i n  10% increments, in three 
different crown yeometries. The field person could visually match the canopy closure observed overhead to the 
nearest canopy closure image on the card. 

Sullivan and co~vorkers (1991 Ideveloped the concept of rhresholrldislisrance, that is the distance from the ivatenhed 
divide at \vhich streams become too wide for riparian vegetation to provide adequate shading. They found that 
streams seemed to reach an equilibrium temperature at approximately 40-50 km from the watershed divide. .At this 
polnt. streant temperature ivas more a function of air temperature than canopy cover. This theoretical threshold 
distance is a function o f  stream width and riparian vegetation. Thus, the threshold distance wi l l  be different for 
different drainages and no single value should be applied to all streams. 

The threshold distance concept was explored empirically usins data gathered on streams throushout Nonhern 
California. :\t a divide distance greater than 70 km,there were no reported canopy closure values greater than 30?,,. 
and most were 1090 or less. This suggests that 70 km may be the distance from the divide where streams become too 
%vide for stream-side vegetation to have aneffect on shading. However, the data were from many basins. Thus, this 
distance is considered the theoretical maximum threshold distance. The threshold distance for some basins may be 
less than the theoretical 70-km threshold. The lack o f  higher canopy values at distances greater than 70 km from the 
ustershed divide may be a result o f  relatively few canopy closure measurements at greater distance* from the divide 
and the lack of a sampling design. If a curve is f i t  to the outer most points. representing the maximum canopy 
closure potential for a given distance from watershed divide, a threshold distance becomes much more difficult to 
define. 

A similar analysis was performed for canopy versus watershed area. Sites with watershed areas of approximately 
63.000 ha (-243 sq. mi.)or larger had canopy closure values less than 20%. 

There was a trend in higher canopy values or classes resulting in lower stream temperatures, even though the 
correlation was not high. Much of the variability w i l l  be taken into account by other variables that are explored i n  
the stream temperature modeling chapter (Chapter 10). 

Stream Temperature Empirical Modeling (Chapter 10) 

The assessment repott presents results of multivariate linear regression modeling development. Models were 
developed for all sites combined and for each ecoprovince. Backward selection was used i n  model development and 
Akaike's Information Criterion was used to select the model (using 1998 data) which contained the most 
information. Independent variables that proved to be highly influential on stream temperature throughout the 
preceding chapters were also found to be highly significant in empirical models. 
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Historical Perspectives (Chapter 11) 

Historical stream temperalure data were acquired from various sources: USGS. California Fish and Game 
Administrative Repons, the Pacific Gas and Electric's Potter Valley Project. More contemporap FSP sites were 
spatially matched with historical sites for cornpartsons. Unfonunately. most of  the historical sites were located on 
rnainstem systems. However. very interesting rrends were found. 

USEFUL TOOLS 

In the appendixes of  this repon can be found man! useful tools for collecting. processing. and analyzins srream 
temperature data. Arc macro language IAML) and A\'enue script code are provided for deri\,ing \.arious site 
attributes. These can be adapted to meet individual anal>~ical needs. The FSP's regional stream temperature 
protocol. field forms. and data formalring guidelines are including to assist other organizations in designing a stream 
temperature nioniloring program. 



Chapter 1 

INTRODUCTION 

Stream temperature has been and continues to be of 
concern in uaterrhedh throughout Sonhern 
C;~liiornia.There har been a hei~htenedinterest in 
tlie potential effects o f  altered stream temperatures on 
ulmonidh and other aquaticIriparian species. Sever~i  
repulntov meabures hare been promulgated to 
mitisate impacts of increahedwater temperatures on 
quati tic biota. Restorgtion activities have been 
initiated. conservation measures developed. and land 
use practices altered to minimize potential alterations 
in stream temperatures throughout the state o f  
California and the Pacific Xonhwest. Land stewards 
in the private and public sector have been gathering 
temperature data for several years. With the onset of 
continuous temperature sensor technology. large 
iolumcs of >[ream temperature data are now being 
assembled and analyzed. More and more state and 
federal agencies and private landowners are choosing 
continuous stream temperature monitoring devices 
over thermometers because o f  the need for diurnal 
and seasonal water temperature data. 

Stream temperature is an imponant factor in aquatic 
ecosystems for several reasons. Water temperature 
directly and indirectly influences fish physiology and 
behavior in several ways (Spence et al.. 19961: 

. Metabolism . Food requirements. appetite. and digestion rates . Growth rates. Developmental rates of embrjos and alevins 
Timing of life-history events, including adult 
migrations. fry emergence, and smoltification 
Competitor and predator-prey interactions 
Disease-host and parasite-host relationships 

Stream temperature may also iniluence other aquatic 
and riparian species such as reptiles. amphibians. and 
macroinvenebrates. Collection of stream temperature 
data is driven largely by the concern for aquatic 
biological resource protection. Monitorinp of stream 
temperature to assess diurnal and seasonal variation is  
a prerequisite to assessing potential acute and chronic 

-:herma1 impacts to aquatic biota. The sensonal~tyof 
l ife histories o f  the species of interest must also b$ 
considered when monitoring stream tempernlures. 
Thus. monitoring that captures the temporal trends in 
stream temperature is needed to assess thermal 
exposures of different life stases. 

Background 

With the onset o f  continuous temperature sensor 
technology. large volumes o f  stream temperature data 
are available and are continuing to be gathered. 
Despite the hundreds o f  gigabytes o f  stream 
temperature data collected by various groups and 
agencies throughout California, no regional synthesis 
and assessment of these data has been published and 
no clear understanding of temperature regimes and 
their association with natural resource management 
exists. This regional stream temperature assessment 
focuses on a well defined geographic area of interest 
(AOI), namely the California poniono f  the Southern 
Oregon Nonhern Coastal California (SONCC) and the 
Central California (CC) evolutionarily significant 
units (ESUs) for coho salmon (0ncorh.vnchss 
kisutch). I r i s  unknown whether all streams in the A 0 1  
are temperature sensitive i n  relation to the California 
Forest Practice Rules or other peninent land 
management treatments ii.e.. Northwest Forest Plan). 
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To  identify sensiti\,e streams i n  the AOI. 
characterization o f  stream temperature regimes in the 
\,arious watersheds. basins. and ecoregions 
comprising the A01  is essential. A characterizaiion 
of contemporary thermal regimes across a broad 
peopraphic area was the primary goal of the Forest 
Science Project's regional stream temperature 
assessment. 

State and federal agencies are lacking information on 
what range of stream temperatures are physically 
achievable in a stream reach. watershed. or basin. 
given the prevailing management prescriptions and 
climatic conditions. Provided with this information. 
agencies would be able to I I )  set reach- or 
\vatershed:specific temperature standards that are 
scientifically defensible. ( 2 )assess the relative 
contributions o f  natural and human-induced factors 
to non-attainmen7 o f  stream temperature standardh. 
(31 identib and prioritize stream reaches that are 
frozbl? out of compliance and most i n  need of 
remediation. and (4)establish realistically atminable 
temperature-reduction goals for streams. watersheds. 
and burins that may have naturally high water 
temperatures. The Forest Science Project's repional 
meam temperature assessment provides agencies. 
land steuards. and landowners with the information 
needed to make imponant decisions regarding 
adaptive manapement. remedial measures. and 
restoration goals. 

Scope 

The watersheds and basins within the California 
ponlon o f  the SONCC and Central California ESUs 
were defined as the geographic area o f  interest. This 
area extends from the Oregon border south to San 
Francisco and eastward to the Central Valley (Figure 
1.11 .  

This assessment repon is based on dnta gathered by 
numerous private landowners, and various state and 
federal agencies. Approximately lI00  sites with 
stream temperature records spanning nine years were 
assembled and analyzed. Predominantly, results from 
analyses of 1998 data are included in the various 
chapter5 found in this report since I998 was the most 
complete data set with which to work. 

The assessment is restricted to data collected using 
continuous sensor technology. Snapshot (synoptic) 
data using hand-held thermometers or min-max 
thermometers were not included in statistical analyses 
in the regional assessment. Some synoptic data were 
used in qualitative comparisons o f  recent stream 
temperatures to historical stream temperatures. Hourl! 
(or other time intenal l  data fromcontinuous sensors 
were obtained from the various data contributors. Data 
that were aggregated to a particular temporal or spatial 
level prior to submission to the Forest Science Project 
were not used due to potential differences in statistical 
analytical procedures and aggregation approaches. 
Consistent data verification. validation. and spatial 
and temporal aggregation were deemed critical for 
increasing the likelihood of data comparability for 
statistical comparisons li.e.. comparing apples with 
apples). 

The amount of site-specific information provided b! 
dnta contributors was limited. I n  some instances. 
analyses on a reduced subset of the data were 
performed to explore important site-level or 
landscape-level relationships. I n  such cases. the 
number of sites and their geographic distribution are 
illustrated for evaluation. In some instances. 
Geographic Information System (GISr-deri\ed 1e.p.. 
elevation. distance to coast) or repional data 6e.g. air 
temperature. flow, degree day) were used to perform 
analyses. As mentioned previously. 1998 had the most 
complete data set in tern~s o f  stream temperature and 
site-specific attribute data. Thus. many o f  the analyses 
presented i n  the report are based on 1998 data. 

The majority o f  data contributors collected stream 
temperature data during the summer months (June 
through September). Some investigators allowed 
temperature recorders to remain i n  the stream for 
longer or shorter periods o f  time. Inasmuch as the 
preponderance o f  data was gathered during the 
summer season. the assessment repon focused on 
summertime stream temperatures. The juvenile life 
stage o f  coho salmon and other anadromous species i s  
the stage most commonly encountered during the 
summer. Thus. the repon places stream temperature 
analyses in the context o f  potential thermal stress on 
summerjuveniles o f  coho salmon primarily. wlth 
some reference to other anadromous juvenile 
salmonids. This i s  not to imply thatju\,enile and adult 
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Figure 1.1. Arejof 1nlerc51 for FSP's Ree~onal Stream Tempersturc Assessment 8, dclinerl by tne Sobthem Oregon Nonhrm 
Cdhlal Cdlifomla ana Central Ca#.fomla cvolutlonmly rl$nificanl unllr 
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Table 1.1. Seasonal Occurrence of Adult. Embryonic. and Juvenile Anadromous Salmonids in Freshwaren of Western Oregon 
and Weshinpton. Modified from Everest el al. 119851. 

Month 

Life Jan Feb Mar Apr May June July Aug Sept Oct SOY Dec
Species Slafe 

Adult -
Salmon 

young 

Eggs -
Adult 

Winter -ateelhead Youn; 

trout 


Egg5 


. Adult 

Summer 

,teclhcdd Young 

trout 


E:g, - . 
Adult 

Sprlng . 
ch~noo!. Young 
balmon -Egg' - -

adult 
FJII -ch~nool. v 
\dl!non -Egg* -

-~ - - -~p~p~~p 


Adult 

Sea-run 

cutthroat Young 

trout 


Eggs - . 
'-

stages o f  various species are not present i n  the focus. Table I .I can be used as a reference tool to 
various systems in the A 0 1  during the summer determine other species o f  interest and the life stazes 
months. e.g.. chinook salmon and steelhead trout. that may inhabit systems in the AOI  during the 
However. juvenile stager are known to be the most summer temporal windou of interest assessed i n  this 
sensitkc to thermal stress. hence the reason for this repon. 
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Objectives 

The ohjectlte, of thi\ ,tream temperature assessment 
report usre: 

I. Cumpi1.e available stream temperature data in 
a verified and validated database for purposes 
of regonal a>\ewnent 

2. 	 .As%esstatus and trends in srrenm 

temperatures across the region 


3. 	E ~ ~ l u a t ethe ~nfluence o f  regional scale 
factors Is.:.. climate. peographic location. 
\catershed position. etc.) and site-specific 
finctor\ 1e.g.. canopy closure. channel 
orientation. e1c.l on stetuh and trends in 
stream temperatures 

4. 	 Through the assissment process identify 
areah where improvements in enistin: 
protocols and analysis and s!nthesis are 
needed 

5 	Identlfy knoaledge gaps in sire-specific 
informarion that should be collected on a 
routine basis to impro\.e our ai\essnient 
capabilitieh and move us closer to a regional 
stream temperature iampling design 

6 .  	Identify knowledge gaps betu.een srream 
temperature monitoring and information on 
the distribution of coho salmon and other 
aquatic species 
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METHODS 

Study Design 

There was no study design i n  place for this stream 
temperature asessment. Land stewards that 
submitted data for the aisessment collected stream 
temperature data under a multitude of objectives and 
;~ssumptions.These diverse objectives can be 
grouped into three broad categories: 

. Pre- and post-timber harvest plan monitoring 
Thermal reach monirorine 
Characterization o f  thermal refunia 

Forest Science Project cooperators and other parties 
that submitted stream temperature data can be 
chara~.terizedas forested landowners and stewards. 
Therefore. the population o f  stream temperature 
monitoring locations fell predominately in forested 
catchments or on lands zoned as Timber Protection 
Zone ITPZ) or Agriculture Exclusive (AE). Some 
mainstsm river sites were exceptions. Data from both 
pri\.ate landowners and public resource management 
agencles %ereacquired. Thus. the land management 
prescriptions were dependent upon whether 
monitored streams were on private or public lands. 

Site Selection 

The stream temperature data available for analysis 
and assessment were entirely dependent upon the 
willingness of  the cooperator to provide the data. The 
data collected retlects a broad spectrum o f  climatic. 
hydrological. topographical, and ecophysiographical 
conditions. As a consequence. an amay of sites 
reflecting a range o f  riparian conditions across the 

rexion allowed for post-stratification o f  rariabler by 
hierarchical spatial scales for statistical analyses. Site 
selecrion was not based on a probabilistic or random 
.;ampling design. Rather. the sites reflect a multitude 
of cooperator interests and monitoring objectives in a 
particular stream or watershed. Table 2.1 lists the 
!-arious data contributors whose data were included 
in this assessment. 

Data were accepted from contributors for inclusion in 
the assessment if they met all required criteria. 
.Additionally. many data contributors submitted one 
or more of the optional criteria. 

Required 
Stream temperature measured with a continuous 
monitoring device capabie o f  taking an 
integrated or instantaneous reading every 2.5 
hours (as opposed to a hand-held thermometer or 
max-min thermometer read infrequently) 

Site coordinates provided (latnong. UTM,state 
plane, or hard copy maps) 

Monitors placed in Class Istreams (data from 
some Class I1 itreams were received) 

Optional. Air  temperature measured simultaneously at the 
water temperature monitoring site 

Site-specific characteristics (e.g.. slope. aspect. 
canopy closure, habitat type) measured for a 
(thermal) reach. Thermal reach defined as 
approximately 600 m for this study. 
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Table 2.1. Stream Temperature Data Sourcer for the Forest Science Proiect's Regional Stream Temperature A~~esrment. 

Source 1990 1991 1992 1993 1991 1995 1996 1997 1998 

Bamum Timber Company I 2  23 
Bureau o f  Land Management -9 
C A  Dept. Fish &:Game 4 

Elk River Timber Company 6 4 

Fruit Grouers Supply I 4  18 

Georgia Pacific West. lnc. 63 54 66 64 64 75 

Gualala Reduoods. Inc. 17 27 27 26 28 

Humboldt County RCD 151 159 113 

Huniboldt State Lniversit! I ?  

Jackson State Forest 49 34 ?7 

Louisiana Pacific Corporation 16 15 >.> 36-. 
>laitole Salmon Group 16 

Satuml Resource5 Cons. Serv. II l4 I 3  4 
SRh1  Corporation z I5  23 ?h 
p, .''', ~c l l ~cLumber Compan! 4 10 25 54 27 

Pacific St\' Experinlent Station 7 7 13 

Pioneer Resource, 41 39 

Reduood Sational P ~ r k  I I II 10 

Ru\s Ranch 6r Timber Cornpan! - 4 9 

Shasta-Trinity National Forest 15 18 17 10  23 I 4  6 I 6  I.? 

Sierra Pacific Industries 1.4 2-1 17 

Simpson Tiniber Company 40 30 10 29 1.4 
Six Riwrs National Forest 3 5 I2 26 42 42 

SoperISoper-Wheeler Company I 
Sttmson Redwood Company 4 7 6 7 

Tiniber Products Com~anv 4 9 10 

TOTAL I 5  18 17 76 171 196 son 627 548 

hlicroclimatic data such as relative humidity. 
e\.aporation. sky cover. available in association 
with water temperature 

The regional stream temperature assessment data 
base included 2168 site-years representin? 1090 
spatially unique continuous stream temperature 
monitoring sites. Site coordinates were available for 
all sites used in the assessment repon. I n  most cases. 
coordinates were provided by the cooperator with the 

stream temperature data. In some cases. location of 
monitoring slteb were denoted on maps that uere 
provided by the cooperators. Coordinates uere 
assigned to these sites using heads-up linteractive. 
on-screen) digitizing techniques and 1 :21.000 scale 
digital raster graphic IDRGl topographic 
quadrangles. A spatial accuracy assessment uas 
performed i n  January of 1999. The procedures used 
for the spatial accurac! assessment are drscrlbed 
below. 
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Determining and Documenting 
Location 

As discussed abo\'e. establishing and documenting 
the correct site location was critical. Key to this 
process was determining the required level of 
accuracy necessary for analysis. Digital data at a 
scale of 1 :  100.000 were found to be both lacking in 
spatial quality and quantity. Many stream temperature 
nionitoring sites were located on streams represented 
onl) on 1 :?3.000 scale data. Hence. i t  was 
determined that the majority of GIs-based analyses 
would be undenaken at a scale o f  1:?1.000. 

Taoimponant considerations o f  site location are 
ab*olure positional accuracy and network topology. 
,A hich decree o f  absolute ~osit ional accuracv can be 
achieved by obtaining the site location coordinates 
using the Global Posltioninp System. This system o f  
2 8  satellites and 3 ground-based receiver can 
typicall! locate a site to within several meters o f  the 
true localion, Houever. this uill not ensure that a 
xire 's net\vork ropology ih correctly established. Due 
to the spatial error in 1:?4.000 scale data. a site with 
3 high degree o f  absolute positional accuracy ma) 
\ \el l  be incorrectly located within the network 
topolog!. Network topology describes a site's 
relati\e location u i th in a network i n  our case a 
h!.drological nera.ork. e.g.. the site is on the 
mainstem of the hlad River. 20 m downstream of 
confluence u i t h  X l i l l  Creek. 

Characterizing a site's network location with 
reference to well-defined features in addition to 
locating the site on a 1:?1.000 scale topographic 
quadrangle wil l  ensure that the spatial relationships 
between sites are maintained and that a site can be 
located and reestablished i n  the future. 

GIs-Derived Variables 

Once the spatial accuracy o f  streom temperature 
monitoring locations was confirmed. certain 
attributes were derived i n  GIS using standard overlay 
principles. raster modeling. and other methods 
facilitated by Arc macro language (AML)  and 
Avenue script programs. The A M L  and Avenue 

script code can be found in Appendix A. The GIs. 
and Avenue-script-deri\,ed attributes were: 

AML-derived 
coho ESU 
steelhead ESL' 
chinook ESU 
ecopro\.ince 
hydrologic unit IHUCI  
C 4 L  planning watershed 
total maximum daily load (TMDL, Consent 

Decree Basin 
elevation 
shonest distance to coast 
umershed area 
distance to watershed di\.ide 

Avenue-derived 
channel orientation 
channel gradient 
channel sinuosity 

N'atershed area and distance to divide uere acquired 
b) applying a simple hydrologic model to a compiled 
and edge-matched 1:?3.000 scale digital elevation 
model tDEMI. The compiled D E M  was created b! 
mosaicing more than 400 U.S. Geological Surve! 
rLSGS) 7.5-minute tiles. DEMb are genertlly 
available from the USGS in two distinct le\els of 
quality. DEMs classified as Level Iare created using 
a manual profiling procedure or the Gestalt Photo 
Mapper. ~ y ~ i c a l l ~ . ~ ~ e v e l  IDEhls have inherent 
errors exhibited by ele\,ation shifts in bands along the 
east-west axis. Level I1 DEMs are elevation data sets 
that have been processed for consistency and edited 
to remove identifiable systematic errors. Level I1 
DEMs are created using hypsographic (contours) and 
hydroeraphic (streams) data which produce a 
somewhat smoother more continuous surface model. 
Where Level 11 DEMs did not exist. one of two 
procedures were used to create the necessan tiles. 
Several 30-meter DEMs were created in-house from 
1 :?4.000 scale vector contour data while others uere 
created by resampling LSGS Level I1 10-meter 
DEMs to a 30-meter spacing. 

The compiled D E M  was processed to remove 
spurious sinks. i.e.. areas o f  undefined flow. by 
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filling these to a Surrounding outlet elev;ttion. The 
aibcmbled DEXl was evaluated for internal snd 
along-tile boundary errors by computing a tlow-
direction and tlow-accumulation model for each 
logical b a i n  uit l l in the arc:^ o f  l~lteresr(AOI,, .Any 
break in flow within a logical hssin before reaching 
the natural outl'et IPacific Ocean) was determined to 
be an error requiring An appropriate correction. Once 
3 tlow corrected DEhl  existed. upstream uatershed 
Idrainase) area and divide distance %erederived for 
ea~.htemperature monitoring site. 

Using I:?4.000 scale digital raster _rraphicb(DRGs) 
and USGS 30-meter digital elevation models 
ArcView IEnvironmental Systems Research Institute. 
Redlands (ESRIJ.C.4) combined with Avenue scripts 
were used to acquire the necessary information to 
compute the desired attributes. Channel orientation 
~3calculated by tracing a 600-meter reach upstream 
o f  each temperature sensor location. From this point 
a straight-line distance and bearing was calculated 
back to the sensor location. Channel orientation 
represents this bearing in compass degrees where 
north equals 0 degrees. Elemtion was acquired from 
the DEbl  for the sensor site and the location 600 
meters upstream. Channel gradient was calculated as 
the difference in elevation between these two sites 
divided by the reach length. Channel sinuosity was 
calculated by dividing the reach length I600 meters) 
by the straight-line distance between the two 
locations. Very straight reaches yielded sinuosity 
values nearly equal to I. 

I t  is  important to be aware o f  and understand the 
a5sociated errors o f  these products and how these 
errors can affect results. For example, gradient values 
of less than or equal to zero were occasionally 
acquired from sites located along channels with litt le 
natural elevation change. While a negative upstream 
gradient may be disconcening. these sites can 
confidently be described as very low gradient 
reaches. Since our application was at a regional scale 
and we were looking at general classifications (e.g.. 
flat. sloped. very sloped, steep). the realized error 
was considered acceptable. 

Calculated Water Temperature 
Metrics 

Various water temperature metrics were calculared 
from the data. These metric\ rere considered 
important in characterizing tile thermal re,' Ylmes in 
water temperature across Northern California. These 
included: 

daily minimum 
daily mean 
daily maximum 
seven-day moving average of the daily minimum 
seven-day moving average o f  the daily mean 
seven-day moving average o f  the daily ma~ imum 

The above six metrics comprise the core set of 
statistics that were used throughout the regional 
assessment. Other metrics, representing both chronic 
and acute thermal stress. are presented in subsequent 
chapters and are therein defined. 

Daily and weekly temperature metrics were further 
reduced to single statistics for each site for each !ear. 
For example, for a given site, the highest daily 
maximum temperature for the year was used as a 
temperature index that was compared to various 
climatic, landscape. and site-specific attributes. 
Similarly, the highest seven-day moving average of 
the daily average was compared to similar 
independent variables. A list of the yearly summary~. 
statistics calculated from the daily and weekly data 
and most commonly used in our analyses is presented 
i n  Table 2.2. 

A naming convention was developed for assigning 
variable names to yearly temperature metrics. While 
the abbreviations may seem unwieldy upon first 
encounter. they become second nature once an 
understanding of the naming convention is acquired. 
The first letter denotes that the yearly statistic is the 
maximum (X).Average (A). or mlnimum (1) for the 
year. The second letter denotes that the statistic is a 
Yearly statistic (Y). While a complete year (i.e.. 
January Ithrough December 3 1) of temperature is 
not used to calculate the yearly statistic, the value 
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Table 2.2. Most Commonly Used Yearly Temperature Stat~stics Calcul~ted from Daily and Weekly Dara Sets. 


Yearly Slte-Level Statistic 

highest daily maximum 
lowest daily minimum 
highest seven-day mo\,ing average of the daily average 
highest seven-day moving average of the dailv maximum 

represents the maximum. a\,erage. or minimum for 
the defined sampling window in a given year. 
Obviously. the minimum for the year is not captured 
in the defined sampling window. For seven-day 
moving averages. the third letter specifies that the 
statistic is the maSimum (XI. Average (A).  or 
nllnimum (I) .  If the metric is based on a dail!. value. 
e.:. the daily average. daily minimum. or daily 
maximum. the third character in the variable name is 
none 1 . 1 ' )  and th> fourth is a 'D' for Dailv. If the 
statistic is based on a seren-day moving average the 
founh and fifth characters in the variable denote this 
h)  '7D'. The last character specifies that the statistic 
ih  the daily \.slue or seven-day movinp average of the 
maX~mum. Average. or mlnimum. 

Sonv examples will help clarify the naming 
convention. The milSimum lor highest) daily ( 1  Da! I 

maximum for the Tear would be represented as 
S Y l D X .  where 

S = maximum for the year 
Y = a Yearly statistic 
I D  = 1 Day or daily 
X = maximum. 

The mlnimum (or lowest) daily (1Day) mInimum 
temperature for a site in a given Year would be 
denoted as IYIDI,  where 

I = mlnimum for the year 
Y = a Yearly statistic 
I D  = 1 Day ordaily 
I = mInimum. 

The maSimum (or highest) 7-Day moving Average 
of the daily A\,erage for a site in a @\,en Year would 
be encoded as  XYA7DA. where 

Abbreviation 


XYlDX 

lY ID1 

XYA7DA 

XYA7DX 


X = maximum for the year 
Y = a Yearly statistic 
A = Average 
7D = 7 Day moving ayerage 
A = Average. 

Potential Errors in Calculating Water 
Temperature Metrics 

In calculating summay statistics for the \.arious 
temperature metrics i t  u,as found that a potential error 
was inherent in the data. The highest daily minimum 
and iowest daily maximum were influenced b) dail) 
records that did not contain a complete number of 
observations due to removal of anomalous readings. 
e.g.. ambient air spikes. If only a portion of the daily 
observations were removed. an incomplete daily 
record resulted. For example. if the sampling 
frequency of a device was set to take an 
instantaneous reading every hour. 21 observation* 
per day should be found for each daily observation. 
However. if anomalous readings were removed from 
the daily record, less than 24 observations were 
observed for certain days. When the daily minimum 
and daily maximum temperatures were calculated 
using Statistical Analysis System (SAS) (SAS. 
1996). days that had an incomplete number of 
observations had elevated daily minimum and 
depressed daily maximum temperatures. depending 
on the time of day data uaere missing. 

Due to errors introduced in the data due to missing 
obser\,ations. a SAS program was written to search 
the hourly data set foi diys where the number of 
observations was less than the maximum number of 
dailv observations or the maximum number of dailv 
observations minus one. The marimum mir~usone 
pro\.ision was used to compensate for sites u,here the 



number of daily observations oscillated by one. This 
occurs when the device stan time and sampling 
frequency results in the last observation of the day 
hang very close to midnight. For example. 
depending on the .tan time. a monitoring device set 
at a 1.6- hr sampling frequency wil l  have I5  daily 
observations onone day, then ha\.e IJ daily 
observations on ihe next day. When days with daily 
fragments uere encountered the daily observation 
was left in the data set, however. the temperature 
values were s2t to missing. Without the ~ t a r i m u r n  
minus one provision. every other day (the day with 
I 4  observations) would have had all the temperature 
values set to mis\inp. The data set with daily 
fragments removed (set to missing) i s  hencefonh 
referred to as the defragmented weekly data set. 

Additional temporal refinement u,as applied to the 
defragmented weekly data set for statistical analyses, 
Many multivariate analyses and modeling in this 
regional assessment were based on the highest daily 
maximum ( X Y  IDXI. the highest seven-day moving 
averages o f  both the daily average tXYA7DA) and 
the daily maximum iXYA7DX)  for the year. 
Limiting the temporal window o f  the temperature 
data to June I throuqh September 30 for all sites an'd 
all sears hebed ensure that stream temoeratures 
across a consistent time frame were used in summary 
statistics. However, even with this precaution i t  
became apparent that the "highest" value for a 
particular site may not necessarily have been 
captured i f  data were ~nissing during the time the 
"true" highest stream temperatures occurred. Thus. 
the defragmented weekly data set convened daily and 
seven-day moving average temperature values to 
missing values for days with incomplete 
observations. I t  was deemed critical to refine the 
temporal window to the time period when the highest 
stream temperature metrics were most likely to occur. 
This time frame was determined from the 
defragmented weekly data set by calculating the 
mean and median day o f  year in which the highest 
seven-day moving average occurred. 

To briefly summarize, there were 1090 spatially 
unique study sites monitored between 1990 and 1998 
inclusive. The mean day o f  the year the XYA7DA 
and XYA7DX occurred was determined by running a 
series of queries. The mean value for the day of 
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occurrence was 215. which corresponds to August 4. 
This calendar date may vdry by one day. depending 
on whether or not a given year was a leap year. A 15- 
day period on either side of day ?I5 was used as the 
tempor;ll window (day o f  ysar between 201 and 230 
or approximately July ? I  through August 19). 
Additionally. sites having five or more days within 
this period with missing values were removed from 
funher analyses. This criterion represents about 85% 
of  the days within the desired time frame required to 
have non-missing observations. This missing data 
criterion is the same as that used by the National 
Weather Service for inclusion o f  air temperature 
monitoring data i n  their data summaries. Of the 1090 
study sites. 1034 sites had data within the 30-day 
window. with 1014 sites having data that met a11 
criteria. The most data-rich year, that is existence of 
dam for both stream temperature and many of the 
site-specific attributes, was 1998 -there were 5 18 
sites for this year. This year was used predominantly 
throughout the rePo& to explore relationships 
between stream temperature and various landscape 
and site-specific variables. . 
Temporal, Spatial, and Physical 
Stratification 

The temporal delimiters placed on the data to remove 
errors in statistical analyses were discussed above. 
Certain spatial and physical criteria weie also 
imposed on the data used in stream temperature 
analyses to render the data comparable within and 
between years. Table 2.3 lists the criteria used i n  data 
standardization. Figure 2.2 shows the spatial 
distribution o f  sites for each year and all years 
combined (1990-1998) that met the criteria shown in 
Table 2.3. As can be noted from the spatial displays 
i n  Figure 2.2, the spatial distribution o f  sites was not 
uniform across all years. The lack o f  uniformity in 
spatial coverage was taken into consideration when 
relationships between stream temperature and cenain 
landscape- and site-level attributes were examined 

The spatial qualifiers that were applied to the data 
ensured that data used in the regional assessment 
were gathered from the appropriate areas of interest. 
A spatial hierarchy was used to post-stratify the data 
by these areas o f  interest. The focus o f  this 
temperature assessment was on anndramous fish. 
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Table 2.3. Cnlena Used to Slandsrdize Slream Temperature Davu Within and Between Yedrs. 

Cri ter ion -Value Description 


Stream class = I Class I .  fish-bearing streams 

= 5 Stream class not specified 


~ -- . .  Stream class missing 


Site type = 	 water Water or air temperature. Relative humid~t)data were excluded trom 
air analyses. 

Temporal 	 2 ?I  July Date was greater than or equal to ? I  July for each year 

i 19 Aug Date was less than or equal to 19 August for each year 


Spatial 	 Only sites that fell within the boundaries o f  the California portion of the Southern Oregon 
Nonhern Coastal California and Central California evolutionarily significant units 

namely coho salnion. Thus. the largest spatial 1997). the spatial boundaries o f  these ecoprovinces 
boundar) applied to the geographic distribution of were used to aggregate data b? this area o f  interest. 
sampling points was the combined SOKCC and CC 
c*olutionaril! sjgnificant units for coho salmon (0. Measurement Techniques and Data 
i i s ~ r r c h ~(Figure I.I I. If in the absessment. status and Processing
trend5 in stream temperatures peninent to coho 
s:~lmonwithin one o f  the ESLs were of interest. the. . 
coho ESL boundary for that ESU was used to The measurement techniques used by the various data . 
poststratify sampling points by this area of interest. contributors and the Forest Science Project's 

Likcaise. i f  relationships between stream 	 methods of dam processing are presented in 

temperature and cenain landscape-and site-specific Appendix A. 

variables \rere explored b) ecoprovinces (LSDA. 
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Figure 2.2. (continued) 





SU&IkIARY OF THE STATISTICAL ATTRIBUTES OF 
REGIONAL STREAM TEMPERATURES 

Introduction 

Summary *ratistics were c~lcularedfor data sets, 
containing individual observations 1hencefoflh 
referred to as the hourly data set) and data bets 

containing the daily minimum. averasc. 2nd 
rn;lnimum, and seven-day moving averages 
lhencefonh referred to as the weekly data set). The 
defragmented weekly data set was used to produce 
summar). statistics. to avoid the inherent errors if 
days with missing obser\.ations u.ere used to 
calculate summary stntistics. The PROC 
LSIVAR1,ATE procedure in SAS was used to 
generate summary statistics (SAS. 19853. 

Sidebar #I 

Interpreting Surnmary Statistics 

A cautionary note is offered to the reader. 
Hourly and weekly summary statistics are only 
applicable to the sites monitored i n  a single 
year. The number o f  sites and their geographic 
distribution increased from 1990 to 1998. The 
sites are by no means consistent across al l  nine 
years. Therefore, Inferences should not be 
made from yearly summary statistics as to 
whether stream temperatures showed 
increasing or decreasing trends across years. 

Hourly Summary Statistics 

Summary statistics were generated from the hourly 
data set containing the individual observations 1e.g.. 
hourly observations. 1.5-hr intervals. etc.. depending 
on the sampling Frequency o f  each device). The 
summary statisrics of hourly data are presented i n  
detail i n  Appendix B. The temporal window for 
which summary statistics were calcul3ted was June I 
through September 30 of each year. ' 

Daily and Weekly Stream 
Temperature Metrics Summary 
Statistics 

Summary statistics were generated by year for the 
defragmented weekly data set for the following 
stream temperamre metrics: 

daily minimum 
daily mean 
daily maximum 
seven-day moving average o f  the daily 
minimum .seven-day moving average o f  the daily mean 
seven-day moving average o f  the daily 
maximum 
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The summary statistics for the daily stream 
temperature metrics are presented in Appendix B for 
years 1990 through 1998. A cautionary note i s  
provided i n  Sidebar # I  that should be read before 
examining and interpreting yearly summary statistics. 

The summar). statistics for the weekly (seven-day 
moving average) temperature metrics are also 
presented i n  Appendix B for years 1990 through 
1998. The highest seven-day mo\.ing average of the 
daily mean is often referred to as the %laximum 
\\'eekl!. Average Temperature or %l\PAT(Ferraro et 
a].. 1978). Some state and federal agencies in 
California and other states have been reiemng to the 
highest seven-day moving averape o f  the daily 
maximum as the M W A T  \.slue. The summary 
statistics for the seven-day mo\.ing average of the 
daily maximum are presented in Appendix B. Table 
B - I 0  through B-19. 

Cumulative Distributions of Regional 
Stream Temperatures 

The cumulative distribution funcdon (CDF) graphical 
technique \\as used by the FSP as one method of 
presenting rsfional stream temperature analytical 
results. This introduction describes how to interpret a 
CDF graph. The effon to learn how to interpret the 
output from thi> graphical technique is modest. and 
the reward is substantial: many monitoring programs 
around the world use this simple. posaerful. and 
~nformative graphical technique for presenting data 
summaries. 

A CDF is better than a tabular summary for 
presenting an objective view of FSP data. 
Specifically, optimal or suboptimal stream 
temperature has not unequivocally or universally 
been defined. The use of a CDF permits readers to 
choose a reference or threshold value for a stream 
temperature or ecologicul indicator. and see what 
proponion of the sampled population is estimated to 
fall below or above the \.slue for that measurement or 
indicator. Tabular summaries stratify the data 
according to a reference value defined by the data 
analyst. but the reader is unable to see how an 
interpretation could change if a different reference 
\.slue was chosen (FHM. 1994). If needed. a tabular 
summer). can be prepared for any particular reference 

value. Unti l  such time as biologically meaningful 
thermal threshold values are widely accepted. the 
CDF graphical presentation is  an effecti\.e means o f  
disseminating information. 

The examination o f  the cumulative distribution of 
temperatures across the region i s  an effective means 
of paining an understanding of the thermal regimes 
across the region. Before this information i s  
presented. a discussion o f  how to interpret a 
cumulative distribution function graph is appropriate. 

How to Interpret a CDF 

Each CDF  i s  identified by the variable X la 
measurement or indicator. on the horizontal axis1 and 
by the subset o f  spatial entities 1e.g.. sites, streams. 
watersheds. etc.) in the population that the graph 
represents. For example. X could be the highest 
seven-day moving average o f  the daily mean stream 
temperature and the subset of the population could be 
those sites on Class Istreanis that fall within a FSP 
assessment area o f  interest. To find the estimated 
proponion nf  the population that falls below some 
reference value. say for example the M W A T  
threshold. use the following procedure (Figure 3.1 I. 

I. 	Find the desired reference value !\:I on the 
horizontal axis. 

2 .  	 Draw a line perpendicular from the chosen 
X value to meet the solid line that is plotted 
on the CDF. 

3. 	 Draw a line from this intersection to the left 
to perpendicularly meet the venical axis. 

4. 	 Read the estimated proponion where the 
line meets the venical axis. 

5 .  	 The proponion i s  the fraction o f  the 
population that is estimated to have a \.slue 
of X that i s  less than the reference value. 

I n  the example. a reference value o f  18.3'C in step I 
leads to the interpretation that about 95% o f  the sites. 
streams. watersheds. or other unit o f  the population 
have an X value less than 18.3"C. Different 
reference values (in step 1) wi l l  yield different 
cumulati\~e proponion estimates (in step 4).  By  
experimenting with reference \,slues. the reader can 
see how data interpretations change with changes in 
the reference value. For examole. a different 



Chapter 3 - Summary Statistics 

7-day moving average ("C)  

Figure 3.1. H!pothetlc~i cumuliihi. dirinhution iunction eioph, 

reference value o f  16.8"C in step I leads to the 
interpretation that about 8YCc of the population is 
belou the >I\V.AT threrhold. 

There are some important considerations to keep i n  
mind when using the above procedure. First. this 
graphical technique is suitable for obtaining rough 
estimates. but precise computation requires the use 
of the data base and appropriate algorithms. 
.Algorithms were applied to the data base in this 
repon to calculate the precise cumulative proponion 
at the reference value. Second, the CDFcannot be 
used i>trictlyj to get estimates o f  the proponion of 
the population greater than some value o f  X. 
Instead. a new chart o f  ly.(Xl must be prepared. 
~lzain ubing the data base and appropriate algorithms. 
I f  the cumulative distribution function tCDF) were 
the true. continuous. cumuinrive distribution function 
of the population resource, i t  would be acceptable to 
take I -PX) as the probability o f  being larger than 
value X.But in survey sampling, one does not have 
the continuous population CDF. Instead, one has an 
approximation which has zaps and jumps that reflect 

the variability seen in the sample. .A jump in the CDF 
may be due to large sample weights. or to a large 
number o f  sample values in that vicinity. In  
particular. an X value neilr one of these jumps 
becomes sensitive to the presentation o f  the CDF. 
Sear one of these jumps in the CDF the estimate of 
the exceedance probability may not be well-estimjted 
by one minus [he estimated proportion less than or 
equal to X. For this reason. i t  is recommended that 
exceedance probabilities be calculated from the 
descending CDF (Diaz-Ramos et al.. 19961. 

I n  bummaN, the CDF technique is a flexible format 
for presenting a overview o f  data. I t  gives any reader 
or analyst the ability to chose their own threshold and 
determine what fraction o f  the population is 
estimated to be above or below that criterion. The 
CDF  does not change the data i n  any way. i t  simply 
presents i t  in a non-tabular fashion. Despite the 
simplicity of the approach. some readers wi l l  never 
be comfonable with the CDF  technique. For these 
readers. only the possibility o f  making one's own 
interpretation wi l l  be lost: i t  is always possible to 
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accept or reject the interpretations that other 
scientists will make when they assign thresholds and 
present the data in a tabular format. 

Sidebar  #2 
Reference Values artd CDFs 

The reference values presented on the various 

CDF graphs in Appendix B are for reference 

purposes only. Until such time as agreed upon 

threshold or exposure values are developed for 

Northern California. reference values should 

be used as such. reference values. 


CDFs of Seven-Day Moving Averages 
and Daily Maximum Stream 
Temperatures 

The highest se\,en-day moving average of both the 
dail! mean (XYA7DAI and the daily maximum 
( X Y A ~ D X I .and the hiphea daily maximum 
temperature ( X Y IDXI for each site for each year was 
used in cu~nulative dibtribulion analyses. The highest 
.\even-day moving averages were compared to two 
reference values of 16.8'C and 18.3"C. These two 
values have been commonly used to evaluate chronic 
thermal stress metrics such as seven-day mo\.ing 
averages IArmour. 1991: Becker and Genoway. 

1979). The highest daily maximum temperature was 
compared to the upper lethal incipient temperature 
(26°C) for juvenile coho salmon and a two-degree 
safety margin temperature (24°C) (Coulant. 1972). 
The highest daily maximum temperature is an acute 
thermal stress metric and thus should be compared to 
an acute thermal threshold. CDF graphs for the three 
temperature metrics can be found in Appendix B 
The highest seven-day moving average of the daily 
average is often referred to as the Maximum Weekl! 
Average Temperature or MWAT. This value is 
compared to MWAT thresholds for various species 
and life stages to determine potential chronic 
exposure to elevated stream temperatures. Oregon. 
Washinyton. and Idaho have adopted the seven-da! 
moving average of the daily maximum as the metric 
for evaluation of stream temperature in their states. 
There is debate in California as to whether the 
highest sewn-da? moving average of the daily mean 
or the seven-day moving average of the daily 
maximum should be used to ahjess potential chronic 
>I.:>\. Therefore. both metrics are preiented in t l i i b  

repon. 

The precise cumulati\.e proponion abate and belou 
t u o  reference rilues. 16.8'C and I8.3'C. 
calculated mathematically (not visually estimated 
from the graph) and are presented with their 
accompanying CDF graph* in Appendix B. 

T h e  CDF graphs a n d  da ta  tables a r e  applicable to  
the  gear  in which the data  were gathered. It must 
be kept in mind that  comparisons across gears a r e  
not appropria te  because different sites were 
sampled in each year  (See Sidebar #I). 
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REGIONAL TRENDS IN AIR TEMPERATURE 

Introduction 

.Air temperature is knonn to have a ignif icant 
~ntluenceon stream temperatures. [n conjunct~on 
K I I ~\ol;~r;ad~ation 11is an imponant source o f  heat 
input into aquatic steni en is ~Ho.;tetler. 199 1 :  Sullivan 
et 31.. 1990: Stoneman and Jones. 19961 \lost stream 
temperature models h~hed on the ph!\ics o f  heat 
tr;~nsfer use alr temperature as a driver to predict 
temporal change in meam temperature ~Banholow. 
1989: Sullivan ct 31.. 19901. The difference between 
3ir and rvater temperature determines the rate o f  
energ!. ewhange for >everal hem transfer processes 
included in the energy hdlance equations o f  these 
models. The location at which air temperature should 
he monitored varies depending on which energy 
hnlance equation requires the data. For example. the 
back radiation equation requires input of air 
temperature data collected well above the stream (sky 
temperature, iAdams and Sullivan. 1990). The 
convection equation considers air temperature 
collected just above the stream surface. The 
ebaporation rate is often calculated using air 
temperature data collected at about two meters above 
the strexm surface. 

Local air temperature is an imponant parameter 
influencing the daily mean sheam temperature at 
equilibrium (Edinper et al.. 1968: Adams and 
Sullivan. 1990). The daily mean stream temperature 
under equilibrium conditions is generally near the 
daily mean air temperature (Adams and Sullivan. 
1990). Unfortunately, not many stream temperature 
data contributors submitted local air temperature data 
collected near their stream temperature sites. To  

determine the effects o f  air temperatures on mean 
3tream temperature. acquisition of iocnl  air 
temperatures is particularly important. I f  one use, 
remote or approximate air temperature d m .  then one 
a n  only hope for remote or approximate >[ream 
temperature predictions ~Sullivan et a!.. 19901. 
,Alternatively. i f  one wants to account for Jail! 
maximum stream temperatures. ~nform:~r~on on solar 
insolation is 3150 necessary. The amount of solar heat 
input svould most likel! be obtained from estima~eh 
o f  effective canopy 2nd topographic shading. 

To understand how uater temperatures vary 
regionally. an understanding o f  regional trends in air 
temperature is required. This chapter examines the 
variation in air temperatures across Sonhem 
California using data from National Oceanic and 
Atmospheric Administration (NOr\A) weather 
stations and modeled air temperatures obtained from 
Oregon State University. We show that air 
temperature, an imponant variable in determining 
water temperature, varies greatly across the area of 
interest. Using air monitoring station data, air 
temperature was found to be strongly related to 
distance from coast (marine influence) for the 
Coastal Steppe Province and elevation (adiabatic 
influence) for the Sienan Steppe - Mixed Forest -
Coniferous Forest Province. A n  advanced climate 
analysis procedure was used to estimate long-term air 
temperatures regimes across the ecoprovinces and 
basins o f  Northern California. Yearly air 
temperatures were compared to the 30-yr Ion, --term 
averages for each ecoprovince. Finally. yearly 
average air temperature was used to estimate 
groundwater temperatures across the area o f  interest. 
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Ai r  temperature discussed in this chapter is 
considered to be macroair temperature, and not 
stream-side air temperature tmicroair). Macroair 
temperature represents above-ground temperatures 
like those reponed on the evening news. 

Air Temperature Data Acquisition 
and Analysis 

Air Monitoring Station Data 

Ai r  temperature data were downloaded from two 
Internet sources: Western Regional Climate Center 
(WRCC: web address: http:/lwww.wrcc. 
dri.edu/climsum.html) and University of California 
Statewide Integrated Pest Management Project 
(UCIPM: web address: http:l/axp.ipm.ucdavis. 
eduNEATHERlretrievenvgs.html). The dou,nlooded 
data for all 25 WRCC air temperature data sets were 
from stations operated by NOAA. The downloaded 
data for the 17UCIPM air temperature data sets were 
from three different sources: data providers were 
listed as automatic. touchtone. and climate stations. 
The automatic stations are part of the California 
lrr~gation Management Information System (CIMIS) 
Network operated by California Department o f  m'ater 
Resources. The touchtone stations are volunteers that 
record observations daily and transmit them to the 
LClPh l  computer. The climate stations are 
maintained by NOAA. There were I I doa,nloaded 
data sets for the automatic stations, 3 sets for 
touchtone stations, and 33 sets for climate stations. 
Although water temperature data from FSP data 
contributors were for years 1990 through 1998, air 
temperature data were acquired for the entire period 
o f  record at each air station. The historical air 
temperature data were later used in Chapter II to 
interpret historical trends i n  water temperature. 

The air temperature data obtained from WRCC only 
included monthly averages for the minimum. 
maximum, and daily average. Dai ly data were not 
available. UCIPM provided only daily minimum and 
maximum air temperatures. Daily averages were not 
available. There are two commonly used methods for 
calculating daily average air temperatures. One 
method is the true average o f  the hourly (or some 
other sampling rate) readings for a 21-hour period. 

The other method is performed by adding the daily 
maximum and daily minimum air temperatures and 
dividing the sum by two. hencefonh referred to as 
the marimum-minimum average. The method used 
by WRCC in their monthly summag. repons i s  that 
o f  the maximum-minimum averaging technique. 
Since we did not have the ability to calculate atrue 
average for each month in the study period. the 
marimun~-minimum average was calculated for 
each day, and subsequently the daily maximum. 
minimum. and maximum-minimum a\,erages were 
averaged by month and year. I f  a particular site had 
more than five days with missing daily maximum 
andfor minimum values (and hence a missing value 
for the calculated daily max-min average]. the 
monthly average was set to null. Application o f  this 
procedure was similar to the way in which Ivater 
temperature summar?. statistics u,ere calculated isee 
Chapter 3). Potential errors are introduced into 
monthly a\,eraging procedures i f  partial rnontiil! 
records are included. The criterion that FSP used for 
the number o f  records that were permitted to be 
missing i n  a monthly average air temperarure. i s . .  
85% data completeness crilsrion. i i  used b) NO.A.4 
and the WRCC in  their dots summaries. 

After thorough examination o f  the integrity of the 
data. e.g.. completeness of the record. level o f  
temporal aggregation across all sites. etc.. 72 sites 
were found to exhibit sufficient consistency across 
the nine years o f  the stream temperature assessment 
period (1990 through 1998) allowing for their 
inclusion in the regional assessment. Figure 4.1 
shows the location of the l 2sites used in the 
analyses. 

PRISM Air Temperature Data 

In  addition to the data acquired from the 
aforementioned 72 sites. regional air temperature 
data were acquired from Oregon Staie University 
(OSU) Climate Analysis Service arid the Oregon 
Climate Service at OSU. These data u,ere dei'eloped 
using PRISM (Parameter-elevation Regresiions on 
Independent Slopes Model). PRlShl i s  a climate 
analysis system that uses point data. a digital 
elevation model (DEM).and other spatial datasets to 
generate gridded estimates of annual. monthly and 

http:/lwww.wrcc
http:l/axp.ipm.ucdavis


Central / 
California 

Air Temperature  Moni tor i  
Coho E S U  
ICoho Exclusion Zone 

Figure 4.1. Location of air temperature monitoring sites used in the Forest Science Project's regional stream temperature 
aarc,,ment. 
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event-based climatic parameters (Daly et a!.. 1994). 
Originally developed in 1991 for precipitation 
estimation. PRISM has been generalized and applied 
successfully to temperature. snowfall. growing 
degree-days. and weather generator parameters. 
among others (Johnson et al.. 1997. Taylor el al.. 
1997). I t  has been used exiensively to map 
precipitation and minimum and maximum air 
temperature o\,er the United States. Canada. and 
other countries (Kittel et al.. 1997: Parzybok et al.. 
19971. 

The acquired PRISM air temperature data has been 
reduced to 30-yr long-term monthly averages at 4-km 
grid resolution. The mo'nthly averages for the 
maximum and minimum were available. from which 
the monthly average u a s  calculated by adding the 
maximum and minimum and dividing by two. Most 
ot the data from the 72 sites mentioned above were 
most likely utilized in PRISM model development. 

The PRISM system determines climate at $rid cells 
h) calculating linear relationshi'ps between the 
climate element in  question (e.g.. air temperature) 
and elevation. The slope of these linear repression 
Ilnch changes locally with elevation. as dictated by 
the available point climate data. With a separate 
regression function each grid cell estimate is 
determined using data from many nearby climate 
stations. Each station in the multiple regression is 
ueighted based on five factors: distance. elevation. 
\.enical layer. topographic facet. and coastal 
proximity. I n  shon. the closer a given station is to  a 
tarzet grid cell in distance and elevation, and the 
more similar that station is in its climatology to  the 
cell (given by the other three factors). the higher the 
weight the station will have on the final. predicted 
value for that orid cell. A technique within PRISM 
determines the lowest possible prediction error for 
the map as  a uhale  (all cells). PRISM tvoically is  .. 
config;red to predict values approximately every 4 
km horizontall!. 

PRlShl has been compared to kriging. detrended 
kriging. and coWging in the Willamette River Basin. 
Oregon (Daly el al., 1994). In a jackknife cross- 
validation exercise. PRISM exhibited lower overall 
bias and mean absolute error. PRISM was also 
applied to northern Oregon and to the entire western 

United States. Detrended kiping and cokriging could 
not be used in these regions because there was-no 
overall relationshio between elevation and 
precipitation. PRISMVI.~cross-validation bias and 
absolute error in nonhern Oregon increased a small 
to moderate amount compared lo those in the 
Willamette River Basin: errors in the western United 
States showed little funher increase. PRlSM has 
since been applied to  the entire United States with 
excellent results, even in regions where orographic 
processes do  not dominate precipitation patterns. 

By relying on many localized. facet-specific 
airlelevation relationships rather than a single 
domain-wide relationship. PRISM condnually adjusts 
its frame of reference to accommodate local and 
regional changes in orographic rexime with minimal 
loss of predictive capability. 

The PRISM data does not provide the temporal 
resolution needed for predicting stream temperature\. 
However. the spatial resolution uas  ideal for 
developing a regional picture of air temperature 
regimes across Konhern California. 

The following evaluation of how air temperature 
Caries with elevation and distance from the coast 
relied on the finer temporal resolution of the data 
from the 72 air temperature sites. 

Air Temperature as a Function of 
Elevation and Distance from Coast 

A decrease in air temperature at higher elevations i s  
well documented and known to be driven by 
adiabatic cooling processes. Adiabatic cooling deal, 
with the cooling of parcels of air as they rise. or are 
forced upward. through the atmosphere. An example 
would be the cooling of an air parcel as i t  rises over a 
mountaln range. 

In Figure 4.2-A the monthly averaoe air temperature 
for ail sites for which 1 9 9 8 ~ u g u s ;  monthlyaverage 
\,slues were available 166 sites) were plotted against 
elevation. The expected decrease in air temperature 
with increasing elevation was not discernable across 
the full range in ele\.ation values (Figure 4.2-Al. A 
slight negative slope (-0.0001 J can be discerned from 
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Figure 4.2. Rulation,hip brnvcen .Augurr IYYR monthly asciage ;llr temperature and uleution 1.41 and dihtance from the cu.i.1 
(81for dl ,ite\ combined 1h6,irer~. 

the graph. ,Air temperatures at the lower eie\ations 
uere 31 low a:. or lower than air temperatures 
obser\ed at eleuations over 1000 meters [Figure 4.2-
.-\I.The relationship between monthly awrage sic 
teinperatuie and elevation i>  clearly not linear.,The 
relationship wa.; utak.  as reflected by a low R- value 
o i  o.o(K)?. 

Residents of Nonhern Coastal California are veq' 
familiar uith the cooling effects of surnmenime 
oceanic air cuments that tend to moderate 
temperatures during the summer months. For anyone 
who has driven from hrcata to Willow Creek or 
Weaverville on Route 199 in early August. they 
probilbly have experienced and appreciated the 
increasing air temperature while ascending in 
elevation. moving out of the affectionately termed 
'fog zone' into the warmer. higher elevation areas. 
With this intuitive knowledge and first-hand 
experience of the warming trends in air temperature 
uith increasing distance from the coast during the 
summer months, this relationship was examined in 
Fisure 4.2-8. 

Using 66 sites with August 1998 monthly average a$ 
temperatyes in the analyses. a weak relationship tR-
= 0.15) was observed (Figure 4.2-B). An overall 
positive slope of 0.02 was determined in the linear 
regression analysis. Visual inspection of Figure 4.2-

B revealed that at the lower values for distance from 
rhe coast. air temperature increased with increahinp 
distance from the coast. The increasing trmd ~ e m s  -	 to le\.el off at approximately SO km ( -50 mi, from 
the coast. 

Given the apparent relationship between air 
temperature and both elevation and distance from 
coast that was discernable in Figures 4.2 and -1.3, 
these relationships were explored in greater depth in 
the following sections. 

Monthly Average Air Temperature Versus 
Elevation 

The air temperature sites were broken into two 
groups. sites at distances less than or equal 80 km 
from the coast and sites at distances greater than 80 
km from the coast. 

Figure 4 . 3 - ~presents the relationship between 
August 1998 monthly average air temperature versus 
elevation for sites at distances less than o r  equal to 80 
km (-50 mij from the coast. There was a slight 
improvement in the linear regression model fit to-the 
data, with an R- value of 0.27. compared to an R-
value of 0.0002 for allsites combined (Figure 4.2-A). 
A slope of +O.OI was dbsemed. 
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Figure 4.3. Relationrhip between August 1998 monthly average air temperature and elevation for40 sites locateds80 km (41 
and 26 rito >80 k m r B )  from the coast. 

Figure 1.3-B presents the same relationship for sites 
at distances >!O km (-50 mil from the coast. The 
improvement in the linear regre2sion model t i t  to the 
data wab remarkaQle. with an R- value of 0.75 
compared to an R-value of 0.0002 for all sites 
combined. A negative slope of -0.005 was found. 

hlonthly Average Air Temperature Versus 
Distance from Coast 

Figure 4.2 illustrates the relationship between August 
1998 monthly average air temperature versus 
d i s t an~e  from coast for all sites combined I66 sites). 
The R-value was 0.16 and the slope was c0.022. 
The relationship between August 1998 monthly 
average air temperature and distance from the coast 
was examined for the group of air temperature sites 
located at distances 580 km from the coast (Figure 
4.4-A) and the group of sites located >80 km from 
the coast (Figure 4.4-8).  For air temperature sites 
located >80 km (-50 mi) from the coast (Figure 4.4- 
B). the linear regression model relatine August 1998 
monthly average air temperatufe and distance from 
the coast was weak. with an K value of 0 .23 and a 
slopeof -0.04. Air temperature sites located s80  km 
from the coast showed a great improvement in the 
linear regression model (Figure 4.4-A) with an R-
value of 0.74 and a slope of 0.15. 

There was a reversal in  the imponance of ele\.ation 
and distance from the coast in explaining the 
variability in air temperature. depending upon the 
location of the air temperature site. For air 
temperature sites located at distances >80 h from 
the coast. elevation played a much greater role in 
explaining the variability in air temperature. 
Conversely. for air temperatures sites located $80 hm 
from the coast. distance from the coast actaunted for 
a large proponion of the variability in air 
temperature. 

These changing relationships between air 
temperature with elevation and distance from coast 
should be borne in mind when attempting to model 
stream temperatures. Some researchers have used 
eleut ion as a surrogate for air temperature. We h a ~ e  
demonstrated that surrogacy may or may not apply. 
depending on the location of the air or water 
temperature monitoring site with respect to distance 
from the coast. Relationships between air 
temperature versus distance from the coast and 
elevation vary seasonally as well. This seasonal 
variability is discussed later in the chapter. 
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.AIlhough stratification o f  the air temperature data 
into distance-from-coast classes greatly improved the 
linear regression models. the stmtification was 
somewhat arbitra~y. The observed relationship 
hetiteen air temperature versus elevation and 
distance from the coast undoubtedly plays a role in 
the distribution o f  plant communities and ecosystems 
across the region. Using Bailey's ecophysiographic 
regions (USDA. 1997) to stratify air temperature data 
!<as the next lopical step. The area o f  interest defined 
for the regional stream temperature assessment 
encompasses two major ecoprovinces. the California 
Coastal Steppe Province 1263) (CSP) and the Sierran 
Steppe-Mined Forest-Coniferous Forest Province 
r L l?6 l ,  (Figure 4.5).Within the California Sierran 
Steppe-Mired Forest-Coniferous Forest Province 
(SSP). air temperature data were limited to five 
ecosections. the Klamath Mountains Section 
1M261Al. the Northern California Coast Ranges 
Section 1M261B). the Northern California Interior 
Coast Ranges Section (M261C). the Southern 
Cascades Section (tvl261D). and the Modoc Plateau 
lM261G). The four sections were aggregated 
together and represent those ecophysiographic areas 

for which both stream temperature and air 
temperature were used in the reg~onal 
assessment.The relationship between elev~uon and 
distance from the coast is shown in Figure 4.6 for 
each ecoprovince. The highest ele\.ation at \I hich ~ i r  
temperature sites were loc~ ted  in the CSP uas 
approximately 160 m 1525ft) at about 20 km from 
the coast. compared to about IS00 m 1-5900 ft! in 
the SSP. The relationship between Jniance from the 
coast and elevation for the SSP was nearly linear. 
However. [here were several low lying sites located a 
considerable distances from the coast ( I00  to I60 
km). 


Table 4.1 shows the air temperature versus distance- 
from-coast linear regression model fit to the air 
temperature sites in the CSP. The regression line fit 
to the data (Figure 4.7-A) had an R- value of 0.6925. 
a marked ,improvement over the all-sites-combined 
model (R- = 0.1547). 

August 1998 monthly average air temperature versus 
elevation for each ecoprovince are compared to the 
a80 !unand 780 km from the coast air temperature 
groups inTable 4. I.For the SSP the linear regression 
model was greatly improved over the all-sites- 
combined model. with an R- value of 0.65 17. 
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Figure 4.5. Distribution of air temperature monitoring sites in the Coastal Steppe. Mixed Forest and Redwood Farest Province 
(2631 and the Sierran Steppe-Mixed Forest - Coniferous Forest Province (M26I). 
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Figure 4.7. Augubl 1996 rnonthl) average sir temperature versu, distance from coast for ?? biles in the Comtal Steppe 1.4 I and 
alr temperature verhur eleratton for 29 5itr.r in the Sienan Steppe-,Mixed Forest-Coniferour Forest Province ~ B I .  Linsur 
regresion equation, are prexnted in Tdble 4.1 

'Seasonal Variation in Relationships 

While i t  has been shown that elevation accounts for a 
Id;? praponlon ot the !d r~ab~I~ t !  ~n 3:r teniperaturer 
r,?r ti-? SSP and d~,tmce from c03rt for the CSP.dni! 
;\ufust 1998 monthly average air temperature war 
used to develop these relationships. The relationship 
belueen air temperature and the two independent 
variables. elevation and distance from coast. changes 
seasonally. Linear regression analyses were 
performed on monthly average air temperatures for 
all months. 

The winter months of December and J a n u a ~  
exhibited negative slopes for both air-versus-coast- 
distance and air-versus-elevation models for all air 
temperature site groups. The marine influence selves 
to make \\inter air temperatures warmer than those 
funher inland and at higher elevations but cooler i n  
the summer. This would account for the change in 
slope with season. Thz highest R- values were noted 
for the air-versus-elevation relationships for all sites 
combined. the >SO km-from-coast. and SSP groups. 
hloving inlo the warmer months. the slopes for the 
<SO km and CSP groups began to shift from negative 
to positive Yalues for the air-elevation models. 
During the transition from winter lo  summer the R' 
values for these two Sroups steadily increased for thc 

air-versus-coast distance reiationshtps. and decrsahed 
f; the air-versus-eje\.ation relationships, The air- 
\,ersus-elevation R- values for the >80 km and SSP 
Froups remained high across all months and their 
accompanying slopes remained negative across a l l  
months. 

These results clearl? demonstrate the need to 
consider both the temporal and spatial relationships 
between air temperature versus elevation and 
distance from coast. If either elevation or distance 
from coast are to be used as surrogates for air 
temperature to predict water temperature. (he 
geographic and seasonal variations i n  these 
relationships must be taken into account. 

Ecoprovincial Differences in Air 
Temperature 

The difference in the relationship between monthly 
average air temperature and distance from the coat. 
and monthly average air temperature and elevation 
has been demonstrated in the previous section. What 
has not been explored i s  the relative difference 
between air tenlperatures i n  the CSP and the SSP. 
Figure 4.5sho\cs the distribution of the 72 air 
temperature sites i n  these two ecoprovince5. 



Figure 1 3  prttenrh the Augusr ater:~gc and avenge 
m a i m u ~ n311. temperatures for the CSP and SSP for 
1900 through I Y Y S .  Only air rcmperature >ites ~11th 
,Augu*t data tor all nine )ears stere u ~ e d  in the 
onol>se*. There uere 22  \ires in [he SSP and I 2  s i t e  
in the CSP with u hxh  to mahe comparisons dcrohs 
the nine years. The .August a\.erage) were compared 
to the 30-yr long-term aberage derived for each site 
using the PRISM model. That is. ar each o f  the 34 air 
monitoring *ire the 30-yr long-term average and 
.tver:ige marlmum for .August was determined from 
the CIS dara re[ deteloped from the PRISM model. 
P R K M  IIata for air temperature iites i n  each 
ccoprovince uere aieraged ro obtain [he 
edoprovincial long-term .August average. 

The CSP Augusr average air temperature\ usre louer 
than SSP averages for a11 years. The cooling 
intluence of marine air currents is responrible for the 
cooler air temperatures observed in the CSP 
compared to the SSP. The q p h  sewes ro illusrrare 
that sonic )ears were uarmer than the long-term 
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average. and that these warmer ) e a r  did not 
nece\rarily tmnscend ecoprovinces. For e~ample. 
uhi le 1906 exhibited above normal air temperature 
for the SSP. the CSP was about normal. Conver%el!. 
1993 elhihired above normal air temper;lrures for the 
CSP. ui i i le SSP air temperatures \\ere belou normal. 
.August uas [he month used in the compariron since 
thir is [he nionth when the highest \voter ternpemrure\ 
normally occur for most sites. Comparison o f  other 
ecoprovincial monrhly average air temperatures 1i.e.. 
June. July. and Seprember~ to the ions-term a\emge 
for that month showed slightly different patterns. 

The purpose of [his comparison i s  to provide 
researchers u i th  qualitative information on the !ex -  
to-year ~ariabi l i ty that i s  ohsewed i n  each 
ecoprovince. I f  a group o f  water temperature \itch 
was monitored across mulr~ple years. th~s informatiiln 
could assib! in determinin2 \\.herher trends in \v:ltsr 
temperature may be due to difference, in air 
temperature across years. 
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Figure 4.8. Comparison of 
ecoprorincinl atr temperatures for 
Augur1 1990 - 1998. Ecoprovince 
CSP = Calcfomis Coestill Steppe 
Province I 12 coilrtal sites) and 
SSP = Sicrun Steppe-hlixed Forest- 
Coniierou\ Forcst.Pro\.!nce I?? 
inlerior ritcr!. Dabhrd and solid 
horizonla1 line5 represunt ?O.yr lono-
term averilfo derived from ,he 
PRiSXf model for the coa,tal and 
inlerior ecoprovtnces. respecti\,ely. 
PRISM monthly average calculated a\ 

mar+rntn/?. 



Air Temperature By Evolutionarily 
Significant Unit 

Similar air temperature comp~rirons were performed 
hy coho salmon c\olurionarily significant u n i t  
IESU). There \\ere I5  air temperature sites in the 
SOSCC ESU ~ i t h  .August air temperature for e a r s  
iU9O rhrough 1998 and 8 >Ires in the Central 
California ESU. The 30-year long-term ayerases 
deribed by ateraging the PRISM air temperature 
values at each o f  the 13  air temperature sites revealed 
that the ESU averagzs \\ere very similar (Figure 4.9). 
We e.;pected the SOSCC ESU to exhibit hipher 
long-erm average temperatures than the CC ESU 
hecauxe of the greater inland areal extent of the 
SOSCC ESU. The SONCC ESU tmnscends both the 
CSP and SSP ecoprovinces. uhereas the CC ESU is 
mostly associated u i t h  the CSP ecoprovince. The 
niore coasval distribution o f  site, in the SOSCC ESU 
with complete August data for a11 nine ?cars could 
account tbi the loser-than-cxpecred 30-year long- 
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t<rm average. Weitkamp et al. ( 1995) reported that 
the average annual sunshine along the coast in the 
Csntral California ESU is higher than anylvhere 
further north. averagine 2200-2800 hours per year. 
\chile the SOKCC receives 2000-2200 hours per year 
o f  sunshine. 1f one only considers the coastal portion 
o f  rhe SONCC. the somewhat lower hours of 
wnshine may result in cooler air temperatures. 
However. we consider the SONCC as a whole (both 
the coascal and inland ponions). and believe that. on 
average. i t  is most likely warmer than the CC ESC. 

Both ESLs showed abow normal August average air 
temperatures in 1990. 1992. 1996. 1997 and 1998 
(Figure 4.91. Xot unlike ecoprovincial trends in air 
temperature across years. August average air 
temperatures did not sary similarly in the two ESL's. 
In  some years the CC ESU uas above normal <\hi l t  
the SONCC was below normal and in other years the 
opposite trend was observed. 
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Figure 4.10. Hydrologic units lhat compnre the range of coho salmon in Fionhem California. The shaded area represents the 
coho ESU boundan. 



Chapter . I .  Regional Trends in Air Temperature 

Upper Kiarnath 
17.g0C 

18.5O C 
Salmon 
19.1°C 

South Fork Eel , 
19.5OC 

v.. 

* <' South Fork Trln~ty
19Z°C& Middle Fork Eel 
18.9'' C 

P * 
Upper Eel

5 1 9.g0C
Big-Navarro-Garcia
18.4O C 

Russian
Gualala-Sdrnon 20.g0C 

-%.Bodega Bay 
17.S0C -San Pablo Bay

20,0°C 
Tornales-Drake Bav 

Cool ( 1 4 . 4 O  C) 

Warm ( 1 7 . 8 O  C) 

Hot (22.Z0C) -4 

Figure 4.11. PRISb1-derived August monthly average air temperatures across HUCs thar comprise the range of the coho in 
Northern California. 
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colio in Nonhem California. 

4.18 



Chapter 4 - Regional Trends in Air Temperature 

Tnhle 4.2.PRIS\I 5Il.Ye~r hogu.~.scr.~;c .Air T~.mperaturr Stil~i\tic\ tor H!droIo:~c Unit, that COIIIP~I'?(heRange nithe 
Cnhc, S;~ln>nn in Sorthcrn C.~lli1?rn8.t. 

HL'C Same \ l in imum >laximum Ranee .Average Std. Dev. 
Smith 13.9 19.8 5.9 17.1 1.48 
\I;ld-Redaood I 4 5  20.4 5.9 17.5 I.94 
L'pper Eel 16.8 21.9 5 . I 19.9 1.07 
l l idd le Fork E+ 14.9 21.7 6.8 18.9 1.84 
Lo\!er Eel 14.7 21.6 6.9 19.3 I h S  
South Fork Eel 15.9 21.5 5.6 19.5 1.27 

-
Gu;~lala-Salmon 13.6 21.2 7.6 16.9 2.45 
Ru>\ian 11.8 22.7 7.8 20.9 I .A5 
Bodega Bay 15.3 19.9 1.6 17.9 I.?5 
L'pper Klamath 13.1 21.1 8.1 17.9 I . S Y  
Sham 8.1 22.3 11.2 18.7 2.5 1 
Scott 15.1 20.4 5.3 IY.5 I.?7 
Lower Klarnach . 15.1 ??.A 7.3 19.1 2.iS 
Salnion 15.5 21.9 6.4 19.1 1.67 
Trinity 13.4 23.4 9.0 19.4 I .9'2 
South ForkTr in~ty 15.1 22.4 7.3 1'9.2 IZ 4  
Sun Pablo Bay 15.7 21.9 6.2 20.0 1.26 
Tomale\-Drake Bays 15.8 10.6 4.8 17.8 I..X 
S.tn Francisco Coartal South 15.0 17.9 2.9 16.1 0.76 
San Lurenzo Soquel 15.8 20.1 4.3 18.1 111s 
SOTE: August Llinimum. .\la.\imum. Range. r\verage. and Standard Deviation are ztatistics based on the .Augu\t 

avera8e air temperature acr05s all 4-km cells that comprise the HUC. 
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Figure 4.13. Den\.urion of  the zone o f  coastal intluencc. hlaximum rate of chanpe determined u\ing 30-yr PRlShl A u ~ u ~ l  
maximum average grid coverage ilcrors the range o f  coho wimon. Maximum rate of chanpe i ,  shown tbr a reprerentatlvc 
trenaect. 

4.20 



hIean Annual Air Temperature and 
Estimated Groundwater Temperature 

Groundu.lrer ten1per:lture i\ repotledly uithin = I'C 
to ?'C of mean annual ~ i r  temperature ICollins. 
1925: Sulli\.an et al.. IYYO!. Uhing PRlShl 30-)r air 
temperature dai3 the mean annual air tempemlure 
\<.I> calculated ~ i t h i n  each 4-kni grid cell. The 
rewltinp >parial di\p1:1? *hou'n in Figure 4.14 
prehenth the e*timated gound\v;ltcr trtnperature 
throu~hour the HCCI u ilhin the rdnge o f  the coho 
\almon. HLC-level average grounduater 
temperatures me indicated. I t  is interesting to note 
that in ronie locations. the estimated groundwater 
temperature iz uithin a few degrees o f  the .Claximum 
LVeekl!. .A\ craze Temperature t 1,IWATl [hreshold o f  
IS.3-C lhat i* often used as a target temperature for 

Chapter 4 - Regional Trends in .Air Temperature 

coho ialrnon streams. The Forest Science Project i s  
acquiring and analyzing \\ell-monitoring data from 
the L.S. Geological Survey and other sources to 
validate thebe groundwater tempemure estimates. 

I f  these groundwater estimates are accurate. then 
many headtriter streams in the range o f  the coho 
salmon oiiginate in areas o f  high atr and groundwater 
te~nperature. Given the natural \\arming trend of 
strcarns in a longitudinal direction. ver) l iale 
downstream travel distance would be needed before 
stream temperatures e.rceed various chronic and 
acute thermal stress thresholds for juvenile coho 
salmon and other salmon species that have been 
developed in the laborator). and applied to field 
condirlons. 
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Figure 4.14. Groundwater temperature estimated from PRISM 20-)r mean annual air  temperature in HLC, that comprl\e the 
range ai the coho 5almon in Kanhem California. 

1.22 



Chapter 4 - Regional Trends in .Air Temperature 

Summary 

.Air temperatures did not follotv e~pected adiabatic 
cooling trends acros the entire htudy area. Year the 
coat. air temperature itah [nore a function of 
dihrance from the coast rather than elevation. Sear 
the const. *unimertlme air te~npernrures increased 
u i t h  increarini elebation. hlodelers ~ l i uu ld  use 
caution when using elevation 35 a surrogate for air 
temperature. In the interior ponion o f  the \tudy area. 
air temperatures follotved a more epected trend: 
decreasing air temperature with increasing elevation. 
The relationship between air temperature and the two 
independent variables. distance from the coast and 
eletation varied he>~onally. During the winter 
nionrhs air teinperatures ir the coastal ponion o f  the 
hlud) area conformed more to the negati\e 
relationship uirh elentron. 

The 1990-1998 CSP .August average air temperatures 
uere lower than SSP averngeh for all hears. The 
cooling influence of marlne air currents i s  most likely 
responsible for the cooler air temperatures observed 
in the CSP compared to the SSP. Some years were 
svarmer than the long-term avenge. LVnrmer years 
did not necessarily coincide betbteen ecoprovinces. 
For cample. while 1492 s~hib i ted above normal air 
temperature for the SSP. the CSP was below normal. 
Conversely. 1993 e ~ h i b i v d  above normnl air 
remperatures fur the CSP. while SSP air temperatures 
uere below normal. 

Air temperatures exhibit appreciable gradients within 
and across the HUCs that comprise the range of the 
coho salmon in Sonhern California. Hydrologic units 
that are predominantly coastal have cooler nit  
temperatures whereas those that have a somewhat 
southeasterly to nonhwesterly orientation show 
strong thermal gradients. Some HUCs are 10°C to 

l i 3 C  harmer in the upper reashes than near the 
coast. Interior HUCs have warmer air temperatures 
throug~out their drainage area. with cooler air 
temperatures at higher elevations. 

The zone o f  coastal influence IZCI i  \\as derlted 
from 30.~1- long-vrm PRIShl air temperature data by 
defining the steepest rate ofchange in air temperature 
along transects st increnhing distances from the coast. 
The ZCI  is an approximation of the fog zone. which 
intuitively would have a cooling intluence on $rater 
temperatures due to its associated cooler air 
temperatures and solar energy interception. 

Spatial trends i n  air temperature across the region 
must be understood in order to predict their intluence 
on water temperatures, A useful air temperature 
database has been developed ro characterize ~ i r  
temperature regimes across Sonhern Californta. in 
the next chapter we wil l  explore the intluence o f  
these significant air temperature gradients on regional 
<cater temperatures. Acquisition o f  the monthly 
average PRISM air temperature data for individual 
water temperature years wil l  greatly improve our 
understanding of the role air temperature plays in 
influencing water temperatures at large spatial scales. 

Groundwater temperature \bas estimated from 
PRISM 30-yr mean annual air temperature. ,At some 
locations in the range o f  the coho salmon in Konhern 
California. groundwater temperature i s  within a few 
degrees of a commonly applied M W A T  threshold of 
18.3"C. Some headwater streams may on,' -Inate in 
areas with high air and groundwater temperature. 
Very little downstream travel distance would be 
needed before these streams would exceed various 
chronic and acute thermal stress thresholds. These 
exceedances could conceivably occur with natural 
longitudinal warming o f  streams. 





Chapter 5 

AIR AND WATER TEMPERATURE RELATIONSHIPS 

Introduction 	 and Stefan 11994) ranked air temperature as the 
single most imponant parameter for predicting \Later 

The previous chapter examined regional trends in air 	
temperature. followed by solar radiation. However. 
as Banholow (1989) points out. many other factors. 

temperature throughout the range o f  coho salmon in 
including humidity, wind speed, riparian canopy. 3s 

Sonhern Cblifornia. I t  was shown that air 
well as factors in combination with air tempemture. 

temperatures vary greatly across the region. This 	
contribute to equilibrium water temperatures. The 

chapter examines whether ai r  temperature measured -	 uriabi l i ty of these conditions make [?in$ to predict 
at remotesiles can be useful in explaining the 
variability in water temperature. Ideally. air 

water temperatures from remote air temperatures 

temperature monitored at stream-side would provide difficult. Given the imponance o f  air temperature in 

the most representative ~nformation on the 
predicting water tempemture at daily. seasonal. and 

equilibrium temperature of a stream. However. very 
yearly temporal scales. i t  is perplexing that more data 
contributors did not measure stream-~ide a ~ rfeu. sites in the regional assessment data set had air 

temperature collected at the stream tempemture 
temperature. 

monitoring location. Due to the paucity of stream- 
side air temperature data we evaluated whether 

Various studies (Collins. 1925: Moore. 1967: 

KOAA and other remote air temperature station data Kothandaraman and Evans. 1972) indicate that mean 

may have some explanatory power with respect to 	 water temperature is generally within a few degrees 

water temperature. These data are referred to as 	 of mean air temperature measured at stream-side. 

macroair temperature throughout this chapter. 	
Moore (1967) found that for Oregon streams air 
temperature was a reasonable index o f  water 

At  23 water temperature sites, air temperature was temperature, but. because of other factors affecting 

monitored in close proximity to the water 
water temperature. some Oregon streams were 

temperature sensor. These data wil l  be referred to as 	 warmer and some were cooler than air temperature. 

microair temperatures. Analyses were performed on The correlation between air temperature and water 

data from this limited number o f  sites, comparing temperature is largely a function o f  upstream riparian 

trends in macroair versus microair temperatures, and conditions along a thermal reach, and to other factors 

air versus water temperatures. controlling water inflow into the channel. However. 
air temverature influences both mean and maximum 

Use of remote estimates of air temperature may result water temperatures regardless of riparian cover or 

in inaccurate estimates o f  water temperature. This stream size (Sullivan et. al.. 1990). As slreams 

was observed by Sullivan and coworkers (1990) increase in size at points more distant from the 

using data from six NOAA stations and is borne out watershed divide, riparian characteristics become less 

in this repon. using 72 remote air sites. I n  model influential in controlling water temperature. Large 

sensitivity analyses. Banholow (1989) and S i n o h t  streams. because o f  their width relative to flanking 
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vegetation. naturally have less shade (Essie. 1998). 
Water temperature becomes more a function of air 
temperature. 

At some sites where air temperature was monitored 
near the stream. good correlation was found with 
remote air temperature. We found that microair 
correlated better with u,ater temperature than did 
macroair at 10 water temperature sites where air 
temperature u,as monitored at stream-side. 

At 154 FSP sites that were monitored across three 
consecutive years (1996.19981. year-lo-year changes 
in air temperature were shoh:n to have some 
influence on water temperatures, The level of 
influence war dependent upon the stream's size. as 
estimated by the distance from the watershed divide. 

Determining Nearest Remote Air 
Station 

For many aspects of stream temperature analysis. 
anlbient air temperature data are needed. If air 
temperature is not recorded in the immediate vicinity 
of the stream temperature site. data from remote air 
stations must be used to estimate local air 
temperatures. However. as Sullivan et al. (1990) 
pointed out. if remote or approximated air 
temperature data are used in predicting stream 
temperatures. then one can only hope for remote o r  
approximated predicted stream temperature values. 

The simplest method of determining the nearest air 
site to a stream temperature site is to use a minimum 
straight-line distance. However, as noted in  the 
pre\.ious chapter. Regional Trends in Air 
Te~~lperonrre.distance from coast and elevation are 
imponant parameters for describing regional 
variability in air temperature regimes within the study 
area. As such. these parameters should also be 
included in the model to select the most appropriate 
air temperature site. Using four parameters 1UTM X-
coordinate. UTM Y-coordinate. elevation. and 
distance to coast). four-dimensional Euclidian 
distances were calculated between each stream site 
and each air site. Air temperature sites with the 
smallest Euclidian distance were matched with water 
temperature sites for analysis. Monthly mean stream 

5 .2  

temperatures for June through September 1998 a! 
546 sites and corresponding monthly mean air 
temperature data were used to examine the strength 
of the relationship. Figure 5.1-A shows the linear 
regression of monthly mean stream temperatures to 
mean air temperatures using the four-dimensional 
Euclidian distance criteria. The relationship was 
hiehly variable (R' = 0.15). 

Because of the relatively low R' value for the four- 
dimensional model. additional parameters here 
added to the model in an attempt to improve the 
estimate. These additional parameters were longterm 
minimum and maximum air temperatures at each air 
station estimated from the PRISM data model. 
PRISM 30-year long-term monthly air temperature 
metrics for June through September 11961 - I991 I 
resulted in eight additional parameters being included 
in the model. Twelve-dimensional Euclidian 
distances were calculated between each stream site 
and each air site. Figure 5.1-B shows the regression 
of monthly mean stream temperatures to montbl! 
mean air temperatures using the I?-dimensional 
Euclidian distance model. Ajthough there was onl! 3 

slight improvement In the R-. i t  was felt that. based 
on best professional judgement and personal 
knowledpe of the climate regimes in Nonhem 
California. the I?-parameter method appeared to 
provide more realistic matchings between air and 
water temperature sites. The most notable changes 
were in the coastal areas. where the four-dimensional 
model selected air sites that were closer to the water 
site yet were 20 to 50 km inland. The 12-dimensional 
model was more sensitive to coastal versus inland air 
temperature differences. Moreover, the I?- 
dimensional model was better at selecting air sites 
that were more represenlalive of air temperature at 
the water site based on the PRISM 30-year long-term 
\,slues for the water site. This often meant that for a 
coastal water site the model might select a coastal air 
site that was 8 1  km away as opposed to an inland site 
that was only ?O km away. The mean distance 
between air stations and stream temperature sites 
using the I?-dimensional Euclidian distance method 
was 25 km. with a range of 0.3 to 84 km. 
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Comparison of klacroair and Stream 
Temperatures 

blonthly average air tsmperature data from the 
nearest 12.dimensional Euclidian distance site was 
merged with its correhponding monthly average 
<[ream temperature at each site. Analyses were 
performed to explore the relationships between air- 
~ ~ a r e rtemperatures across the entire study area. i.2.. 
the tuo  coho salmon ESUs in Northern California. 
and smaller spatial scales (e.g.. ecoprovinces. HUCs. 
zone ofcoaswl intluence,. 

Figure 5 . l illustrates the rather poor correlation 
bet\\een macroair and water temperature exhtbited 
for all 1998 \ires in the study area. While apositive 
correlation was observed. the ability to predict water 
temperature from macroair temperature alone would 
not be o f  sufficient accuracy to be useful for most 
purposes. This is funher evidenced by the poor 
correlattons between macro- and micro-air 
temperatures at 23 sites shown in Figure 5.2. Stefan 
and Preud'homme 11993) found that as the time 
interval increased. bener relationships between air 
and water temperature were realized at a given site. 
Relying on macroair temperature data, we are 
unfortunately limtted to monthly averages at most 
sites. Going to the n e t  time step. yearly averages. 
may provide better correlations at single sites. but 
then biological relevancy i s  lost. At  a yearly temporal 
scale we are limited by not having stream 
temperature data spanning an entire I?-month period. 
Thus. we are limited to making macroair-water 
temperature comparisons o f  June. July, August, and 
September monthly averages. Using a larger temporal 
scale (e.g.. yearly average) wi l l  not solve the problem 
that is inherent in this regionel assessment, and that is 
spatial variability. 

Figure 5.3 compares the monthly minima. means. and 
maxima for air-water temperature relationships for 
1998 FSP sites for the months of  June. July. August, 
and September. Figure 5.3-Cis the same data as 
shown in Figure 5.1-B. but with aone-to-one line o f  
correspondence drawn instead o f  the linear 
regression line. Monthly minimum water 
temperatures nearly always exceeded monthly 
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minimum air temperatures (Fipuri  5.3-A). whereas 
for monthly maxima. the oppobire wxs observed 15.3. 
B). The ouuosite minimum-maximum relationships . . 
can be related to the 5pecific heat of water. specific 
heat is the amount of energy required to rake a unit 
mass o f  a material I'C. The specific heat o f  uater is 
- 1.0 calorie1graml"C while air has a specific heat o f  
-0.21 calories1graml"C. both at zero degrees Celhius 
and one atmobphere pressure. Thus. i t  takes about 
one founh the energy to raise air temperature I 'C 
than i t  does water. Water i s  \low to cool down and 
slow to heat up. much slower than air. While air 
temperatures can reach higher levels in the day and 
lower levels in the evening. aster is in a constant 
state of disequilibrium. Water temperatures seek to 
come into equilibrium with air temperatures during 
the day. but insufficient time is available during 
da>light hours for the slower heatins us t r r  to reach 
the maximum air temperature. After sundoun. air 
temperatures decrease more rapidly than \Later 
temperatures. Given adequate time. \rater 
temperature would eventually equilibrate u i t h  
minimum and maximum air temperatures. But ii.!rer 
temperatures never have enough time to cntch up. 
Sunrise comes and the process begins again. 
>loreover. streams arellowing bodies o f  uater, The 
air temperature regime changes as \cater mows down 
through the watershed. 

The above discussion focuses on minimum and 
maximum temperatures. Figure 5.3-C shows that 
average water temperatures frequently exceed 
average air temperatures. I t  must also be remembered 
that these are macroair temperatures. and may be 5°C 
to 10°C different than microair temperatures at 
stream-side (Figure 5.2) . Also. given the spatial 
variability in air temperature regimes across Nonhern 
California as presented in Chapter 4, water 
temperature at one location may have come into 
equilibrium with much wanner air temperature at a 
more upstream location. This spatial lag could 
partially explain many instances of water temperature 
exceeding air temperature at cenain locations. 
Additionally. average water temperature wi l l  be 
lower than average air temperature because water 
generally exhibits higher daily minima than air. 
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the observed maximum-equilibrium phenomenon is 
that other imponant meteorological variables co-vary 
u i t h  air temperature and solar radiation. such as 
humidity. .As air temperature increases. humidity 
decre~ses. which, i n  turn. increases evaporation at the 
air-water interface. Increased evaporation tends to 
have a cooling influence on water temperature. 

In the SSP. water temperatures exceeding the 
macroair temperature monthly averages were not. 
observed until the air temperatures attained values 
over -18°C (Figure 5.4-B). Generally, there 
appeared robe a more discemable increasing trend i n  
water temperature with increasing air temperature in 
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the SSP. Siniilar to the CSP. at the highebt air 
temperatures. water temperatures fell below the line 
o f  one-to-one correhpondence. 

LVuter temperature tends to :~pproach air temperxure 
a* water travels down throueh a ivatershed (Hynes. 
1970: Sulli\an et al.. 19901. However. ab presented in 
Chapter 4. interior air temperacures in Sonhem 
C~l i fo rn iaare often 10°C to 15°C warmer than air 
temperatures near the coast. u here most drainages 
find their eventual outlet. Next. we bvill examine hou 
air-water temperature relationships var) by HUC and 
by watershed position \~ i t h i n  a HUC. 

.Air-Water Temperatures and Watershed 
Position 

The difficulty in developing good predictions of 
water temperature from remote air temperuture ih 
illustrated in Figure 5.5 for the Lower Eel and B i p  
Savarro-Garcia HUCs. The plotted month11 JLerJye 
was calculated by averaging 1998 July 2nd .?.u~u\t 
averages. There uere 60 sites in the Lower Eel HCC 
and 113 sites in the Big-Zavarro-Garcia HUC. 
However. only five air sires in each HUC uere 
matched with mul t ip l~water  sires. For a gi\.en 
monthly average air temperature at a rnacroair ,Ire. 
the associated water temperatures ranged up to l5 'C 
in some instances. 

The variation in water-to-macroair temperature ratio 
(W:A-RATIO) with distance from the watershed 
divide was investigated i n  each hydrologic unit 
HCC, campn\lng the ranee or me :ohd ,dlnion n 

lonnern  Ca l~ io rn~a tFluure 5 6 ,  T u o  HCCs uers -
not included. the Salmon and Russian. due to 
insufficient data points. July and August monthly 
mean temperatures were averaged together to 
generate the plots in Figure 5.6. 

A l l  HUCs showed a general increase in the 
W:A-RATIO with increasing divide distance. More 
mainstem sites were over unity than tributary sites. 
The Scott and Upper Klarnath did not exhibit any 
sites with W:A-RATIO values over unity. These two 
HUCs are among the warmest in terms o f  air 
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Figure 5.1. hlonthl! macro;lii \er,ur water cornparwn for 
rhc 1.41Lowsr Ecl HLC and the IBI Big-Savsrro-Carcid 
HCC. \lonrhl? il\erager arc the mean, of July and Aurust 
~nanthi!a\crage\. Oprn circler arc tributaries and croser 
arc m31n\l~.m>. 

temperature (see Table 4.21.Both HUCs lie entirely 
in the interior p o n i o n  of the smdy area. far removed 
from the intluence o f  cooler coastal air temperatures. 
In HUCh with tributaries originating in warm interior 
areas and droining towards the coast. more sites 
showed W:A-RATIO values greater than one. This 
suggests that water temper;ltures began to equilibrate 
with warmer inland air temperatures and upon arri\.al 
o f  these u,armer waters in the zone o f  coastal 
intluence. water temperatures exceeded the cooler 
coatal air temperatures. 

Many HUCs began to exhibit W:A-RATIO values 
greater than one within a similar range in divide 
distances. roughly between 5 k m  to I 0  k m  from the 
watershed divide. At  distances iesr than about I 0  kni 
from the watershed divide shade plays a more 
imponant role in controlling stream temperatures 
than does air temperature tSullivan et at.. 19901. The 
divide distance at which the ratio becomes greater 
than one wil l  also depend on the geographic position 
of the HUC. the air temperature reaims ofthe 
drainage. the rate at which channels widen i n  the 
doujnstream direction (reduced effecti\.e shade as 

channels widen). depth and flow o f  the itrcani. and 
land use patterns throufhout the HCC. 

These results niusr be interpreted cauttou\l!. .A 
u.arer:air ratio Sreater than one can rehult b! uater 
temperatures increasing. air temperatures decrea\lnf. 
or both. The latter is the cahe for Korthem Coami  
California. u here air tempemture> arc much cooler in 
the zone of coastal influence. The air temperatul-c 
where the water originated and the air temperJturs 
where i t  arrives at the coast can be markedl! 
different. The most likely reason for the poor 
corr?lat~onsbetween macrodir and nater 
temperatures is the 12-din>en,tonal Euclidian 
distance maconir site ma! not necebs3rily hc [he be\! 
approxiniation o f  the air temperature at the \its nliere 
\Later temperature wnr meahured (Figure5 5.1  and 
5.51. 
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Figure 5.6. Chlrnge .n udlerllr IempcrJlUrc r-($0 ullh d.rlmcc irom ultrrrhed dl\lJc by HCC \lacro~.r~ n du ~ t e r  
remperltLre, Jrc monlil) dberagcs for Ju.) .Augus~como nea. 1998 Open clrc.?, ue Inbutq  sires ano croweq arc munsam, 
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Figure 5.6. (continued) 

PRIShl A i r  Tempera tu re  a n d  Watershed 
Posi t ion 

The 30-year long-term average maximum air 
temperatme from the PRISLI data set was used to 
examine air temperature regimes in selected 
h>drologic units. .Although year-to-year variations in 
air temperature cannot be discerned from the data. 
more representative air temperatures at each water 
bite are obtained. given PRISM'SC k m  grid 
resolution. Figure 5.7 presents the 30-year August 
average maximum air temperature at each Mad-
Redwood HUC water site plotted by divide distance. 
Symbols denote whether the highest 1998 daily 
maximum temperature at either a tributary or 
mainstem site exceeded 26°C. Only one mainstem 
site exceeded 26'C at a divide distance of about 60 
km. The .August average maximum air temperature at 
the site was -29°C (84'C). There was about a 7°C 
decrease in the August avemge air temperature at 
mainstem sites located 80 km or more from the 
watershed divide. The decrease i n  air temperature 
2nd Zonconutant lack o i  malnstem hoes thx exceeded 
2h'C . i  most iikel) due to cool~ng~nfluenceo i  the 
coastal zone. 

The four HUCs that comprise the Eel River basin 
(Upper. Middle. Lower. and South Fork) ate 
presented in Figure 5.8.August average maximum air 
tem~eraturesat water sites in the four Eel River 

HUCs were markedly hisher than in the Llad-
Redwood HUC. 

.August average maximum air temperature rlrnged 
between 30" to 31°C (86°F to 93°F) at a11 tributav 
and mainstem sites along the 110 km divide dihwnce 
of the Upper Eel River HUC (Figure 5.8-,A). .All but 
one mainstem site exceeded 26°C. ,At divide 
distances less than 20 km. all but one tributav site 
sere below 26°C. This site fell i n  the 0.24% canopy 
Class. 

I n  the Middle Fork Eel River HUC. ,August average 
maximum air temperatures at each stream 
temperature monitoring site showed a similar range 
as i n  the Upper Eel River HUC. At  air temperatures 
above 32°C (90°F) both tributary and mainstem sites 
exhibited daily maximum stream temperatures over 
26°C. (Figure 5.8-B). Three sites on the Middle Fork 
Eel River between 20 km and 50 km from the 
watershed divide had X Y  I D X  values under 26°C. 
However, at a site funher downstream (-90 km)air 
temperature increased by about 3°C and the highest 
daily maximum water temperature exceeded 26'C. 
This trend suppons the concept that large rivers tend 
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Figure 5.7. PRISM 30-year August aaerage 
mahimum air temperatures at each Stream 
temperature monitoring site versus divide 
disrancc in the Mad-Redwood HUC. Open 
circles are tnbutan siter and squares are 
rnaln\tem si ter  Crosser indicate that the highest 
1998 bail! m~ximumtemperature exceeded 
26'C. 

to come into equilibrium with air temperature 
lSulli\an el al.. 1990). August average maximum air 
temperatures at sites on the mainstem Eel River i n  the 
Louer Eel H L C  showed about a 11°C (25°F) 
decrease between 100 km and 320 km from the 
watershed divide (Figure 5.7-C). Despite the large 
decrease in air temperatures. mainstem sites 
continued to ha\,e X Y  I D X  values over 26°C until 
sites at about 303 km from the watershed divide were 
reached. Mainstem water temperatures seem to have 
equilibrated to the higher interior air temperatures. 
impaning thermal inenia that requires considerable 
cooling from the zone o f  coastal influence before 
water temperatures begin to reequilibrate. The Konh  
Fork Eel River enters the Eel River i n  an area where 
August average maximum air temperatures are near 
32°C (-90°C). Two sites on  the North Fork Eel 
River had water temperatures that appear to be 
influenced by warm air temperatures in the interior 
portion o f  the HUC. 

August average maximum air temperatures were 
lou,er at two water temperature sites on the South 
Fork Eel River at divide distances less than 40 km 
than sites further downstream (>80 km di\.ide 
distance). Generally. i t  i s  believed that both air and 
water temperatures increase longitudinall?. 
Exceptions to this commonly observed phenomenon 
have been shown for Northern Coastal California. 
The South Fork Eel River conforms to the norm. but 
for a different reason. The South Fork Eel River is 
oriented such that the upper reaches are located 
within the zone of coastal influence. The South Fork 
Eel River enters the main Eel River outside o f  the 
zone o f  coastal influence where air temperatures are 
higher. Thus. two mechanisms are working 
simultaneously to account for the longitudinal 
increase in air and water temperature. 

I n  the four HUCs that comprise the Eel River Basin. 
the majority o f  tributary sites with X Y  I D X  values 
exceeding 26°C %,ere associated with warm August 
average maximum air temperatures. 
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Water-Macroair Temperature Relationships 
and Canopy 

Figure 5.9 presents a bar graph o f  the average 
\\':A-RATIO by canopy class within each divide 
distance class..The graph illustrates that in the lowrst 
canopy class (0 - 24%).the W:A-RAT10 is closer to 
the I :  I reference line in the lower divide distance 
classes (i.e.. I and 2 .  representing I to 50 km) than at 
higher canopy class values. This trend suggests that 
in smaller headwater streams u.ith little or no canopy. 
the water temperature may tend to exceed air 
temperatures more than in similar size streams with 
more developed canopy. The lack o f  sites at higher 
divide distances that had canopy values in the 50- 
7JG and 75.1005 clasies indicates that stream5 may 
be beconling too wide for stream-side vegetation to 
pro\.ide adequate shading. 

Ai r  temperature is largely influenced by solar 
radiation lhl i l ler and Thompson. 19751. The rate o f  
heating and e\entual maximum temperature is greater 

in the sun than in the shade for both air sod u,ater 
(Essig. 1998). Plots o f  PRISM a i l  tempernture versus 
divide distance similar to those shown in Figure 5.8 
u.ere used to focus on the possible effects of canopy 
on stream temperature at different a i i  temperature 
regimes. Stream temperature sites that were located at 
distances less than 50 kmfrom the xaterrhed divide 
i n  the four HUCs that comprise the Eel River basin 
are presented in Figure 5.10. Sites that exhibited 
highest 1998 daily maximum stream temperature 
over ?6'C u,erc generally located in areas of warmest 
air temperatures. Sites with less than 50% canopy 
were most fre~uently those with stream temperature 
excursions above 26'C. Some sites with canous , , 
greater than or equal to 50% exhibited XY IDX 
\.slues greater than 26°C. These sites were lacared 
predominantly in areas of high air temperature, and 
at greater distances from the watershed di\.ide. 

The relationship between canopy and divide distance 
is explored in ereater detail in Chapter 9.  

- 1 - - 2 - - 3 - - 4 - - 5 - - 6 -

Divide distance class 

Figure 5.9. Change i n  u.ater:air temperature ratio at four different canopy clarse, at s i x  different di\ide dirtance cla,bc\. Barcd 
on the average ofJuly and Augusl manthl) average> for 1998. Canop! classes: l IIO.??G. 121 25-49G. 131 = 50.74%. 141 = 75-
IOOG.Dividedistancecla~ses:( 1 1  I - lOkm. (?~ l 0 - 5 0 k m . ~ i ) 5 0 -  lOOkm.t41l00- 13Okrn.(51 150-20UArn.and161 
Ere'Jter than 200 km. Error bars represent t i standsrd deviarions. Abo~e each error bar i s  the number of site, in !he clahr. 
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Figure 5.10. PRISM 30-year August averpge maximum air temperdtures al stream temperature monitoring sites located less than 
50 km from the watershed divide versus divide distance in Eel River HUCs.Open circles are stream temperature sites with 
highest 1998 daily maximum water lernperature ( X Y  I D X )  less than 26'C and crosses are sites with X Y l D X  226'C. Square 
indicates 1998 canopy ?SO%. no square indicates canopy <506. 



I FSI' Kegional Stream Temperature Assessment Report 

Water-Air Temperature Relationships and 

Flow 


An imponant factor that we have not addressed is the 
influence o f  flow on the water-air relationship. I n  
large systems the contribution o f  groundu,ater influx 
becomes proportionally less at increasing distances 
from the watershed divide. I n  fact. some systems may 
become lasing streams (Kjelstram. 1991: Donato. 
1998). The water in these larger systems experiences 
exposure to atmospheric heating proponionate to its 
travel time from the source. As flow drops so does 
velocity. giving more time for water to approach 
thermal equilibrium with the overlying air (Essig. 
1998). In  many geographic location, larger systems 
at lower elevations wil l  equilibrate with warmer air 
temperatures. In the case o f  Konhern Coaslal 
California. large systems have time to equilibrate 
w ~ t hcooler maritime air temperarures. This was 
indeed the cabe in the Eel and Mad Riter systems 
r see Chapter 7 I. 

Flou data were recorded at v e y  few FSP stream 
temperature monitoring sites. fewer than air 
temperature measurements. I n  future updates to 
FSP's regional stream temperature assessment. i t  i b  

hoped that more stream f l oa  d a t ~  wil l  be available. 

Water Temperature Versus Micro- 
and Macro-Air Temperature 

hlicroclimate refers to the "layer o f  air from ground" 
or water level "to a height of two meters" (Geiger 
1965. cited in Banholow. 1989) and is represented by 
the microair temperature. Stream-side average air 
temperatures are. generally. less than ambient 
rremotel air temperatures. and large variability can be 
seen over relalively shon distances (Troxler and 
Thackson. 19751. Many o f  the remote air sites i n  the 
present study were at lower elevations than the 
elevations at the water sites with which they were 
matched. Moreover. some o f  the air sites in our study 
were used for fire predictions and were located on 
south-facing slopes. which are warmer than other 
slope aspects. For regional-type aasessments such as 
the current study. models developed from more 
rradily available remote air temperature data proved 

to be poor in predicting water temperatures 

This section demonstrates the value o f  measuring 
microair temperatures in predicting the variability in 
strenm temperatures. Ten water temperature sites out 
of 1090 had both micro and macro air temperatures 
available at daily intenals. One site in the Eel Basin 
had two microair temperatures recorded at the 
location: one at 0.15 m and another at ? m abow th$ 
u,ater. The microair at 0. I5  m was used for analxses 
unless otherwise noted. Most siies were located in 
the central and more nonhem ponions o f  the region- 
wide study area. and all sites were within 40 km of 
the coast. Microair temperature was collected in close 
proximity to the water temperature sensor. all within 
600 meters of the stream temperature monitoring sits. 
The macroair site was determined using the I?- 
dimensional Euclidian distance method as described 
i n  the section Derenr~Lrirr$ h'earesr Re~rrore Air 
Smriorr i n  this chapter. Comparisons uere made using 
the daily mean. daily minimum. and dail) rna\imu~n 
temperatures during the period between Jul! 2 1 
tl;?.>ugh Aupust 19. Data regarding habitat and 
canopy were available for only a fen  sites. thereby 
precluding their use in exploring associations 
between air-water temperature relationships and site- 
specific attributes. 

To characterize relationships between water and air 
temperatures. regression analyses were performed on 
daily mean. daily minimum. and daily maximum 
water temperatures i n  combination with micro- and 
macro-air temperatures for all sites combined and for 
each site separately. A summan o f  results are 
presented in Table 5.1 

The strongest overall correlation for all sites 
combined was between daily mean water and daily 
mean microair temperatures (R' = 0.61 1. Daily 
maximum water versus daily maximum microair 
temperature also had a moderate overall relationship 
(R' = 0.591. Although these are only moderate 
relationships. i t  indicates that the variables tended to 
respond i n  somewhat similar manners (i.e.. to similar 
meteorological influencesl. Relationships between 
daily air and water minimum temperatures for all 
sites combined showed much variability. Daily 
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FSP Regional Stream Temperature Assessment Report 

Figure 5.13. Geographic dbstribution of 154 3ite. where rtre:lm 
temp?mturc uo\monitored acrr,r\ihrer cnnhecuti\r !car*.1996 
through 1998. Site, had unintermpted data for the time period 
hetuem Jul! ? I  and .4uourt 19. 
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Chapter 5 - Air and Water Temperature Relationships 

CDF graphs were produced for four streem 
tempereture metrics. The cumulative distributions for 
X Y  IDX.  XYA7DA. and XYA7DX were very 
similar for all three years (Figure 5 .154 through C). 
Inset bar graphs indicate that 1997 was a fei+ tenths 
of a degree Celsius higher for average values o f  
X Y  IDX .  XYA7DA. and XYA7DX. These 
differences would be of little or no biolo_eical 
,.pn~i~can;e. There u3s J notfceJb e dlfiircnce i n  the 
d l ~ t r l o ~ t l o no i  I Y  ID1 r~ lues .  u i t h  1906 n a i n g  loaer 
daily minimum temperatures than either 1997 or 
1998 (Figure 5.15-Dl. The inset bar graph i n  Figure 
5.15-D also illustrates a lower daily minimuni 
temperature in 1996. 

While average air temperatures were generally 
warmer in 1996 based on macroair temperatures at 15 
remote sites, stream temperature metrics dealing with 
daytime temperatures showed only slight differences 
across years. The 1996 July-August monthly 
minimum air temperature was significantly lower 
than 1997 and 1998, suggesting that 1996 may have 

. 	 had had more cloud-free days. Fewer cloudy days 
would rdsult in higher daytime air temperatures and 
lower nighttime temperatures. Minimum water 
temperature seems to be more sensitive to year-to- 
year changes in minimum air temperature. The 
discrepancy between the year showing the highest air 
temperature 1996) and the year showing the highest 
water temperature suggests that the 15 remote air 
temperature sites may not be representative o f  
conditions at the stream site. Using only a small 
number o f  remote air temperature sites, caution 
should be exercised when making broad 
generalizations about climatic conditions from one 
year to the next to explain trends i n  stream 
temperatures. 

The total hours spent above 26°C was calculated for 
each site sampled over three consecutive years. 
Because o f  the strict temporal window imposed on  
the data. that is each site having complete 
uninterrupted data for the time period between July 
21 and August 19, each site had equal total time. 
Thus, direct comparisons can be made between sites 
and between years o f  the total hours above 26°C. 
because all sites had equal total hours i n  their data 
sets. Figure 5.16 presents a CDF  graph of the 
proportion o f  sites that spent less than x hours above 

26°C. I t  is o f  interest to note that the y-axis be,' 01ns at 
0.8 at the x-axis zero origin. This means that 80% o f  
the sites did not have any hours above 26°C. At an 
arbitrary reference value o f  50 hours. between 88% 
and 91% o f  the sites had less than 50 hours over 
26°C. This represents adifference of roughly 3% o f  
the sites in the three-year period. which i s  about 4or 
5 sites. Essentially. there appears to be only a slight 
difference in the total hours spent above 26°C across 
the three years. 

Using a threshold o f  26°C may limit the ability to 
discern differences between years by focusing on 
sites that routinely exhibit high temperatures. The 
same cumulative distribution for sites that had less 
than x hours above 18°C was examined to see i f  
there was a more discernable difference between 
years. The sum degrees over 18°C was also 
examined. Figure 5.17 shows that eren at this lower 
threshold, very similar CDF curves were obser\.ed. 
See Chapter 7 for a more detailed discussion o f  the 
derivation o f  the sum degree temperature metric. 

The similarity i n  stream temperatures at 154 sltes 
monitored over three consecutive vears i s  rtrikine, At 
least at the 154 sites examined here. i t  appears that 
stream temperatures show very little year-to-year 
variability. This constancy has also been noted for 
streams in Idaho (Essig. 1998) and select streams 
throughout the United States (Vannote and Sweeney. 
1980). With a large enough data set'one could 
conceivably predict future stream temperatures from 
historical trends, and using a similar CDF approach. 
detect departures from expected temperatures 
regimes. Differences could be due to much larger 
changes i n  air temperatures, larger than those 
obsewed i n  the 1996-1998 period examined here. 
Changes may also be detectable as riparian 
vegetation develops as the result o f  natural 
regeneration or restoration efforts. Conversely. 
changes i n  the CDF  curve for a watershed or sub- 
basin may be detected due to cumulative effects o f  
channel aggradation from flooding, or watershed- or 
basin-wide cumulative effects from timber harvest. 
agriculture. urbanization, or all o f  the above. 

http:obser\.ed
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Figure 5.15. Curnulalive dis~ribullona of temperature memcs I A l  highesl dsil! muximum I X Y  I D X  I. (BI hiehest se\.en-day 
moving average of the daily averape fXYA7DAl.  ICI hiphest reven-day moving average o f  [he daily maximum lXYA7DX.l. and 
f D I  louest duil! minimum I l Y l D I I  for IS4 riles that had stream temperatures meerured during three conrecullve yean 1-1996 
lhrough 19981 and having conlinuous obsewalions between Jul! ? I  and Au~usr 19. Insel bar graphr hhou (he average ,Ireem 
IemperJlure metno ior each year with * 2 standard deviation error bars. 



Chapter 5 - .Air and Water Temperature Relationships 
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Figure 5.16'Cumuiattvc dirtrlbution of proponion oi bites that hod lrrr than .;total hours over 16'C uater ternpemruru 
Dirtribut~on bilhed 154 \ales the1 hod jtrrarn temperatures meebured during three cansecutive years 11996 rhroueh 19981 dnd had 
i'untinut>u* abser\.ations bet~een July 21 and Augu,t 19. 
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Figure 5.17. Cumulative distribution of proponion o f  sites that had (A )  less than x total hours over 18°C water lemperature and 
IB) less than x cumulative degrees over 18'C. Dislribution based 154 sites that had stream temperatures measured dunng three 
consecutive years (1996 through 1998) and had continuous observations between July 21 and August 19. Inset bar graphs show 
the average stream temperature metrics foreach yeu with * 2 standard deviation error bars. 
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Temporal predictability is a ver) imponant aspect of 
a streams's thermal regime. Aquatic biota have 
developed a dependency on the temporal 
predictability o f  running waters (Vannote and 
Sueeney. I9801 

Larger streams respond to air temperature changes to 
a greater extent than smaller streams (Sullivan et al.. 
1990 Banholow. 1989). To corroborate this finding 
the monthl! average maximum water temperature 
rJul!. and August combined, was calculated for sites 
at each divide distance class. The associated monthl? 
average maximum air temperature iJuly and August 
combined) at each divide distance was alho 
calculated from the nearest 12-dimensional Euclidian 
air bite. Awrage monthly water and air temperatures 
u.ere plotted versus divide distance class for each 
!eal.~Figure 5 I S ) .  The uarmest year for the I54 

16 -

sites combined was 1996. followed by 1998, and 
1997 being cooler. At divide distances up 10 
approximately 100 km. average monthly maximum 
stream temperatures showed a nearl! identical rate of 
increase. A i r  temperatures in 1996 were about 3'C 
higher than 1997 or 1998. Hou,ever. thc ef fect  o f  
higher 1996 air temperatures on stream temperatures 
did not manifest themselves until water arrived at 
sites located over 100 km from the watershed di\ide. 
The number of sites in the higher divide distance 

~ ~ -
classes was smaller than in the I to 3 classes. 
However. the trend suppons the concept that as 
stream systems become large. air tempemlure has 
more o f  an influence on water temperature than other 
site-specilic attribute>. The main~lsm sites at higher 
distances from the watershed divide account :b~.the 
slight differences in CDFs observed acro5r the three 
yearsshoivn in Figures 5.15 - 5.17. 

1 2 3 4 5 6 

divide distance class 

Figure 5.18. Change in monthly average mnximum water [broken linert and air tempenlures ISOIIJ liner1 at ,I* diftient dtxidc 
d~,rence cla,re, a1 154 rites monilored in 1996. 1997. and 1998. Divide dirtance cla,>o: III I . 10 km. I ? ]  10 - 50 Am,(31 50 -
I00 km. 141 I00 - 150 km. 151 150- 200 h.and 161 fredterrhm 200 km. 



Chapter 5 - .Air and Water Temperature Relationships 

Summary 

The success of describing air-water relationships may 
besomzu hat dependent on the region being studied. 
Greater success in predicting water from air 
temperatures may be experienced in regions with 
relatively small hir temperature gradients within the 
study area as opposed to regions with abrupt changes. 
.As presented in Chapter 4. areal air temperature 
patterns observed in Nonhern California often 
evhibit large temperature gradients within relatively 
shon distances (see Chapter 4. Figure 4. I 0  and 4.11 1. 
A i r  temperatures obtained from I?-dimensional 
Euclidian distance air stations were found to show 
some correlation with water temperatures at a 
regional scale. August monthly macroair versus 
microair temperature comparisons revealed that 
remote sites may not be \.cry representative of 
stream-side air temperatures. 

Microair temperatures generally showed greater 
correlations with water temperature than remote 
nucroair temperatures. andcorrelations were, oreatest 
for daily maximum and daily minimum water 
temperatures. Moore (1967) noted that air 
temperature affects water temperature through the 
advection o f  heat from air to wnter or vise versa. but 
not to the degree that might seem to be indicated by 
the correlation between the two. The close 
correlation is  caused largely by the fact that solar 
radiation affects both water and air temperature. 
Some sites in the present study showed little 
difference between microair and macroair 
relationships with water temperature. Local 
environmental conditions probably play a role in the 
similarities in micro- and macro-air temperatures and 
water temperatures at some sites. To model water 
temperatures at hourly. daily, or weekly time steps. 
the data suggests that microair temperature data ;Ire 
needed. 

blonthly mean water temperatures in the SSP seemed 
.At a subset of sites where stream temperature was

to vary more closely with monthly mean macroair 
monitored for three consecutive years. very small. temperatures than water temperatures in the CSP. 
vear-to-vear variabilitv was observed. K'hile I5 

The water-to-macroair temperature ratio increased 
with increasing distance from the watershed divide. 
The divide distance at which the ratio began to 
exceed unity varied by HUC. but generally fell 
between 6 km and 10 km. HUCs with tributaries that 
originate in the warm interior portions o f  the study 
area and drain into the zone o f  coastal influence 
exhibited greater numbers o f  sites with water-to-air 
ratios greater than one. HUCs that lie entirely within 
the interior portion o f  the study area exhibited fewer 
sires with water-to-air temperature ratics exceeding 
one. Water-to-air ratios can exceed one because 
water temperatures have increased, air temperatures 
have decreased, or h t h .  Given the fact that water 
temperatures normally tend to increase i n  a 
longitudinal downstream direction and that air 
temperatures decrease in the zone o f  coastal 
intluence, in coastal HUCs o f  Nonhern Coastal 
California the exceedance o f  one in water-to-air ratio 
is most likely due the simultaneaus increase in water 
temperature and decrease i n  air temperature i n  the 
downstream direction. 

macroair temperature sites associated with 154 water 
site indicated that 1996 was relatively warmer than 
1997 or 1998, stream temperatures showed very little 
difference in any o f  the daytime temperature metrics 
examined. The 1996 daily minimum stream 
temperature was lower than 1997 or 1998. Iu ly-
August monthly average minimum macroair 
temperatures were also significantly lower than the 
subsequent two years. Lower nighttime and higher 
daytime temperatures in 1996 suggest that there may 
have been more cloud-free days. Cumulative 
distributions o f  the total hours spent above 26°C 
indicated that about 80% o f  the sites did not exceed 
this threshold in any of the three years. I n  a 
comparison o f  air and stream temperatures at 
increasing distances from the watershed divide. 
larger systems seemed to respond more to year-to-
year variations i n  air temperature than smaller 
systems. This agrees with other research findings 
from other geographic areas (Bartholow, 1989: 
Sullivan et al.. 1990). 

The discrepancy between the year showing the 
highest air temperature (1996) and the year showing 
the highest water temperature suggests that the 15 
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remote air temperature sites may not be generalizations about climatic conditions from one 
representative of conditions at the stream site. year to the next to explain trends in stream 
Caut~on should be exercised when making broad temperatures. 



Chapter 6 

GEOGRAPHIC POSITION AND STREAM TEMPERATURES 

Introduction 

California's climate and ecosystems are varied. 
Within the state's borders lie glaciers and desens. 
The state spnns ten degrees of latitude from 42 "s  at 
i ts border with Oregon to 32°K at its border with 
4lexico. Landsberg ( 19581 reponed that average 
annual air temperature decreases about 0.S0C 
I I.S'CI ior each degree increase in latitude in the 
middle latitudes (40' to 50°K). Within the study area 
of the present assesbment. i.e.. the California ponion 
of the Southern Oregon tionhern Coastal California 
and the Central California evolutionarily significant 
units. about five degrees o f  latitude are covered. from 
42"N at the Oregon-California border to about 37"N 
near San Francisco. C.4. 

This chapter examines the influence of broad-scale 
geographic position on stream temperatures. These 
factors include distance from the coast, ecoprovince. 
zone o f  coastal influence, nonh-south distribution 
(latitude), and elevation. Do  local site factors 
completely control water temperatures or can some 
regional scale patterns be observed? The . 
environmental variable that exens its influence across 
all of these geographic factors is predominantly air 
temperature. Similar patterns that were observed for 
air temperature variability across the region nre 
expected to be seen for variability i n  water 
temperature. However, local site-specific factors also 
influence water temperature. such as canopy, flow. 
gradient. and topographic shading. These other 
factors wi l l  confound the response o f  water 
temperatures to purely geographic phenomena. 

Four different stream temperature metrics were 
explored for their variation with geogmphic position. 
The highest daily maximum ( X Y  I D X i  for the )ear. 
the highest seven-day moving average of both the 
daily average tXYA7DA i  and maximum IXY.-\:DX) 
for the year. and the lowest daily minimum h r  the 
year were examined for 520 sites monitored in 1998. 
These sites had unintermpted data for the time period 
July ? I  to August 19, 1998. 

We found that some [;ends in stream temperature are 
discernable at broad regional scales. However. piyen 
the large variability in the relationships. site-specific 
factors appear to play an imponant role. Geographic 
position may sen'e as a surrogate for macroair 
temperature in any given year. However, by using 
geographic position as a surrogate for air 
temperature, one loses the ability to explain year-to- 
year changes i n  water temperature that may be due to 
changes in air temperature. 

Distance from Coast and Stream . 
Temperatures 

The distance from the coast was calculated for each 
site using a GIS. This distance was calculated as the 
nearest direct line from the sfream temperature 
monitorinn site to the coast. Fieure 6.1-A shows the ~ ~ ~~~ ~ ~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~ - - ~ .- ~ ~ .  

number of sites in each 10-km coast-distance class. 
The distribution revealed that a larger proponion of 
sites were near the coast. with 80% o f  the sites being 
within 40 km of  the coast. The SONCC ESU has a 
maximum distance from the coast o f  165 km and a 

c 
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distanca from coast class 

minimunt of 5 2  km. The Central California ESC has \.alues.are srouped by coast-distance cias\r\ ol 10- 
a maximum coast distance of 56 km and a minimum km increment5 (Figure 6.1-Ci. The h t f h c t  cia% 
of 0.J km. average for XY I D S  u a s  in clasr 6 .  that i \  50 to 60 

km from the coast. 
Daily hlaliimum and Distance from the Coast 

Fieure 6.1 include\ stream temperature measured at 
Figure 6.1-B is a scatter plot of the highest daily all sites in 1998 !hat had continuous daw betucen 
m ~ ~ i m u t i ttemperature versus distance from the Jul! 21 and August 19. These sites included 
coast. tributaries and mainstem rivers. .hlainslent r~ber? lhdl 

drain to the coast and large inland rivers 1e.g.. 
There is con3idcrable scatter in the data. Houe\.er. Klamath Riwrr ma) h u e  Influenced the observed 
the12 appears to be an increasing trend in XY IDX trend in XY IDX uith coast distance. \\'ithout 
values up to about 50 to 60  km from the coast and bankfull width or stream order to group streantr 
then a decreasing trend as diaance from the coast together. it is difficult ro compare areams of sintilar 
conlinues to increase. Although the trend is not as size. Watershed area was used a, a surrogate to froup 
clearly defined as  that observed for air temperature streams of similar size. 
[see Figure 4.21. a weak trend is apparent in the data. 
The trend becomes more appacem when XY lDX 
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\irca;n lernparalurr. IIYIDII a\ a funcrion oldlstanse From 
C O J ~ ~ .  

UTRI X-Coordinate (Longitude) and 
Stream Temperatures' 

CT\I x-coordinav la surogate for longitude or 
eahtingl * e n s \  as a crude surrogate for distance from 
coaht. Longitude does not follou the curves in the 
coastline. Therefore. i t  \vould be lehs precise and 
redundant to esamine the variation in stream 
teniperuture with x-coordinate. There appears to be a 
ucst-to-cait trend in uater temperature bared on the 
above distance-from-coast analyses. We subpect that 
thi\ trend is largely a function of air temperature. 
However. there is considerably more scatter in water 
temperature* uith coast distance than was observed 
with air temperatures. Ob\iously. there are more 
factors influencing water temperatures than simply 
macro-scale air temperatures. Local channel and 
riparian conditions and micro-scale air temperatures 
also pla) a role in  the obsened scatter seen in the 
data. 

Ecoprovincial Stream Temperatures 
and Distance from the Coast 

The data were stratified b!. ecoprovince and the 
relationship between the four temperature metrics 
and coast distance were examined. The three metrics 

show a general increase with increasing distance 

from the coast in the CSP and a decrease with 
increasing distance from the coast in the SSP (Figure 
6.11. The series of graphs in Figure 6.4 reveals that 
there is overlap between the two ecoprovincer 
between -15 km and 55 km from the coast. The CSP 
extends inland up to about 55 km in some locations. 
and the SSP comes within about 1 0  km of the coust 
in some locations. 

UTM Y-Coordinate (Latitude)and 
Stream Temperatures 

I t  1s eenerallv believed that air temoerature tncrea%e\ 
L 

in a nonh-to-south direction. This large scale 
geographic phenomenon operales at a global scale. 
and may manifest itself more regionall! as a nonh-to- 
south stream temperature pattern within the ran:? of 
the coho salmon in Nonhern California. 

The distribution of sites with respect to CTh1 )-
coordinate classes is shown in Figure 6.5-A. The 
majority of sites (4381 were located between UThl y-
coordinates 1.300.000 and 4.600.000 (13 and 46 in 
Figure 6.5-A). A CThl y-coordinate of 4.300.000 
equates with a latitude of approaimatel! 37'N and a 
LThl  y-coordinate of 4.600.000 equates with a 
latitude of approximatel) 42'K. 

The four pre\.ious temperature metrics IXY IDX. 
XYA7DA. XYA7DX. and IY ID11 were e\,aluated 
for possible dependancy on the UTM y-coordinate 
value. explained above as a surrogate for latitude. 
Figure 6.5-B shows the change in XY IDX \,slues 
u.ith UTM y-coordinate. Y-coordinate values 
increase in a northerly direction. A left-to-right unit 
change on the graph fe.g.. 12 to 1 3 1  represents a 
change of 100 km northward. For reference in Fieure 
6.5-B. the Oregon-California border is at about 46.5 
and San Francisco is near 11.The distribution of 
XY IDX \.slues is quite scattered. However. there 
does appear to be a greater number of sites with 
higher XY IDX values at more southerly locations. A 
similar pattern was observed for XYA7DA and 
XYA7DX (graphs not shown). In the more interior 
ecoprovince (SSP). the decrease in stream 
temperature with increasing latitude appears more 
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Figure 6.5. Vsriurion in 1998XY IDX valuer with Y-coordinate. (A1Frequency dislriburion of number of*itrr b! UT>I Y-
cooidinotc clas,. ~ B IScauerptor of XY IDX veriu, UTM Y-coordknate. Left-to-rieht on !he graph i r  a south-m-nanh direction. 
X-axir valuer arc LTM Y-coordinate\ di~ided by 100.000. San Francisco. CA i s  a! spproximatct! 41 and the Oregon-California 
hoidcr i, a! apprarimntet! 46.5. 

defined. whereas the coastal ecoprovince (CSPI 
displays considerable scatter (Figure 6.61. The CSP 
ranges from 0 km from the coast to -55 k m  inland 
u hile the SSP ranges from -20 km to nearly 130 km 
inland. 

Using the same coast distance classes as presented in 
Figure 6.1-C. the variation in X Y l D X  values with Y- 
coordinate was examined. This analysis essentially 
aggregates temperature sites into 13 nonh-south 
transects paralleling the coast. each transect being 10 
!ain width. The variation in X Y  I D X  along each 
transect in a south-to-nonh direction by U T M  y- 
coordinate classes is presented i n  Figure 6.7. Not all 
y-coordinate classes were represented. therefore 
south-to-nonh trends were not well defined. 
Howe\.er. there does appear to be a general 
decreasing trend in X Y l D X  from y-coordinate 
classes I to 5.  Whether there is more o f  a south-to- 
nonh cooling trend along the coast than inland 
cannot be determined from the data due to an under 
representation of sites in coast-distance classes in 
each o f  the five y-coordinate groupings. 

Zone of Coastal Influence and Stream 
Temperatures 

Using 30-yr long-term average PRISM air 
temperature data the ZCI wab determined h! 
calculating the steepest rate of change in alr 
temperature for August. August is the month when 
the majority of highest X Y  IDX. XYA7DA. and 
XYA7DX values occur for most sites throughout the 
range o f  coho salmon in Nonhern California. The 
ZC1 is our best approximation of the inland extent of 
the fog zone. See Chapter 4 for a more devailed 
explanation of how the ZCI  was developed. 

Figure 6.8-A shows the a\.erage X Y  ID X  class values 
for sites combined ( 5  18) with ZCI wlues o f  zero or 
one. Sites with ZCI = 0 were outside the 
approximated zone o f  coastal influence and those 
with ZCI  = I usere considered inside the ZCI. The 
average X Y  IDX value for the ZCI = 0 group uas 
21.7"C and 187°C for the ZCI = I group. The t uo  
groups were significantl! different cp < 000Ol 1 
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Coast-distance class 
S Y l D S  value\ b) UTXI ?-coordinate rlatltudet and 

di\.lded b? 100.000. Y-coordinate clarre, are I = 42.43. ? = a-4.1. 3 = 44.4j.  4 = 45-46, j = > 4 6  ~ ~ ~cl ~I I . ~ . d 
detined in Figure 6.2 caption. 

Figure 6.7. A ~ e r a ~ e  clorrr,. UT~,?.coordinotc., 

Figure 6.8. Averape X Y I D X  for slier u i r h ~ nand outride of the zone of coastal influence iZC1I for 1Aj all sites combined and 
I B Ihy watenhed area claas. ZCI  = 0 outside. ZCI = I invdc. Watershed area cla,re\ I - 6 ar defined in Flpure 6.2 caption. Error 
b~r,represent + ?  standard deviations. Number o f  sites ahoun above error bar. 



based on :inal)ris of \-uriance re\ulr\ uhinp PROC 
GLXI ISAS. I9S5l. Stream* u f  similar tize were 
grouped together uhing \\;iterhhed area as a urrosute 
for weam jize. Figure 6.Y-B \ l i \ , i \ \  that for a l l  
uaterqhed area size cla..;e> ~uatershcdareaclasr 6 
had no sites inside ihe ZCII the ;itsrage X Y I D X  for 
hires outhide the ZCI w ~ sapproximately liC to 2'C 
Ilipher than the ;ii.erage for hites inside the ZC[. 
.Anal)si* o f  variance *houed that both ZCI  and 
watershed area classes were significantly different ( p  
< 0.00011. houevcr the interaction term uas not. 

Elevation and Stream Temperature 

Ele~ationis expected to have an intluence on htream 
temperature in that air teniperuture is  believed to 
decrease u i t h  increah~ng elevation. Al r  ternperature. 
in turn. intluences uater temperature. .A decrease in 
xir temperalure at higher ele\.ations is %ell  
documcnrcd and knoun to be driven by adiabatic 
cooling procrses, Adiabatic cooling deals with the 
cooling of parcels o f  air as they rise. or are forced 
upbvard. through the atmosphere. An example ~ o u l d  
he the cooling of an air parcel 35 i t  rises o\er a 
n~ountainmnge. A reasonable hypothesis is  that 
stream5 at higher elevations should have cooler &ter 
temperatures. 

Thiq hypothesis ma) prove false. however. based on 
the discussion in Chapter 4. where i t  was 
demonstrated that air ternperature variation is more a 
function of distance from the coast rather than 
elevation in areas under the intluence o f  maritime air 
currents. I n  the more interior areas;air temperature 
was bhown to have the more traditional inverse 
relationship with elevation. Does water temperature 
vary u i th  elevation as does air temperature? 

Daily Maximum and Elevation 

I t  is instmctive to examine the distribution of 
elevation values for stream temperature monitoring 
sites. Sites were grouped into elevation classes. The 
number o f  sites in each elevation class and the 
cumulative proponion are shown in Figure 6.9-A. 
The distribution o f  water temperature sites is 
dominated by sites at elevations less than 400 m 
1-1300 ft). Approximately 80% (-416 sites) of the 
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520 \ i tes monitored in 1998 had ele\;lrions belo\i 
400 m. 

Figure 6.9-0 shouc the relationhhip between 
ele~ation iind the highest 1993 daily maximum 
\[ream temperature ( X Y  IDXI. There \\as not a clei~r 
rzlarionship bet\veen the two variables. Generail!. 
elevations between 200 and 600 m ch ib i ted  some o f  
the highest X Y  ID X  values (-32'C). At elevations 
Sreater than 600 m. X Y  I D X  \.slues uere usually 
below -26'C. A l l  X Y  I D X  values were greater than 
13'C across all elevations. Examination o f  plots o f  
XYA7DA and XYA7DX revealed similar patterns. 
These graphs are not shown for sake of brevity. 

Daily llinimum and Elevation 

There was more o f  a discernable trend in the l o \ ~ e ~ t  
1998 daily minimum stream temperature II Y  ID I I  and 
ele\.ation rFipure 6.10). The lo\vest 1998 I Y  ID1 
observed between July 11and .Aupuht I 9  a35 about 
3°C. at around 1300 m (-4300 it,. The hiyhest 
I Y  ID1 was about 19'C at -50 m elc\arion iFigure 

;.10-Al. The decreasing trend i n  IY I D I  is \ho\\n by 
elevation class in Figure 6.10-8. The bame data asre 
stratified by ecoprovince in Figure 6.1 I.There uah I 
much greater range in daily minimum temperatures in 
the SSP than in the CSP. Slaritime air temperature 
probably moderates daily minimum water 
temperature in the CSP. At higher ele\ations of the 
CSP. which are more inland. much ctoler evening air 
temperatures are attained, resulting in lower daily 
minimum water temperatures. Some sites at higher 
elevations i n  the SSP may also be more influenced by 
snowmelt and colder groundwater inflow. 

Daily minima occur in the late evening and early 
morning hours after sundown and prior to sunrise. I n  
the absence o f  incoming solar radiation. the daily 
minimum water temperature attained at a site is more 
a function o f  air temperature. The daily maximum 
temperature reached at a site w i l l  also play a role i n  
what daily minimum can be reached. Radiative heat 
from the substrate can continue to contribute heat 
input after sundown. Sites that reach high daily 
maxima may not have sufficient time to come into 
equilibrium with late evening and early morning air 
temperatures before the sun rises and the heating 
cycle begins again. 
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Figure 6.9. Reiationrhlp belween the highest 1998 daily mnximurn u.aler temperature (XYiDXI and elevstion. Plob dirphy 1 
th~. frdquency dl*lribution ol\ite, by elevation cla*>e\ and (BI >carter plol of XYIDX v, elevation. 

A \  pointed out in Figure 6.6. there is o\.erlap in sites 
uithi? the CSP and SSP between about 20 k m  and 55 
km from the coast. Thus. stratification of water 
temperature sites by ecoprovince may not adequately 
uhardcterize the sites that are influenced by coastal 
air temperatures. Sites Here stratified by ZC1 and 
averape I Y  ID1values were plotted bselevation 
clas\. Figure 6.12 shotvs that there i, a large decrease 
in I Y  ID1\aluea with increasing elevation for the 
slteh outside the ZCI. Not all elevation classes were 
represented by sites inside the ZCI. Only elevation 
classes I through 3 were found inside the ZCI. A less 
distinctive decreasein l Y  ID1 was noted with 
increasing elevation for sites inside the ZCI. 

Summary 

Stream temperatures across Northern California 
appear to vary with geographic position. The 
variation in water temperature with respect to 
distance from the coast. UThf ycoordinate (latitude). 
ecopro\.ince. zone o f  coastal influence. and elevation 
was large for the highest 1998 values of the daily 
m ~ x i m u m( X Y  IDX I  and the seven-day moving average 

of the daily average tXYA7DAt  and daily moxirnum 
lXYA7DX)  stream temperatures. These three 
temperature metrics are indicative of day time streani 
temperatures. a time when solar radiation may be 
more influential in controlling air and Hater 
lemperature. Large variation in day-time temperature 
metrics suggests that local site-specific factors ma) 
play a greater role in controlling stream temperature5 
through their influence on both local microair 
temperatures and direct and diffuse solar radiation. 

Variation in daily minimum temperature in relation to 
various geographic position factors was not as greJt. 
wilh much clearer trends discemable. Geographic 
position factors are largely surrogates for macroair 
temperature. Since the daily minimum stream 
temperature. i n  this case the lowest 1998 dail)' 
minimum observed at each site I I Y  IDII. occurs at the 
time when solar radiation is absent. the reduced 
scatter in I Y l D l  values suggests that air temperature 
may be asserting more influence on this stream 
temperature metric than on those metrics that have 
more o f  a solar heating and dail) maximum air 
temperature component. While air temperature i s  

1 
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Figure 6.10. Rc13rion\hip httueen the ih,uc>r ILIYX ilall! 	 ,)tlninlmuln u:lter tcmpcmrure ~ I Y I D L I  and ele\;liion. 1.41 k<:~ t~rp l ,>~ 
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Figure 6.11. Comparison o f  1998 I Y l D I  
Lerrur elevstion by scoprovince. 
IAiIYIDI~CSP.IBIlYID1-SSP. 

I C i  .\vernge I Y I D I  by elerorian classe, in 
each ecoprovince. Elevation clasr I = 0 -
200 m. ? = 201 - 100 rn. 3 = 401 - 6 W  m. 
4=601  - 8 0 0 m . j = 8 0 1  - 10OOm. 
6 =  I001 - l ? 0 0 m . 7 = > l ? W m .  	 1 2 3 4 5 6 7-CSP -
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Figure 6.12. Average IY ID1value5 by ele\.ationclash for sites outside (group 0)and inside (group 1 )  the ZCI.Ele\alion clahseh 
a h  deflned in Fleurr 6. I 0  caption. 

known to influence \yarer temperatures. the large These factors include canopy closure. rratershed 
variation observed for X Y  IDX .  XYA7D.4. and area. distance from the watershed di\.ide. tlou. 
XY A7DX aug$esl, that other factors 3re imponant i n  rradient. and channel orientation. These factors are 
explaining the observed \.ariabi!ity acro\s rhe region. explored i n  zreater depth i n  rhr following chaplers. 



Chapter 7 

WATERSHED POSITION .AND STREAM TEYIPERATURE 

Introduction 

Water temperature has a tendency to increase with 
incrcas~ngdistance from the uatershed di\ide and 
\\ith increxstngdninaxe areal:\llan. 1995: Sullivan 
.I.. . I .\ 11-r t:rny;r~t.re tne $ 2 jrcc ., the' , I - n e ~ r  
:.)~::>t.15..~.1\ :J\S t.r 21JlnJ1$~tcrt:mn::nt.re 
Groundwater temperature is usually within =I-3°C of 
menn xnnual air temperature tCollins. 1925: ,Allan. 
I q Y i :  Sullivan el al.. 1940). Seasonal temperature 
iariation in sprtngs and rume henduater streams is 
>light. Fur exomple. a spring source in nonhem 
Colurndo remained betaeen X'C and IO'C ober the 
!cJr. despite much yeater annual variation in air 
tcmpcrarure at this site [Ward and Dufford. 1979). 

Because long r i~ers originate at higher elevations 
aith generally cool climates and flow into warmer 
loalands. 3 longitud~nal temperature increase is the 
norm. Lonsitudinal temperature increase has been 
obsened in streams throughout the world. In Central 
.\frican streams that originate from ice water on 
mountains oter-1000 m in elevation. the temperature 
~ncreasestiom near freezing to the high twenties 
tCeliiusl over their l e n ~ h  cHymes. 19701. Several 
European researchers have shown that summenime 
stream temperatures increase in a downstream 
direction in such a uay that the rise is more or less 
proportional to the logarithm of the distance from the 
\%atersheddivide (Schmitz and Volken. 1959, 
Schmitz. 1961. and Eckel. 1953 as cited in Hymes. 
19701. The logarithmic relationship has also been 
observed in streams in United States (Vannote and 
Sueeney. 1979: Sullivan et al.. 1991; Allan. 1995). 
E\.en in the tropics stream temperatures increase in a 

doanstream direction until they reach equilibrtum 
i\ith the air tempcrature. For instance. the l o r o a  one 
Rivcr in Surinam rises ?2'C and reaches 3 I 'C' 31 11s 
mouth (Geijskes. 1942 as ctted in Hynes. 19-01 

T h ~ a>.:np e p~;t,.rc 21 <trc.in, tero:rit,.rc .:,to;:- J X : ~  j15tnn;t ~oc 1.r:~ 0) \. .~ > . s ~ ~ d r c ~ m  . ~ n  
conditions. Riparian shading cxn \nry :,long the 
length of a stream course due to natural or human- 
induced causes. :\ir tempehrure reglmes can change 
from the hmduarers to the mouth. not illi\a)s in an 
increasing manner. 3s shoan in Chapter 4. in 
'ionhem Coastal Caliiomia alr temperatures ma) 
decrease by as much as l i ^ C  by the time a pnrcel of 
water reaches the ocean after its journey from the 
headwaters. due to oceanic control on atr 
temperatures near the coast. 

In this chapter we repon that stream temperature bras 
highly dependent upon watershed position. both in 
terms of watershed area and distance from the 
watershed divide. Each of the eighteen hydrologic 
units (HUC) that comprise the range of the coho -
salmon showed an increase in stream temperature 
\\ith an increase in watershed area and distance from 
the watershed divide. The rate of downstream 
increase in stream temperature appeared to vary with 
HUC location. i.e.. whether the HUC was completely 
coastal. partly coastal and panly interior, or 
completely interior. The mainstems of the Eel and 
Mad Rivers showed decreased water temperatures at 
their greatest distances from the watershed divide. 
most likely due to the cooling influence o f  marine air 
currents. Using Brown's mixing equation we 
demonstrated that tributaries can have a cooling or 

http:<trc.in
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u.arming influence on rnainstem or receiving water 
temperatures. but that this influence was transient. 
The recipient of the cooler or warmer tributary water 
appeared to re-equilibrate with climatic and local 
riparian downstream conditions. Streams originating 
entirely inside the zone of coastal influence exhibited 
c~oler~em~eraturesthan streams o f  similar size that 
originated outside the zone o f  coastal influence 
I Z ~ I ) .Streams that originated outside the ZCI 
shou,ed a decrease in water temperature upon entry 
Into the ZCI. 

\Vatershed Area and Bankfull Width 

\\'atershed area is a useful \.ariable for grouping 
streams of similar size together. especially when 
bankfull uidU1 is not available for all sites. 
Watershed area \%as derived in GIs for all 1090 sites 
in the regional assessment area o f  interest. if 

uatershed area could be used as a surrogate for 
bankfull width. a larger number of sltes could be 
used in the analyses. 

Figure 7.1-A shows the relattonship between log 
watershed area versus loe bankfull width for the 
Upper Salmon River of ldaho (FISRWG. 19981. A 
similar plot is shown in Figure 7.1-B for 177 Forest 
Science Project sites monitored in 1998 that had non- 
null values for bankfull width. While the relattonship 
may not be adequate for prediction purposes. it i s  
deemed adequate for grouptng streams o f  
approximately the same size based on their watershed 
area. 

Sullivan et al. (1990) used uatershed area as a 
surrogate for stream flow. Watershed area calculated 
for FSP sites will be used in this chapter to deme 
relatihe stream-flou. ratios for use in Brown's mining 
equation (Brou,n. 19721. 

Figure 7.1. Relatiansh~pbeween u,atershed area and bankfull width. IA l  Bankfull surface aidrh verrusdratnaee area - Lpper 
Salmon Rlvcr, ldaho. Taken fiom FISRWG. 1998. f B l  Bankfull uidrh ILOGBFMl versus waterrhedarea(LOG\\'Al far 1998 
Forest Sctencc Project stream temperawre monitoring rlter ( 1  77 sires). 



Distribution of Watershed Area and 
Distance from Watershed Divide 
\'slues 

. \  ~11:tracterimtion o i  the \\:ttershcd poslrtun o f  
str-m tempcr~turc niuri~toring sites used in the 
rcylonal stream tcmpcmture assussmenr u a j  
n<rfurmcd b \  ctalnlnatlon o f  the irequencv .. 
disrr~bution u i \ :~ lues  ior \ratershed area and distance 
rrom the aatcrshcd dit ide. Such an exam~nation o i  
freqilcnc) distributions shoxred whether most sites 
stere cluser to the headuaters or ifmore ucre located 
near the mooths. S~nce niatiy cooperators did not 
protide the Forest SclCnce Project with bankfull 
n d t h  \slues for cach slte. xatershed area and 
distance from the i\atcrshcd di\ ide \\ere the t\ro 
riiojr Important c:triablcs that al loued us to aggregate 
slres h\ rc la t~ te  stredm sire. Both these ianables 
\\ere deribed in  GIs .  based on point locations. 
Positional accurdcy \\as thus criticdl for estimating 
thesc two \ariables lsee Chaptsr 21. 

. . : . :, .. .. . ~ . 121:  

Waterlhed A l e a  Classes (hestorel X 10001 

Chapter 7 - \\ aterrh~d Pmition and Stream Temperature 

\Vatershed Area Values 

\\'atershed areas \rere calculated for a11 sires for 
\curs 1990 rhrongh 1998. The yulr u ~ t hthe must 
complete dam set nas 1998. so anal!ses \ r i l l  focus on 
d m  collected in that yedr. Figure 7 2-:\ rho\\s the 
frequency distribution o f  uatershed areas for stream 
temperature montroring sites in  1998. The mean 
\r;!rsrshed arca for 1998 cttes \\as 53.299 lhn a i t h  a 
median of?404 ha and mode o f 8 5  ha. The minimum 
\$as ? I  ha and the maximum was 2,007,819 ha 

Distance from Watershed Divide Values 

F i p r e  i . 2 - B  shows the irequenc) d~stribution o f  
distancc from trstershed dibide ialues for i~tc.; 
monitored in  1998. The mean di \ ide dist:~nce f@r 
1998 sites \\as 32 km. u i rh  3 minimum o f  I 3 km and 
a maximum o f  33  I km. The median \\as Y 4 km 2nd 
the mode \$as 4.8 km. 

.. .. : &  i : 2; : ::. :. 
Distance lo Watershed Dividectarrer (km) 

Figure 7.2.  Frequency disrribution o f  meam temperature monitoring sires by (A1 u.atershed area classes and IBI  distance from 
varcrshed divide classes. Plortcd line is the cumulative propanion. Sites are those withcomplete data from July 2 I to Aumst 19 
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Relationship Between Watershed Area and five menics were: the highest daily max~mum 

Distance From the Watershed Divide (XY IDXI. the highest se\.en-day mavins average of 


the daily averace (XYA7DA). the hichest seven-day 
-
One would expect a significant relationship between moving average o f  the daily maximum (XY47DX). 

watershed area and distance from the watershed the lowest daily minimum 1I Y I  D l  I. and the a\erage 

di\.ide. Fieure 7.3 shows that the two variables are diurnal fluctuation. 

highly correlated. with an R' value o f  0.97 for the log 
transformed data. The relations hi^ i s  based on I087 Daily hlaximum and Watershed Area 
unique site localions monitored in 1990 through 
1998. If a point is located further down in the Figure 7.4-A shows the relationship between log!,, 

drainaee i t  is exnected that the area draining into the watershed area and the htghest dail) maximum natcr 

point will he greater. Distance from the watershed temperature (XYIDX)  for sites monitored in 1998. 

divide an\i uatershed area can be easilv calculated in For the purposes o f  graphical presentatton. watershed 

a GIs. given a high-qualily digital elevation model. area was grouped into six classes: II)0 - I00 ha. I?)  

Divide distance may be easier to acquire from 101 - I000 ha. 0)1001 - 10.000 ha. 14) 10.001 -

topographic map The equation in Figure 7.3 can be 100.000 ha. 151 100.001 - 1.000.000 ha. and 161 

used to estimate the uatershed area tf distance from greater than 1.000.001 ha (Figure 7 4-B). Each bar 
revresents the a\.eraae of the XY IDX for each the \ratershed divide i s  known. -
watershed area class. The error bars represent I2 
standard de\ iations. 

Th?re was an increase in Nl'IDN temperature uith 
tr::easing watershed area. The aterage XY I  DX 

- ranged from 14.6'C for watershed areas betueen 0 
and.100 ha to?64'C for natershed areas between 
100.001 and 1.000.000 ha. I t  is interesting to note 
that the XYIDX in the greater-rhan-one-million-
hectare class sho~ved about a one deqee Celsius 
decrease compared to the previous class. The uater 
temperature decrease in the largest watershed area 
class i s  possibl! due these sites being predominantl? 
located on mainstem riters near the coast. The 
decrease in the XY IDX  temperature i s  most likely 
be due to the cooling effects o f  coastal air 

I 2 3 4 6 6 7 
~ 1 O d k w a t m m d k l d .iml 	 temperatures. Sites were poststratified by 

ecopro\.ince and are presented in Figure 7.5. 

Figure 7.3. Relat!onrh~p ben\.een watershed area and Figures 7.5-..\ and 7.5-B shot\ that both ecoprovince~ 
d~stancehorn the watershed divide. Lanear regression line exhibited a slight decrease in the highest daily . 
f i r  to tht data has the equatton: lop,,,l\rar$rrhed areal = maximum temperature at the highest aarershed area 
I.h93'log,,,ldlv1ded~nance l -3.4135. R- = 0.97. based on values. However. the CSP bar graph [Figure 7.5-CI 
a l l  sires and a l l  )ears. 1087 siren. does not reteal the decrease due to the ~ ~ o u p i n g  b? 

uatershed area classes. The sites shouing the 
decrease in the highest dail! maximum temperature 

Watershed Area and Stream for the CSP were just shy of one million hectares 

Temperature Across the Region (-980.000 ha). and were grouped in watershed area 
class 5.  Class 5 contained stres u i th \ratershed areas 

he relationship between watershed area and fi\.e as low as 100.001 ha. thus the class average \rds not 

stream temperature metrics was investigated. The responsive to the minority o f  sttes close to one 
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8 .  
0 1 2 3 4 5 6 7 

log10 watanhed area (ha1 

Figure 7 . 4  R6iatiunrh~p betastn the h~ghert IU9X d ~ ~ l y  maximum slrezm IcmpcrlNrc i S Y l D X I  a?d log aatznhed area 
i i o ~ ~ ~ a i .Scartcr plor 1.4, atrh lincar rcgrcirion cquatlon. SY I DX = "44653 - j .  lj'64*logva. R- - 0  411736. Bar chart iB1 
,,,th , ~ ~ ~, I 111 ~IOII ~ ~ h ~ .IO.~IIIO ~ ~ ~- ~ ~(11I!IO.~IIII . ~ ~ ~ ~- ha. (21 1111 .IOIIII ha, IJI  IOIII d ha. 141 1o.on~ ~ ! ~ o . ~ o n h ~ .  ~ 
I.IIIII~.III~II ha. and 161 grelter ih3n II)IlIl.UIIII ha. Emor bJrs rdprc~ent= 1 slandard de\iar~onr. ;\bore e x h  error bar is rhc number 
uf  illcr in ~ h cclass. 

mil l ion hectares. Sites on the lo\\er Eel R v e r  in  the The distribution o f  Y Y  I D Y  values in the CSP 
CSP represent the points in  Figure 7.5p.4 exhibiting a (Figure 7 . 5 4 1  are more closel! clustered than SSP 
decri'dss in temperature. Sites in  the SSP that shoued ~ a l u e s(Fisure 75-51. Also. the linear regession line 
3 decrease in temperature at over one mil l ion hectares is shifted down and has a lower y-intercept. 
uere on the Klamath River (Figure 7.5-51. The sites indicating that. in general, the CSP Y Y I D X  ~a lues  
on the Klamath River 3re approximately 80 k m  t i o m  are lower than the SSP values at similar watershed 
the coast, placing them in the SSP. A i r  temperatures areas. The difference in  uater temoeratures beween 
are nearly 15°C kvarmer in  this area compared to the two ecoprovinces is supponed by  previous 
coastal areas. What could account for the decrease in discussions of rhe differences in  air temoerature 
w t e r  temperature at large watershed areas i n  a warm resimes in the two ecoprovlnces (see Chapter 4). The 
interior portion of  the SSP? Significant regulation of toiler air temperature; along the coast seem to have 
llou. on the Klamath River began in 1962 when Iron a moderating influence on the dailv maximum -
G ~ t sDam went into operation (Blodgett. 19701. temperatures. 

\Vater temperatures in the Klamath River may be 

intlusnced by  dam releases from the impounded 

reservoir. 
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! A CSP 1 
I 

Figure 7.5. Highest 1998 daily 
mnwmun, temperature (XI;] DXI 
versus lag watershed area Iha1 for the 
(.\I CSP and 16)SSP ccoprovinccr. 
Bar chsn IC)  sho$vsaverage of 
hbgherl dolly maximum remperarure 
b! a.atcrshed area classes: 11 I0 - 100 
ha.(?) 101 - IUIIO ha.131 1001 -
10.0i11I ha. t l l  10.001 - 100.000 ha. 
151 l(lU.001 - 1.000.000 ha. and (61 
greater than 1.000.000 ha. Enar bars - . , 
represent :? standard dev~atlonr. . . , ,  

.Abo\e each error bar i s  the number of 
alrcr in rhc class. 
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Seven-Da!. ]\loving Aberages and Watershed they postulated were more a function o f  solar 

.Area radiation. This is supported by results of mlcro- and 
rnacroair temperature analyses presented in Chapter 

The relationship between the highest I998 seven-day 5 .  Sullivan et al. (19901 found that the average uater 

moving average of the daily average (XYA7D.4 ) and temperatures approached an equilibrium ternperamre 

the highest seven-day moving average o f  the daily that was close to the average air temperature for the 

maximum IXYA iDX)  versus log,, watershed area basin. The slightly better correlation beween 

was intestigated. The relationships u,ere found to be XYA7DA (the abSerage ofthe daily. averages) and 

similar to those observed for the XYIDX plots. For log,, watershed area. rather the XYA7DX (the 

sake of bre\ ity. graphs are shown in Appendix D and a\,erage o f  the daily maxima). would seem to reflect 

only linear remession equations are presented in the Feater association betueen average water 
Table i.l temperature and air temperatures. The decrease in 

water temperature metrics 0 ; Y  iDX. XY A7DA. and 
The R' values for the XYA7DA-watershed area XYA7DX) at the highest watershed areas. i.e.. 

relationships \\ere slightly higher than those observed nearest the coast. seems to funher suppon the 

for XYA7DX. Sullivan et a!. (1990) believed that postulate that water temperatures tend to come into 

mean dad! uarer tcmperat~res uere more respon,~re equlllbndm uith 2ooler coastd. alr tcrnperitdres 31 

lo 31r temperatures than the dall! ma~lma.tne lartcr ~ncreas~n:aaterrhed 3reas 
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Tuhle 7.1. L lnv~rR~.;rer;!i>n Equartons l;rr Relarlunrhtp bet!re<n 1Y9S S Y \ ? D \ '  and SY.A~DX' versus Log,, \tatcrshed 
\wa. C ~ v l ! h ~ n ~ L l.~ndh\ Eccpmrlnce. 

\ 'ariable Ernprovince So. o f  Sites Slope Intercept R' 

S\'.\?D:\ ~ . i lmb~ned 518 2.51392 757853 0.58539 

S\I':\7DS combined 515 3.06196 9.02433 046575 

SY:\;D:\ CSP 362 2.62661 8.443 l j  0.550684 

X>':\:D:\ SSP 156 3.07022 6.99033 0537656 

.SY:\;DX CSP j 6 2  3.05958 5.83760 0.45668 

X Y . \ - D S  SSP 156 2.87608 9.59085 0.366816 
','~Y\;D;\ = seven-day mo\ ing a c n g e  o f  the delly aterage. 
:sY..\~Ds = se ien-d~y mobin? a\erage o f  the daily ma.~imum. 

Dail! .\linintum a n d  Wate rshed  ,Area There >\as a large scatter i n  I Y I D I  \dues at 
uatershed areas less than approximately j l .600 ha 

Thc relationship beraeen uatershed position. as Ilo_r,,, watershed area = 4.51 (Figure 7.6--\I. The 
mpressed in  tcrms o f  iratershed wea. and the lowest abcrage lY l D l  for watershed classes 2 and 3 i \xs 
I445 dail! nlinimum stre3m temperature I I Y I  D l )  about I IT.with rangesof4.9"C to l4:I'C for class 
shotred an increuring trend s i t h  increastng 2 and 3.1°C to l j . ? "C  for class 3. respectneiy 
tratsrsh& arca (Figure 7.6). The average I Y  I D I  in [Figure 7.6-6). 
the louest watershed area class was I0.4"C. with a 
range from 9 O'C to I3  U'C. 

Figure 7.6. Relationship between the lowest 1998 daily minimum stream temperamre I l Y  ID I I  and log watershed area (ha) 
I L O G W I .  Seurter plot I A I  u l th linear regression equation: IY  ID1 = 632-1127 - I.499672'LOGWA. R- = 0.331635. Bar chan 
( B l  u ~ t h  uatershed areaelasses: (110- 100 ha.(?) 101 - 1000 ha. I31 1001 - 10.000 ha. (41 10.001 - 100.000 ha.(5) 100.001 -
1.000.000 ha. and I61 Feater than 1.000.000 ha. Enor bars represent r Z standard deviations. Number o f  sites in each class is 
sho<+n above error bar. 
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Sites were poststratified by ecoprovince and the displayed much greater scatter (Figure 77-81. The 
I S I D I  versus log watershed area relationship was moderating influence o f  coastal alr currents on 
examined. Figures 7.7-A and 7.7-8 rcvsal the source stream temperatures are believed to play a role i n  the 
of scatter noted i n  Figure 7.6-A. The CSP showed a reduced scatter o f  the lowest daily minimum 
much tighter distribution of l Y  lD l  values with log,, temperatures a! various positions in  watersheds o f  
watershed area ( F i g r e  7.7-12) whereas the S S P  Northern Coastal California. 

2 WtDt. IdOtM1. 4.O7MI.LWWA 2 , NIOI. rmm4 ~ ~ ~ ~ 
K.O.6Uw CSP n'.OMbtM SSP 

1 2 3 4 5 6 7 O i  2 3 4 5 6 7 
b n 1 O v m m d r u  w10- .ma 

-18 iL  
Fixurr 7.7. La\\crt IOYS daily mrnimum ? 1 6  - -22 

- -3 1q
rrrean, temperaurc I IY IDI I  versus 109 --
sa:ershcd arc3 ior the 1.41 CSP and IBI 14 4LO - -
SSP ecoprov~nccs.Bar chan ICI rhour 12 .-6 154 -- 33 

.-
a \ r . r a y  of lo\+e$l dally minimum 3 . , l _ o e _ e --rcmpcnrure by %$arr.rihedarea classes: (I1 - 10 :-- , , - ,  I'
1 - 1  1  h  I J 1 h 1  0 - R . - , 

, , ,
i11.0110 ha. 141 10.001 - 100.000 ha. 151 - - .  8 . . 
I l ~ . O ~ ~ I- 1.00i1.0110 ha. and I6)prearer , I  

, , 
, :  

, I .  
, . 

: ::
lhan 1.000.000 ha. Enor bars represent =? 4 j' ; , : : 

, , , , :
smndard deuationr. Above each error bar , ' ; , . ji 

, , ,is rhr number o f  slrcs in lhc class. 
- 2 - 8  

, !  , ,  , '  ! " 0 ,  , '  , ," , 
I I 

I 

O 1 3 d 2 3 4 5 8 ' -CSP - -SSP -



D i u r n a l  F l u c t u a t i o n  a n d  \ l a t e r s h e d  A r e a  

Diurnal tlucruat~on \$as c3Iculitted (br each SIIC and 
c x h  dn) h) rubrrdcting thc d a i l  mlnimnm strcaln 
temperature from the daily maximum. The a\er3gc 
diurnal lluctuarion aas calculated using thc PROC 
IIE.\NS proccdure in  S-\S lS.4S. 19851. The 
restricted temporal a~ndo \<  ~ J u l y? I  to ..\ugust 19) 
>\as imposed upon the 1998 daily stream tumperatilre 
to calculate the aterage diurnal llucruat~on for each 
da!. Sites i t t th complete records within this \r lndow 
nerc used in the c3lculations. 

Firnre ?.3-:\ rhoas the tanation in d~urnal  -
fluctuation a i t h  l o g ,  ivatcrshed area. Great 
\ ~ l r ~ a b ~ l i t \\\as obsened in  the diurnal tlnctuation. 
n ~ t hthe lo\rcst talues near 0°C and the liiglicst near 
I 3 ' C  The general trend shoued an increase in  the 
diurnal tluctuation in  the middle range ofrhe 
isatcrshed arc3s. followed by a dscreasc 31 the 
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lhtghest aatershed areas. The relationshio between 
diurnal fluctuation and log;,, uatcrshed area is not 
linrar. The bell-sbaoed distribution in  diurnal 
fluctuation becomes more apparent in  the bar chart 
presented in  Figure i s - 6 . Small tributaries near the 
headwaters have less variable strsarn remprrnturcs 
because ofground\iater influence and shading. Large 
ri\ers e h i b i t  less die1 temoerature fluctuation 
bvcause o f  their greater io l t lme and thermal inertia 
I.\Ilnn. 1995l. Vannote and Sueene? 1 1990) ;ho\rsd 
the relationship between maximum daily temperature 
range and srrcam order for streams in  temperate 
climates (Figure 7.91. Our findings seem to cotncide 
with those of  Vannote and Sueeney ( 1980) rather 
than those o f  Sullivan et al. I1990)~who hypothes~zed 
a continual decrease in diurnal temoerature 
fluctuation u i t h  increasing distance from the 
\vatershed divide based on a smaller sample sire. 

1 I 

10 . 
y 9'-" 6 ,  

8 

-= 7 j- 6 1  - ,: 5 i  '_3 
17 


242,  - ,  

8 6 ! , , ' -= , ,: 1 :  , . , 
, ,  , ,  

1 2 3 4 5 6 
watershed area clarr 

Figure 7.8. Relationship beween the 1998 average diurnal raeam tempeaNre flucruarion (AFLUXI and lo_r watershed area 
iLOG\V..\l. Scaner plot (A) and bar chan 10) with watershed area classes: I l l 0  - 100 ha. (2)  101 - 1000 ha. 0)1001 - 10.000 ha. 
141 10.001 - 100.000 ha. 1 5 1  l00.001 .1.000.000 ha. and 16) greater than 1.000.000 ha. Error bars represent = ?  standard 
devintions. .Above each error bar i s  the number o f  rites in  the class. 
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Sites were grouped by ecoprovince l o  discern respectively. The linear regression line is sh0u.n on 
differences in  diurnal fluctuations between the two the graph to demonstrate that the relationship is 
subregions. Figures 7.10-A and 7.10-B show the clearly not linear. The shape i n  Figure 710-C 1s 
\ariation in  diurnal temperature fluctuation u,ith log,,, similar to Figure 7.9. 
u.atershed area for each ecoprovince. CSP and SSP. 

Figure 7.9. \la\ln,um daily temperature range in rclarion to sneam order in temperate streams. (From \'annote and Saeeney. 
1VXII.I 

14 14 . 
A CSP B SSP 

12 12 . 

14 : 
C 

Figure 7.10. A\.erage 1998 diurnal g 1 2-tenlpernmrc flucruation IFLL 'X I  versus lag 10 . 
watershed area I L O G M l  for 1.41CSP and X 

IBI SSP ecoprovineer. Bar char! ICI shows 8 :  
mean olthz overage diurnal flux by watershed -
area classes: III0 - 100 ha. I ? )  101 - IOU0 ha. - 6 .  40 
131 I001 - 10.0110 ha. 141 10.001 - 100.000 ha. -- -, -4 ; 1 5  5 y  (1Bgi5 

,
151 IOU.001 - 1.0110.000 ha. and 16, greater L 140 -? - ,  -10 - ' , - :  - .than 1.000.000 ha. Error bars represent = 2 -a 2 ;  : 1 1  1 - -E-
standard deviations. Above each enor bar is 0 ' I . , O  0 :  
the number ofrctei in the class. O 6 a r z 3 4 s o-CSP - -88P -
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Similar to the watershed area relationships. 1998 
stream temperature monitoring sites were separated 
into two ecopro\inces. The CSP and SSP X Y  I D X  
\.slues showed a bell-shaped (normal) distribution. 
No  sites fell into class 5 i n  the SSP. For equivalent 
dwide distance classes the average X Y  I D X  u a s  
about I 'C higher in  the SSP than in  the CSP. The 
CSP X Y I D X  valueslFigure 7.12.4) were more 
tiphtly clustered around the regression line than those 
for the SSP (Figure 7.12-6). The greater fit is  
expressed by the higher R- value for the CSP. The 
potential influence o f  air temperamre is manifested in  
the distribution o f the  X Y I D X  values versus divide 
distance classes (Figure 7.1 I-C). Streams originating 
in the upper reaches o f  the watershed (class I di\.ide 

Figure 7.12. Highest 1998 dally maximum 
temperamre tSS IDXI  versus lo&, distance 
from watershed divide for 1he1AICSP and 
I61SSP ecopravincer. Bar ehan IC) shows 
average ofhiehest daily maximum 
lemperarure by dlvide distance classes: 
11  l l l )00 - 10.000 m. 12) 10.001 - 50.000 m. 
131 50.001 - 100.000 m. 14) 100.001 - 150.000 
m. 1 5  I I50.001 - 200.000 m. and I61 Fearer 
than 200.000 m. Error bars represent = 2 
srandard devia(tons. Above each error bar is 
the number ofrrter in the class. 

distance] stan out at approximately ground water 
temperature. As  water moves down throuph the 
watershed. i t  tends to come into equilibrium u i t h  air 
temperature. The sites in  the class ? - 4  dibide 
distances are exposed to warmer air temperatures in 
the SSP and the interior ponions o f  the CSP. As SSP 
and CSP mainstems approach the coast and enter the 
ZCI. air temperatures decrease. Water temperature is 
comine into a neu equilibrium with the lover  air 
temperatures. as expressed b y  the decreasing 
XY  ID X  \.slues in  both the CSP and SSP for classes 
5 and 6 divide distances (Figures i .I?-.\ and 7. I?. 
B). 
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D iu rna l  Fluctuation and Distance f rom 
Divide 

Thc \:triarbon in diurnal stream rempemture 
tlttctiwtion in relation to distance from uatershed 
di\ ids \\as stmilar to that obseried for a:ltershed 
2re2 figure 7 . 8 1The di,tributlon aas not linear hut 
sngg?sti\e o f  the bell-shaped cune ihoun in Figure 
' 9 . There uas great variation in diurnal tlnctuat~on 
salucs at any given di\ide distance. ranginp from 
near zero to 13'C. 

The CSP chibited a smaller range in diurnal tlux 
\slues than the SSP. The highest diurnal t l n  valui., 
\$ere ohser\ed in the SSP at di\ ids distances ber\\een 
I0 km and 30 km. The CSP had a greater propontun 
o f  sires ~ ~ t h  less than 2'C.diurnal !luxes 

The scatter seen in the stream temperature ialucs :it 

different \ratershed areas and di\ide d~itances I$ no1 
onexpected. giben an understanding ofthe alr 
tcmperature regimes experienced across basins in 
Yorrhern C~li fomia. Each bas," has i ts  onn unique 

air temperature charactenstics. Stratifying sires b! 
ccoprovinces shoued a slight reductton in the 5catti.r. 
Examination o f  indi\idual basins or HUCs shoas an 
e\en greater reduction in'tlie scatter. :\ much clcarcr 
plcture emerges. 

To 11lil~tr:~te as natcr tile change in 3 1 rtemper~t~ire 
nvasses ~pproach the cu~ht. the \ugust PRISSI- 
derixed monrhl! ~%i.ra;e m:l\tmum alr temperature 
n.1, iluremtncd for i.2c.h stream tcmpcmture 
nionitoring s~te based on its locatton ILT \ I  S- and 
\-coordinates). Figc~rc 7.13 shoxrs the air 
ICIII~LT:IIUT~ at each strs:lm temperature monitoring 
bite 3s J funct!on ~ f J i ~ t a n e e  from the coast. The 
~ n p hdoes not pro, idc information on !ear-to-!car 
\artation in air tempcrntnres. but docs shou the 
spartal iarlatlon in the CSP. The 30-!car \ugust 
nionthl? aierage maximum air temperature incrmses 
h! .~ppro\im~tel! I j 'C  from rcro to 6 0 knl I37 mi l  
from the const. 

,:--
1 8 .  

\Vatershed Position within Hydrologic >:, 

a 
10 20 30 40 50 80 Units0 

didan- tmm mast (h) 

hnctton ot'dirrzncr horn the coast. .Air temperamre i s  the 
\ugurr 3 0 . ) ~long-rsrm monrhl? a\.erage maximum. 

Seren-Day \ lov ing Averages and  Distance 
f rom Divide 

Reiationships betueen SYA7DA and S Y A 7 D X  
versus distance from watershed divide are shown in 
Table 7.2. Similar to the watershed area 
re!ationships. the CSP sites showed a slightly higher 
R- value than the SSP sites for both temperature 
metncs with respect to distance from watershed 
dibide. 

often referred to as fourth field watersheds. but more 
appropriately are geographic areas representing part 
or all o f  a surface drainage area. a combination o f  
drainage areas. or a distinct hvdroloeic feature 
(Seaber et al.. 1987). The term subbasin is suggested 
as a substitute for cataloeine unit since this term has 
no common use or meaning and should be avoided 
(ClcCammon, 19941. Subbasins within the California 
coho salmon ESUs range from 10.000 ha to 533.000 
ha with an average o f  230,000 ha. For clarity the term 
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Table 7.2. Linear Regrersion Equations for Relationship between 1998 XYA~DA 'and XYA~DX'versus Lo$.,,Dstance from 
Uaterrhed Di\.ide. Carnbtned and by Ecaprovince. 

Variable Ecoprovince No. of Sites Slope Intercept RI 

XYA7DA combined 518 4.85887 -212888 0.57558 


XYA7DA CSP 362 4.36730 -0.291 15 059200 


XY.47DA SSP 196 5.57786 -4.94992 0.54158 


XYA7DX combined 518 5.2M81 -1.87331 0.45109 


XYA7DX CSP 362 5.06076 -1.23051 0.44574 


SYA7DX SSP I56 5.16197 -1.01913 0.36062 

' X Y A ~ D A= ?-day mo\.in& a\erage of the daily average. 
' X Y A ~ D X= 7-day mo\,ing average o f  the daily maximum. 

HUC is used to refer to the USGS subbasin. See 
F~gure4.9 in Chapter 1 for a spatial display of the 
HUCs that comprise the range ofthe coho salmon in 
Nonhem California. Watershed position within each 
HUC. as represented by watershed area and distance 
from watershed di\lde. was assessed for each of the 
temperature metrics presented in the previous a 

sections of this chapter. These analyses were limited 
to 1998. the most data-rich year. . 
Watershed Area and Stream Temperature in 
H!.drologic Units 

Streom temperature monitoring sites were ageregated Dendritic 
h! HUC. The highest daily maximum. se\,en-dak 
n~os'inp aterage of both the daily ayerase and daily 
maimum. lo\rest daily minimum. and diurnal 
fluctuation were plotted versus log,,, watershed area 
by HVC. These gaphs can be found in Appendix D.  
The follou ing discussion on the relationship between 
stream temperature and distance from the watershed 
dlvide also apply to gaphs o f  temperature-watershed 
area rclationshi~s found in A ~ ~ e n d i x  D. 

Distance from N'atershed Divide and Stream 
Temperature in Hydrologic Units 	 Figure 7.14. Tuo examples ofuvtershed dramage partern, 

common In honhem Cahfomta h\droloc~c un!tr. dendnt~c 
and trell~s. Patterns are determined by ropo&~.raph?and 

Although there i s  strong correlation between neologlc StNCNrc. hlod~ficd aher FlSRVG 119981. 
watershed area and distance from watershed divide ~ ~ ~ ~ 

~Ftg-re'5,. the re.311onshlp betuzen the ttro can In r a n d  types o f  HLCs a dendrittc ard!n;l?c. p3tt?m 
of auepend Lpon the n!drologic config~rat~on 	 15 common In more elonrated HL CI. 3 treli~,- -

drainage. e.g.. whether i t  i s  dendritic or rrellis (Figure 	 drainage pattern i s  more the norm. In a dendritic t>Qe 
7.141. 	 of HUC. for a unit increase in distance from d~vidc. 

7.14 



the !~:ttershed area uould be greater than for the 
same 111, ~de distance unit increase in a trellis HUC. 
Gi\cn these potential differences ue  fclt i t  \\as not 
redundant to curnine in geater detail the \ariation in 
CJCIIofthe temperature mctrics as a functton of 
distancc from,uatershed dikide. 

Dai ly \ l ax imum and Distance f r o m  
\\'atershed Divide by HUC 

\Illat is most striking is the consistent increase in the 
highest daily maximum IXY IDX)  stream 
temperature aith increasing watershed area and 
Jistance from the uatershed divtde in all HUCs 
(Fiyurc 7.151. E ~ e nin HUCs uith large numbers of 
data polnts. each point representing a d~fferent 
rriburar). the increase \\as consislenr. Both tributaries 
lopen circles) and ma~nstcms tcrossesl shobred an 
increase In SY IDS uith incre~sing distance from 
the dibidr. and uarershed area. It \%as disaooointine . . -
that fc\r temperature records uere a~ailable on 
mainstems at lobser uatershed areas divide distances. 
>lo,t ofthe mainstem temperatures uere measured 
f:~r dotrn in the drainage. often near the polnt shsre 
the river drains to the ocean. 

The Klamath Riicr sites located at the highest 
watershed areas appeared to hate lo\rer temperatures 
than other sires in Figure 7.5-B. Hoive~er. looking at 
these sites in the conteTt oftheir basin. they fall in 
alignment with the general increasing trend for the 
basin (Figure 7.15-L). The Lower Eel HUC (Figure 
7.lj.E) clearly shows a decrease in mainstem 
temperatures at the highest divide distances. This is 
most likely due to the cooling influence ofair 
temperatures as the water nears the coast. Other 
mainstem rivers in the Lower Eel HUC exhibited 
decreases with increasine divide distance. namelv the 
Nonh Fork Eel and the <an Duzen River. 

. "  ' 
: b~milardecrease in water temperature at the highest 
divide distance was noted in the Mad-Redwood HUC 
(Figure 7.15-8). Both Mad River and Redwood 
Creek showed a decrease in XY IDX  with increasing 
divide distance. .Mad River X Y  IDX values decreased 
by about J°C over a 10 km distance. Redwood Creek 
decreased by about 7'C over a -10 km distance. The 
decrease is quite smking. considering the thermal 
inenia o f  these systems. Again. the cooling influence 
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ofcoastal air temperatures i s  believed to be 
responsible for the decrease in XY IDX  at the hiphe! -
ditide distances. Tuo sites on thc Little Ri\er 
\houcd an incrcase u i th increasinr! ditide distance. 
Ho\re\er. no sites \\ere located on the Little River 
near its outlet into the Pacific Ocean near Trinidad. 
C.4 to verify the cooling influence o f  coastal alr 

temperature on ~vater temperature in this rlier. 


In the Big-Navarro-Garcia HUC (Figure 7.15-H) a 
cluster o f  mainstem sites are seen at the highest 
dibide distances. These sites include the Big. Garc~a. 
Ten \tile. and Noyo Rivers. all making up the major 
drainages in the HUC. Although too feir sites u.ere 
located in any one ofthe four rivers to clearly discem 
a similar cooling trend at the highest ditide distance. 
the four sites on the Garcia River seem to exhtbit this 
behavior. There was approximately a j 2 C  decrease in 
the XY I D S  from the next-to-highest to highest 
divide distance. The trio of points in both lo~\er  pans 
o f  the Big and Noyo Rivers also seem to shotr. a 
decrease in XY I D X  values from the next-to-highest 
to highest divide distance, although not as large as 
that observed in the Garcia Riier. The clustering of 
the four rivers' sites into four distinct zrouos indicate - .  
that they may be integrating the thermal regimes 
within their resoective basins. which includes 
differing air temperature regimes and land use 
partems. 

The reported upper lethal incipient temperature 
(ULIT) forjuvenile coho salmon i s  ?6'C (Brett. 
1952). Subtracting a two-degree safety margin from 
the ULlT as recommended by Coutant (1972) gives 
us a potential reference value o f  24°C to compare 
X Y  IDX values against. Comparing X Y  IDX values 
to the 24°C acute reference value shows that no 
tributary sites in the ;Mad-Redwood exceeded this 
value (Figure 7.15-8). I t  is not until greater distances 
from the watershed divide are reached on the 
mainstem :Mad River and Redwood Creek do 
temperatures exceed 24'C. 

In both the C'pper Eel IFtgure 7 15-C, xnd \Itdole 
Fork EcitF~eure 7 15-Dl HLCs XYIDX ides

~ ~ -
exceeded 24'C at divide distances less than those 
observed in the Mad-Redwood HUC. .More tributary 
XY IDX  values were observed above 21'C in the 
Upper and Middle Fork Eel HUCs. The divide 
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distance a1 which XY IDX values begin to exceed 
?-ICC in the Lower Eel HCC was approximately 10 
km (Figure 7.15-El. Not all tributaries exceeded this 
reference value at 10 km or greater (lop,, = 4 for 
10.000 m divide distance) from the watershed divide. 
The PRISM 30-year average air temperature in the 
three Eel HCCs are I 'C to 1 . S T  higher than in the 
>lad-Redwood HLC (see Chap te r4  Table 4.21. The 
XY IDX values dropped in the Van Duzen River by 
about ? 'Cover  an increase in divide distance of 
about 100 km. The mainstem Eel River exhibited a 
I-1°C decrease in XYIDX over about a I50 km 
increase in divide distance. The mainstem Eel River 
draina~e.  from Lake Pillsbury to the ocean is 
examined in greater detail in a subsequent section. 

Some HUCs had no sites or only one site u,ith 
XY IDX values above ?A°C(Smith. Mattole. Upper 
Klamath. Scott). The Smith and Mattole HUCs have 
the lowest August average air temperatures (based on 
30-year PRISM a\,erage air temperatures. see 
Chapter 1.Table 1.3).The Scott HUC. a relatively 
warm HLC. had only one tributary site with a 
XY IDX value that exceeded 21'C (Figure 7.15-KI at 
a divide distance of about 8 km. The Gualala-Salmon 
is one of the coolest HUCs in terms of air 
temperature. yet had several tributary sites that had 
XY I DX values in excess of 24'C at divide distances 
between 5 hm and 25 km. The majority of sites char 
exceeded 24°C in the Big-A'avarro-Garcia HUC 
(Fisure 7. 15-HJ were on the mai.lstems of the Garcia 

lrontinued) 

and Big Rivers at over 25 km from the u.atershed 
divide. The Lower Klamath HCC (Figure 7.15-LI 
had XY IDX values over 24'C in the mainstem 
Klamath at distances over 600 km from the 
watershed di\ide. In the Trinity and South Fork 
Trinity HGCs. sites that exceeded 24°C u.ere mouly 
mainstem sites (Figures 7.15-M 8:NI. 

The upstream extent of XYIDX values exceedins 
?1'C seems to be greater in thobe HUCs with higher 
average air lemperatures. 

Seven-Day M o v i n g  Averages  a n d  Dis tance  
f r o m  t h e  W a t e r s h e d  Div ide  b y  HUC 

Seven-day moving average statistics are often 
compared to Maximum Weekly Average 
Temperature (MWAT) thresholds. MWAT 
thresholds have often been assumed to be protecti\e 
of cenain species and life stages (McCullough. 
1999). MWAT can either be calculated as I )  the 
temperature halfway betujeen the optimal grou.th 
temperature ( O T I  and the temperature at which there 
is zero net growth. or 2) a third of the difference 
beween the GILT and the optimum temperature 
(Brungs and Jones. 1977: Fermro et al.. 1978: 
Armour. 1991 I. The second method is the one most 
commonl! used in California and other states in the 
Pacific Northwest. primarily because the data are 



more readily a\:lilable to perforni the calculation. 
L'\ing the >c~.c,nd niethod for ~alculating >lLV.AT: 

and \;ilues for OT and L I L T  o f  I4.Y'C 2nd 26:C. 
re\pectivel! (Brett. 19521. a \slue o f  18..!'C i\ 
calculared for iln \ILVAT threshold. 

Usins IS.3'C as a reference value. XY7DA and 
SY.A7DX ialues uere iluessed for each HL'C in 
relation to distance from u.ater\hed di\ide. Figure 
7. I 6  prehentr plots of the relationship between 
SY,AiD,A anddi\ide disr~nce by H L C .  

The distribution o f  points on each graph &as very 
\imilar to [lie plots o f  X Y I  D X  versuh log,,, divide 
di\t;lnce figure 7.151. Sire* on the mainstem Mad 
Riser and Reduood Creek (Figure 7.16-BI. as ue l l  
;Ir those on the North Fork Eel. Van Duzeri. and Eel 
Ri \cr \  i ~ i ~ u r i  7.16-El. shoned the characteristic 
decrease in \r.ater temperature brith increasing divide 
dihtance. suggestive of the cooling effects o f  coastal 
air temperatures. .Ag:iin. the four rivers that comprise 
[he Big-Savarro-Garcia HUC %ere clu\tered into 
four distinct sroupc (Figure 7.16-HI. 

The sites in the Smith HCC had no XY;\7DA values 
over 18.3'C [Figure 7.16-.A). The S m i t h ~ L ' c  is the 
coolest HUC in terms o f  air temperature [see Chapter 
4.Table -1.21. The Mad-Redwood HUC had several 
tributary and mainstem sites with XYA7DA values 
over 18.3'C. most o f  which occurred at divide 
distances greater than 10 h ( F i g u r e  7.16-B). The 
mainstems o f  Redwood Creek and ,Mad River 
sho\ved the same decrease in XYA7DA values at the 
higher divide distances as did X Y  IDX. We postulate 
that the decrease is due to cooler air temperatures in 
the zone olcoastal intluence. 

The four Eel River HUCs. i.e.. Upper. Middle Fork. 
Lower. and South Fork. exhibited a preponderance of 
sites with XYA7DA values exceeding 18.3"C 
(Figures 7.16-C through F). I n  the Lower and South 
Fork Eel HUCs. some sites below 18.3"C were 
observed extending as far down from the watershed 
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d i i ide as I 6  km. ;\lthough mainstem sites on the Eel 
River exhibited a decrease in YY.A7DA with 
increa>ing divide distance. the only mainstem 
temperature that did not tweed 18.3'C \\as the \ nu  
site on the Eel Riverjust before i t  drains to the 
Pacliic Ocean (Figure 7.16-El. Llany of the 
tributaries in the four Eel Ri ter  HUCs have their 
origin5 in warm interior portions o f  the 
drainage. Air temperatures reach IOO'C and h i ~ h e r  
during the summer months. 

Very feu  o f  the sites in the four Eel River HCCI for 
which water temperature data \rere available uere 
accompanied by canopy closure data. In the Uppcr 
Eel HUC. three sites with canopy closure valueb 
greater than 70% had XYA7DA values les, than 
IY.ZQC. \rhilc beyen sires with canopy closure \slue> 
greater than 70% had XYA7D.A values greater than 
18.3"C. In the Middle Fork Eel HL'C t\ \o sites i v ~ t h  
canopy sreater than 70"c were below the reference 
uhi le three were above. In the Lower Eel HUC. I 2  
sires with canopy greater than 70% had YYA7D.A 
values less than 18.3'C and f i w  were above the 
reference value. In the S.outh Fork Eel HCC. 2 1 i t < \  
with canopy greater than 70Cc were below IS.?'C 
uhi le six \\ere above. Canopy wil l  be discushed in 
greater detail in Chapter 9. 

The Mattole K C .  a cool HUC with respect to air 
temperature. d id nor have any sires %i*XYA7DA 
values over 18.3"C (Figure 7.16-G). Also. the Scott 
(Figure 7.16-KI and Upper Klamath [Figure 7.16-5) 
HUCs had no sites with XYA7DA values over 
18.3'C. I n  the Big-Navmo-Garcia HL'C (Figure 
7.16-H). three tributary sites had XYA7DA values 
that exceeded the reference value. The'most upstream 
site on the Noyo River was below the reference 
\.slue. while three Noyo River sites at the highest 
divide distances were slightly above the reference 
value. The XYA7DA values for sites at the highest 
values for divide distance i n  the Big and Garcia 
Rivers were all above 18.3"C. The two sites on Ten 
Mi le River were below the reference value. 

Examination o f  the relationship between XYA7DX 
and distance from the watershed divide for each 
HUC revealed a very similar distnbution of data 
points as XYA7DA.  Since XYA7DX is based on 
daily maxima rather than daily averages, values were 
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higher and more qites exceeded the 18.3"C hlWAT 
reference value. Even those HUCs that did not haye 
any XY A7DA values above 18.3"C had XYA7DX 
values over the reference \.slue. The dihtance from 
watershed divide where sites began to exceed 183 'C 
decreased for XYA7DX values. Graphs of XYA7DX 
versus distance from the watershed divide can be 
found in Appendix D. 

Sullivan et al. ( 1990) and Adams and Sullivan (1990) 
found tha~  water temperatures seem to level off at 
some equilibrium temperature that is appr0,ximatel) 
equal to the a\.erage air temperature for the babin. It 
is not clear how or where average basin air 
temperatures were determined in  their studies. A 
general trend was obsemed across HUCs in stream 
temperature metric values in that HUCs with higher 
monthly average air temperatures (Chapter 4. Table 
1.2)attained higher stream temperatures. The Smith 
and Mattole HUCs exhibited lower XY IDX. 
XYAiDA. and XYA7DX values than other HUCs 
and are the coolest in terms of air temperature. The 
PRISM 30-!ear long-term average air temperatures 
for August in the Smith and Mauole HUCs are 
17.1'C and 16.1 "C. respecti\,ely (see Chapter 4. 
Table 4.21. Both the Smith and Matrole HUCs are 
largely coastal HLCs. with minimal area extending 
into the warmer interior sections of the region. Those 
coastal HUCs that are oriented with large areal 
portions in the interior and HUCs that are entirely 
inland generally have higher 30.year average air 

temperatures and exhibited hi:her btream 
temperature,. 

The MWAT metric is an extrapolation of laboratory 
studies that ma) or ma) not be representativeof 
actual field conditions. Some well-designed stream 
temperature monitoring studies that are coypled uith 
fish presencelabsence andior abundance surveys are 
needed to validate both chronic and acute thermal 
stress thresholds. Essie (19981 found that state 
temperature criteria were exceeded at over 50% of 
the 98 Idaho stream locations uhere salmonid 
spawning was observed. At the same bites where 
exceedance of temperature criteria u a s  noted. rearing 
was observed in the following year. 

Diurnal Fluctuation and Distance from 
Watershed Divide by HUC 

The diurnal fluctuation of stream temperarure with 
respect to distance from the watershed di\.ide was 
examined. Figure 7.17 shows that diurnal flux did not 
follow a linear trend with log,, divide distance lor 
uatershed area - s e e  graphs in Appendix Dl. HCCs 
that had sites representing a wide range in divide 
distances exhibited more of a bell-shaped distribution 
(see Figure 7.9) than HLCs that had sites at only 
lower or higher divide distances. Only a portion of 
the curve may be expressed in those HUCs that do 
not have sites along the entire continuum of di\.ide 
distances. The lack of sites at higher values of 
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\$.~tershedarea ma! be hecauhe the HUC is  smaller 
and \i~npl! does not ha%e divide dizranceh an) higher 
than thohe obhemed or no \iter uere available at the 
greatest di\ide distance\ that exist in the HCC. I t  
niubt ,1150 be borne in mind that home HCCs are not 
domplcte h!drologic unitr i r i th rerpect to a mainstcm 
rl ier.  For e~ample. the mainstem Eel River is  broken 
up into three HLCs. the Upper. Sliddle. and Lower. 

Thus. the Iarzest divide disrance for the mainstem Eel -
River is nor found until one examines the Lower Eel 
HUC. For HUCs w ~ t h  sites lacking at the lower 
di\.ide dinances. small order streams were not 
adequately sampled. Examination o f  only n ponion of 
the curve may account for the observed decrease i n  
diurnal fluctuation \vith increasing divide distance 
reponed by Sullivan et al. I 1990). 

The Lo\\er Eel HUC (Fieure 7.17-El exhibited the 
greatest diurnal tluctuation. with the highest being 
about 13'C at a watershed area o f  approximately 
1300 ha and about 10 hfrom the divide. The 
decrease in mainstem diurnal tluctuation is most 
likelv due to the arrival o f  mainstem water at the 
coas; and the thermal inertia o f  the larger volume o f  
water, A i r  temperatures near the coast are 
characterized by lower daily maxima and higher daily 
minima. The smaller diurnal fluctuation in air 
temperature is manifested i n  a smaller diurnal 
fluctuation in water temperature. 
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(continued) 

In ;enerd. HUCs with the hishest PRISht.30-year 
average air temperatures shoued the greats\[ diurnal 
tluctuations. Conversely. HUCs ai th the louest olr 
temperatures exhibited the lowest diurnal 
tluctuations. I t  must be considered. however. that not 
a11 tributaries or mainstems in every H L C  are 
represented. Obviously. only data that nere 
submitted to the FSP for this regional assessment can 
be included in the analyses. 

Sum Degrees and Sum Degree Hours 

While the previously presented stream temperature 
metrics reveal a great deal about the thermal behavior 
o f  sites with respect to their watershed position and 
other landscape and site-specific attributes. another 
set o f  metrics was developed to evaluate cumulative 
exposure to elevated temperatures. These elevated 
temperatures are transient in nature and are closer to 
the uooer lethal incioient temoerature. Temoeratures ~ r .  ,~~~~~~ ~-~ ~~~~~ ~ ~~ ~ ~ 

~~~~~~~ 

near the upper lethal incipient temperature present 
acute thermal stress to coho salmon and other aquatic 
organisms. 

Considering the highest daily maximum or highest 
seven-day moving average o f  both the daily average 
and daily maximum for a site sheds no light on 
whether the highest obsewed daily or weekly 
temperature was transient or persisted at or above the 
acute threshold for long periods (duration). 
Moreover. the highest daily and weekly metrics do 
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not provide any information on the magnitude of 
temperatures above an acute thermal stress value. 
That is. was the highest daily o r  weekly metric simply 
a blip on the radar screen while the remainder of 
temperatures were below, at. o r  barely above an acute 
threshold? Alternati\,ely, were the temperatures 
ele\,ated significantly above the acute rhreshold for 
long periods of time. e.g.. several hours (consecutive 
or nonconsecutive) for many days at a time 
(consecutive or nonconsecutive)? Although we do 
no1 normally think of temperature in terms of 
concentration. it is useful to do  so  in this case. If we 
consider the magnitude of temperature as 
concentration then we could consider the dose to be 
concentration multiplied by time. 

Sites used for these analyses had continuous. 
unintermpted observations for a 30-day period in 
1998. from July 21 through August 19. Figure 7.18 
illustrates the concept of sum degrees and sum degree 
hours for seven hypothetical temperature 
observations. This illustration helps to demonstrate 
how sampling intemals (hourly or some other 
interval) were allocated into areas above the acute 
thermal reference value. Different sampling 
frequencies do not affect the calculation. since the 
area above the reference value is calculated 
geometrically and not arithmetically. 

Figure 7.18. Graphical representation of seven hypothetical temperature obrervations with four acute thermal stress reference 
\dues (solid heavy lines). Shon venical dashed lines represent sampling intervals and long venlcal dashed liner represent the 
total lime lsum degree hours] above the 24°C threshold. EM,. A,. A,.'A,l represents the area under the curie above ?-IT(sum 
depreesl. 



To obtain better estimates o f  thebe metrics. relatively 
\iniple geometric c:~lculations were performed. By 
cons~dering the ponion o f  cach ampl ing interm1 
abo\e the threshold n an area (.A,. .AI. .4+ .A,). the 
sum of these arear repre\enth the sum degrees above 
the threshold (shaded portion in Figure 7.251. The 
sum degree hours above the thre5hold (3.6 hr, was 
determined by summation o f  the total time spent 
above the threshold. Figure 7.15 may represent only 
one scursion of.;tream temperature above an acute 
reference value at a particular site. Such excursions 
may occur on more than one occasion. in which case 
the total hours and all the areas above the reference 
value are summed for the entire July ? I  to August 19 
.;ampling window to determine sum degree hours and 
sum degrees. respectively. 

In  this example. the 3 ° C  reference value was 
eceeded in the second I-hr sampling interval for 
eight-tenths o f  an hour as was the fifth I-hr inter\.al. 
Sore that only a ponion o f  the second and fifth I-
hour interval exceeded the temperature threshold 

(F i gu re  7.181. .Allocating the entire I-hr sampling 
interval as being abow the threshold would tend to 
overestimate (or underestimate, the total amount o f  
time spent (sum degree hours, above the threshold 
(3.6 hrl. as well as give an imprecise estimate of sum 
degrees. 

Sum degrees are comparable to degree days as a 
means o f  quantifying cumulative.warmth in a season 
or year at a given location. I t  is a measure that takes 
into account both magnitude andduration o f  
depanure from a chosen threshold temperature. 
Degree days originated as a means to predict 
residential heating and cooling needs. They are also 
used in agriculture to predict an area's suitability for 
growing cenain crops or the day o f  maturation o f  a 
crop i n  a yiven year (Trewanhn. 1968). The degree 
day concept provides a single qunntity that is better at 
characterizing the warmth at a given site than is 
annual average temperature IEssig, 1998). The metric 
has not been commonly applied to stream 
temperature monitoring and assessment. 

Figure 7.19 shows the relationship between divide 
distance and sum degrees over 24°C (SUMDEG24) 
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by HUC. For brevity. plots of watershed area versus 
SUSlDEG2-I are not shown. These plots uere similar 
to thohe shown in Figure 7.19. A Fixed range on the 
y-axis was not possible due to the large distribution 
in sum degree values. .As expected. those sites that 
did not have daily maxima over 24°C obviously had 
zero values for SUMDEG24. HLCs with sites ha\ ing 
all SCblDEG2-1 values o f  zero were the Smith. 
Llattole. Upper Klamath. and Scott. 

In  the !Wad-Redujood HUC only the mtinstem sites 
in the lower portions o f  Redwood Creek and Mad 
River exhibited SUMDEG?J values greater than 
zero. [n the Eel HUCs (i.e.. Upper, IvIiddle. Lower. 
and South Fork,. both tributary and mainstem sires 
wyre observed with SL:MDEG24 values greater than 
zero. The Eel HUCs exhibited the highest 
SLMDEG?4values o f  all the HUCs in the range of 
the coho for which temperature data uere available. 
The occurrence of high SUMDEG24 talues was e m  
at sites within a few kilometers o f  the \\atershed 
divide. 

'One problem with the use o f  sum degrees i b  the lack 
of published reference or threshold values for 
determining what values for this metric can be 
considered to be potentially injurious to juvenile 
coho or other'species and life stages. Inasmuch as the 
derivation of the sum degree metric has imbedded in 
i t  an acute thermal stress reference value 1i.e.. 24'C). 
i t  would stand to reason that any valu;s greater than 
zero would suggest the potential for acute thermal 
stress. The metric does allow for relative 
comparisons between sites. 

Hydrologic Unit Case Studies 

Examination of stream temperature metrics with 
respect to watershed area and distance from the 
watershed divide revealed a great deal about the 
thermal regimes in each hydrologic unit. However. 
watershed area and divide distance do not always 
coincide with the relative position (topology) o f  
tributary and mainstem sites. A tributary with a large 
watershed area or divide distance may enter the 
mainstem upstream from another tributary site with a 
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Figure 7.19. 

smaller watershed area or divide distance. To develop 
a better understanding of stream hierarchical thermal 
regimes and the potential cumulative effects of 
tributan temperatures on mainstem temperatures. 
tree graphs and stream network diagrams were 

,developed for three basins that had a relatively large 
number of sites on both tributaries and mainstems. 

The daily maximum and diurnal fluctuation on the 
warmest day in 1997 and the sum degrees and total 
time above 21°C for day of year 201 to 230 were 
calculated for sites in the mainstem Eel River and 
Gualala Ri\.erdrainages. The same metrics were 
calculated for the warmest day in 1998 in the Ten 
hlile River drainage. While 1998 data were used in 
pre\.ious sections. 1997 had a better distribution of 
sites on both tributaries and the mainstems in  the Eel 
and Gualala River drainages for the conduct of a 
hierarchical stream temoerature assessment. 

blainstem Eel Drainage from Lake Pillsbury 
to the Pacific Ocean 

There were 35 sites in the Eel River drainage located 
on the mainstem and on tributaries nearest the 
confluence with the mainstem from Lake Pillsbury to  
the Pacific Ocean. This iepresents a distance of 
approximately 320 km along the mainstem Eel River. 
All tributary monitoring sites nearest the mainstem 

(continued) 

confluence were within 6000 m of the mainstem. 
with most being less than 1000 m from the mainstem. 
The database was queried for the day in 1997 on 
which the most sites in the drainage had their highest 
daily maximum temperature. which was 08 August. 
The daily maximum temperature on 08 August 1997 
was plotted against log,, watershed area and log,,, 
distance from watershed divide (Figure 7.20). The 
distribution of daily maximum temperatures are not 
unlike those observed for the Upper. Middk. and 
Lower Eel HUCs in 1998 (Figures 7.16-C. D and El. 

The characteristic increase in stream temperature 
with increasing u,atershed area and divide distance is 
evident in Figure 7.20. Similar to the 1998 XY IDX 
values for the Lower Eel HUC (Figure 7.15-E and 
7.16-E). the 08 August 1997 daily maximum 
temperatures in the mainstem Eel River show a 
decrease at the highest watershed areas and di\,ide. 
distances. 

The daily maximum and diurnal fluctuation are 
displayed on the tree graph shown in Figure 7.21. 
The daily maximum below Lake Pillsbury u,as 
19.1"C (divide distance = 5 1  km) u.ith a diurnal 
fluctuation of l.6'C. The low diurnal fluctuation is 
most likely due to the stable temperature of 
hypolimnetic waters discharged from the bottom of 
the reservoir through Scott Dam. In about 16 km 
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Figure 7.10. Dil? maxtmum stream temperature 
mca\urcd on 08 .Augur! 1997 at 35 ,ires in the mainstem 
Eel Riser drainage from Lake Pillsbury lo the Pacific 
Ocean. 1.41 Daily maximum versus lop10 watershed area 
and IB l  deil? maximum versus log10 dislance from [he 
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cnalnrtem site,. 

(divide distance = 75 km) the Eel River daily 
maximum increased by 3.6'C. Between mainstem 
divide distances of 54 km and 75 kin three warmer 
tributaries enter the mainstem. Benmore (25.8'C). 
Soda (10.6'C). and Bucknell(22.7"C) Creeks 
(Figure 7.21 J. The entrance o f  three tributaries with 
warmer temperatures could panially contribute to the 
increase i n  Eel River temperatures 20 km below the 
dam. 

Chapter 7 - Watershed Position and Stream Temperature 

Daily maximum air temperatures in [his ponion of 
the Eel River drainage are near 40°C in August. 
Water temperatures in the Eel could be coming into 
equilibrium with warmer air temperatures. Sullivan et 
al. ( 1990l state that tributaries had more o f  an 
ob ie t~edcooling or warming effect on mainstem 
temperatures in the upper reaches o f  a basin. 
Houever. belou Lake Pillsbury. the Eel River i s  
already a rather sizable river. The 30-year mean 
;\USU" dixharge below Scott Dam is 182 cfs 
(CSGS. 19941. Tributaries would need to contribute 
a large proportion o f  the combined tlow to alter the 
mainstem temperature. However. based on the 
watershed areas of the three tributaries t Benmore = 
1360 ha. Soda =?705 ha. Bucknell = 4710 ha! their 
total relative contribution to the tlow of thr Eel River 
(watershed area = 71.956 ha belou the dam1 is  Is\> 
than 10%. Caution should be exercised. con\ider!ng 
that the Eel River flow is  highly regulated. 
Watershed area may not be a very good surrogate 
under such regulated tlow conditions. 

The river continues to warm up to a divide disran~x .u f  88 km. uhere the daily rnauimum uater 
temperature reached 18.6"C (Figure 7.2 1 I. 

Outlet Creek is a large tributay thnt enters the Eel 
River at about 122 k m  from the mainstem \vatershed 
divide. Outlet Creek entered the mainstem with a 
daily maximum temperature of 26.j°C. The Eel 
River daily maximum temperature above the 
confluence with Outlook Creek was 3O.?'C (Figure 
7.21). A simple calculation on the expected cooling 
effects of Outlet Creek on the mainstem Eel River 
can be made by assuming that Outlet Creek is  
approximately 31% o f  the water volume and the 
rnainstem is 69%, based on their respective 
watershed areas, 41.808 ha and 135.980 ha. Using a 
mixing equation developed by Brown et al. (1972): 

where p, is the proponion o f  combined flow 

contributed by each of n streams and Tn= 

temperature o f  stream n. the predicted mainstem 

tempemture below the confluence with Outlook 

Creek can be calculated as. 




FSP Regional Stream Temperature kssessment Report 

temperature = (0.31 x 26.5"C) + (0.69 x 30.2) = 
29. I 'C. 

The predicted temperature was within 0.2'C of the 
observed temperature of 28.9"C. Thus. i t  appears that 
given sufficient flow (watershed area ratios being 
used as a surrogate for relative flow ratios). a cooling 
effect was realized. The downstream distance of the 
cooling influence cannot be ascenained from the 
distribution of sites in  the Eel Drainage. 

While fairly good agreement was noted for observed 
and predicted values using Brown's equation. this 
was for a single temperature metric (XYIDX) and 
represents the highest daily maximum temperature on 
a single day. We examined the predictive ability of 
the equation for a one-week time period to determine 
shether there was good agreement over several 
diurnal cycles. Figure 7.34 shows observed tributary. 
upstream. downstream temperatures and the 
predicted downstream temperature for Tomki Creek's 
contluence with the mainstem Eel River. The day of 
the highest daily maximum was bracketed by three 
days on either side to examine diurnal fluctuations in 
observed versus predicted temperatures over the 
course of a week. The observed and predicted 
downstream stream temperatures showed good 
overlap over the entire one week period. Other 
system confluences also showed good agreement 
betueen the observed and predicted downstream 
stream temperatures (see Appendix Dl. 

The Middle Fork Eel River enters the main fork of 
the Eel River at about 130 km from the mainstem 
watershed divide (Figure 7.2 1 ). Unfortunately. no 
temperature sites were available on the Middle Fork 
that were close enough to the confluence with the Eel 
River to be representative of incoming water 
temperatures. 

Reference to Figures 7.16-D and 7.16-E shows that 
the Middle ~ o r k ~ e l  had XY IDX values between 
28°C and 30°C at sites with the highest divide 
distances. These sites were still 10 to 20 km from the 
confluence with the Eel River. However. given the 
stability of water temperatores in large mainstems. 
the Middle Fork temperatures may be quite close to  
the water temperature at its confluence with the 
mainstem Eel. Above the Middle Fork the mainstem 

Eel had a daily maximum of 28.9"C. Just below the 
confluence, the mainstem Eel daily maximum 
temperature was 28.5'C. I t  appears that the Middle 
Fork Eel was at a temperature very similar to the 
main Eel River. Very little change in the mainstem 
Eel temperature was observed below the confluence 
with the Middle Fork. 

The remaining tributaries that enter the Eel River 
below the Middle Fork are small in watershed area 
and have daily maxima very close to mainstem daily 
maximum temperatures. Their influence on mainstem 
temperatures appears to be negligible. From the 
confluence with Nonh Dobbyn Creek and continuing 
downstream, the daily maxima begin to decrease 
(Figure 7.21 1. The South Fork Eel River enters the 
main Eel River at -262 km from the main Eel's 
watershed divide. The South Fork has about a third 
of the watershed area as the main Eel at this point. 
The two rivers have daily maxima within 0.7"C of 
each other. 

At about 312 km from the watershed divide on the 
main Eel River the Van Duzen enters the Eel with a 
daily maximum of 22.6"C. The Van Duzen has a 
watershed area of 110.778 ha compared to the Eel 
River's watershed area of 814.997 ha. The Van 
Duzen was estimated to be about 13% of the flow of 
the mainstem Eel. Using Brown's equation the 
predicted Eel River temperature below the Van 
Duzen was 24.5"C. compared to an observed 
temperature of 21.6"C. Although Strongs Creek with 
its cooler water entered the Eel River about 5 km 
downstream from the Van Duzen, its watershed area 
was less than 1% of the Eel's. The decrease in Eel 
River temperatures, beginning at lu'onh Dobbyn 
Creek and continuing to the Pacific Ocean. are 
believed to be due to the influence of cooler coastal 
air temperatures. 

While the predicted temperature of the Eel River 
below 0utiet Creek wa~surprisingly close to the 
observed value. caution should be used in applying 
watershed area as  a surrogate for flow in these types 
of calculations. This is especially prudent in systems 
that are strongly influenced by flow regulation. and 
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Figure 7.23. Diurnal trends in water lempersture5 for Tomki Creel. 8box.e the confluence on the Eel Rl~er .belo~v the 
confluence on the Eel River. and the predicted (Brown's equation) temperature below the confluence. Temperatures mere 
mcasured during the week of August 8. 1997. 

reach very low summer baseflows, such as the Eel 
River system. 

The diurnal fluctuations observed in the Eel River 
drainage appear to vary with the magnitude of the 
daily maximum and the watershed area of the 
tributar) and mainstem. In general. the smaller the 
watershed area of a tributary. the higher the diurnal 
fluctuation. Canopy closure also plays a significant 
role in the level of daily maximum water temperature 
attained and the die1 variation (Battholow, 1989: 
Sullivan et a]., 1990). Canopy effects on the highest 
daily maximum were presented in Chapter 5. 
Additional discussion is presented in Chapter 9. 

Examination of the sum degrees over 24°C 
(SUMDEG??) and the total time spent above 24'C 
(SUMT??) provides some interesting insights and 

contrasts to the thermal regime that was developed 
previously for the Eel River drainage using the daily 
maximum temperature. Figure 7.23 shows the same 
tree graph with SUMDEG2-1 (number to left of slash) 
and SUMT24 (number to right of slash) values 
calculated for each site. The mainstem Eel River sites 
exhibited many of the highest SUMDEG24 values 
and corresponding SUMT24 values. Benmore and 
Larabee Creeks had comparable daily maxima 
(-26°C). however Benmore had a SUMDEG24 of 
28'C for 45 total hours above ?4'C. while Larabee 
had a SUMDEG24 value of 148°C for 135 total 
hours (Figure 7.23).The differences in SUMDEG24 
and SUMT24 for these two streams that exhibited 
comparable daily maxima and seven-day moving 
averages illuarale the po~ential utility of these two 
acute thermal stress metrics. 
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Daily maxima for North Dobbyn Creek and the Eel 
River near its confluence were both 27.g°C. North 
Dobbyn exhibited a diurnal fluctuation 5°C greater 
than the Eel River. However, the SUMDEG24 value 
for the Eel River site was nearly four times greater 
than the North Dobbyn site and temperatures above 
24°C lasted nearly 3 times longer (Figure 7.23). 

Two sites on the main Eel River. one at approxi- 
matelv 89 km divide distance (i.e.. the site below 
Tomki Creek) and the other site at I?? km divide 
distance (i.e., the site below Outlet Creek) had daily 
maxima of -29'C (Figure 7.11). The SUMDEG24 
for the upstream site was 967'C (SUMT24 = 547 hr) 
and the SUMDEG2-2 for the downstream site was 
1250°C (SUMT24 = 582 hr) (Figure 7.231. In this 
case. the amount of time each site spent above 24°C 
was quite similar, however the downstream site had 
higher temperatures above 24°C than the upstream 
site. that is i t  had more cumulative u,armth. 

G u a l a l a  River D r a i n a g e  

The year with the greatest number of sites on both 
rezc,\\ng uaters 2nd tnhutar~ca In the G ~ a l a l a  R n e r  
d r~1n3ceud, 1997 There uere 29 S I I C ,  a \a~lable  for -
analysis. 16 on tributaries and 23 on receiving 
waters. The warmest day for the majority of sites u,as 
found to be July 8. 1997. Daily maximum and diurnal 
fluctuations for this day were used to examine 
hierarchical stream temoerature relationshi~s. The 39 
sites had continuous. unintenupted temperature data 
between July 21 and August 19 for the calculation of 
the SUMDEG24 and SUMT24 acute thermal stress 
metrics. 

Figure 7.24 depicts the hydrological distribution of 
daily maximum and diurnal fluctuation values in the 
Gualala River drainage. The shaded area on the graph 
is an estimate of the areal distribution of the (ZCI) 
for the month of July, based on PRISM 30-year 
average maximum air temperatures. Chapter 4 
provides a more detailed description of the derivation 
of the ZCI. 

In general. there was a decrease in daily maxima as  
water entered the ZCI. Beginning with the 
northernmost drainage. the Nonh Fork of the Gualala 
River, a daily maximumof 25.9"C was observed 

outside of the ZC1 (Figure 7.24). A warmer tributary 
enters the North Fork with a daily maximum of 
27.1 "C. The entrance of this warmer tributary did not 
seem to greatly influence the North Fork temperature. 
for the next daily maximum below the tributary was 
25.2"C. About 2 km downstream another site on the 
North Fork recorded a daily maximum of 26.9'C. 
followed by a site another 2 km dou~nstream uith a 
daily maximum of 23.8"C. Below this point. a 
tributarv (Drv Creek, enters the Nonh Fork from the ~ ~~~ ~~~~ ~~~~.. . ~ ~, ,  
north. This tributary showed a decrease in daily 
maxima from 20.5"C to 16.1 "C as i t  approached the 
ZCI (Figure 7.24). Other factors may contribute to 
the 4°C decrease in stream temperature over about a 
two kilometer distance, e.g.. changes in riparian 
\,egetation, habitat type where sensor was placed. etc. 

The Nonh Fork daily maximum dropped ? .J0C at the 
point where it entered the ZC1 to a daily maxinlum of 
? I .  I 'C (Figure 7.24). We applied the Brown's 
equation to evaluate the predicted effect of the cooler 
Dry Creek tributary u,ater on the Nonh Fork 
temperature. The tributary site has a watershed area 
of 1677 ha and the site on the Nonh Fork upstream 
of Dry Creek has a watershed area of 6840. Solving 
the equation below: 

Predicted temperature = (0.245 x 16.1 "C1 + (0.755 x 
?3.SaC) = 21.9'C (observed = ?I.IaC1. 

The upstream and downstream Nonh Fork sites were 
about 2 km from the confluence with Dry Creek. The 
slightly cooler observed daily maximum value of 
21.1 "C compared to the predicted 21.9-C may be 
due to the onset of the ZCI or  that the true discharge 
of Dry Creek was significantly larger or the North 
Fork's discharge was lower than predicted based on 
their respective watershed areas. 

The generally accepted pattern is that of an increase 
in water temperature as water travels from 
headwaters to downstream reaches. The Little North 
Fork. which lies entirely within the ZCI, seems to 
exhibit this pattern. with temperature increasing with 
increasing distance from the watershed divide. The 
Little Nonh Fork temperature increased about 4°C 
before merging with the Nonh Fork (Figure 7.24). 
The South Fork had a daily maximum of 23.7"C at 
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Vlgurr 7.25. Streim ncluorl ducr~rn of Inoatme. *nJ re:el\tng udlerr in tnc Gu* dl, Rlkrr .lr4Lnagc \h. srln? luc ,urn J:gree. 
~nn e  2J'C ISC\!DEGIJI and tnc lotdl lame rpenl s n m c ?J'C s S C ~ ~ T ? J I  2nd SC\IT24 SC'\IDEG?J inumber on lctt ,.at 
(number on rieht side, were calculated from unintemaed monitonne data collected between Julv ? I  to Aueusl 19. 1997. 
Rrcel\.ing water Isolld circles) and tributdq (open circles1 monitoring site locntiona are to scale. Shaded area reprebents an 
ertlmatc of the areal dirtribution of the zone of coastal influence, our best approximation of the fog zone. 

into the ZCI  exhibited a general decrease i n  diurnal 
fluctuation. The change i n  diurnal fluctuation 
coincided with the relative magnitude of the daily 
maximum stream temperature. 

Sires outside of the ZCI were predominantly the ones 
that showed values greater than zero for SUMDEG24 

and SUhlT24 (Figure 7.25). Only two sites within 
the ZC1 had greater than zero values for these two 
acute thermal stress metrics. The site with the highest 
values for SUMDEGZ4 and SUMT24 was on a 
tributary to the North Fork. with values o f  113°C and 
127 hr. respectively. A site within the ZCI on 
Wheatfield Fork had values of 42'C and 75 hr. 
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Ftpure 7.26. S1rc.m ncluor& ol InbulsIel dnd rr;elr in$ u d l t r *  ~nthe Ten M l r  R~rc r  dr - tnqu rnuulng lnc d d ~ l )mlklmum 
,[ream tcmpcrdtJrer .'C ,number on let1 ,121.t .nd d l - r n ~ .I l~slual~on\ 8. 1998 Rc.'r.l<ln:I C , lnumber on n$hr \tJel on Jul! 
u,trr ,,dl a circler ~ n dinburm! !>pen CIICICIImonllonnp *~lr. vial~unrarc lo %talc Shaded lrc~. ~ ~ ,rrarc,enl, an ert.m.tlc or lhc 
areal distribution ofthe zone of coil,lal influence. our best approximation of the fop zone. 

attenuate the diurnal fluctuation o f  the receiving additional evidence that water temperatures were not 

water. greatly ele\,ated. i n  that no values for either acute 
thermal stress metric had values greater than zero. 

Examination o f  the daily maxima and diurnal tiearly half of the drainage network falls within the 

fluctuations in the Ten Mile drainage revealed that ZCI. which may partially account for the observed 

water temperatures were fairly moderate compared to temperatures. 

other HUCs. The SUMDEG24 and SUMTZ4 provide 



Potential Downstream Influence of 
Tributaries on Mainstem 
Temperatures 

The downstream distance the cooling or warming 
influence of tributaries has on receivin: waters has 
heen a matter o f  bpeculation and debate for many 
years tCalduell et 31.. 1991: Zwieniechi and Ne\vton. 
lY99). T o  adequately address such a question. a 
campling design needs to be developed specifically to 
address this ihsue. The data used in this regional 
arsessment were not collected with an) underlying 
\amplin; design specifically geared towards 
ansuering this question. However. Brown's equation 
can be used to make an initial examination o f  this 
irbue with the available data. Many environmental 
factors ivi l l  influence the distance a cooling or 
!\arming effect will linger downstream. e.g. canopy. 
depth. flow. gradient. air temperature. groundwater 
influx. fo$ zone. 

The obsewed and predicted daily maximum 
temperatures below various tributaries in the three 
case study drainapes are presented in Table 7.3. The 
analyses can provide information on the minimum 
distance receiving water temperatures may have 
\voter temperatures near the predicted value after 
mir ing with a cooler or warmer tributary. However. 
the m;tximum distance cannot be determined with 
existing data. 

.At a dimnce 10 k m  below the confluence with 
Tomki Creek the Eel River exhibited a temperature 
about I"C warmer than the predicted value (Table 
7.3). At  some distance less than 10 km downstream 
of the confluence the mainstem temperature began to 
come into equilibrium with riparian and climatic 
conditions. Two tenths o f  a kilometer below Outlet 
Creek the Eel River was 0.4'C below the predicted 
value. A t  10.4 km downstream the Eel was at 
28.j0C. within 0.5OC of the predicted value. The Eel 
River about 6 km below the confluence with the Van 
Duzen was about 3'C cooler than predicted. The fog 
zone could account for this discrepancy between 
observed and predicted values. In the Gualala River 
drainage, receiving water temperatures were within 
-I"C o f  the predicted value at up to about 5 km 
downstream from the confluence with cooler 
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tributary temperatures. In the Ten Mile drainage. 
receiving water temperatures were within O.jaC o f  
the predicted at distances up to about 5 k m  
doanstream of the conlluence. 

These analyses seem to indicate that the extent o f  the 
influence of cooler tributaries on receiving water 
temperatures is  at least panially dependent on the 
ratio of mining volumes. The closer the ratio uab to 
l:I.the closer the obherved values were to the 
predicted and the funher downstream the agreement 
between observed and predicted was realized. That 
is. the greater the tributary's contribution to the 
mainstem flow. the greater and longer lastin: is the 
influence o f  cooler tributary waters on mainstem 
temperatures. Zwieniecki and Newton ( 1999) found 
that slightly warmer stream temperatures within a 
clearcut area with a buffer zone returned to the 
predicted trend line temperature at a distance o f  I50  
m. The streams they evaluated were much smaller in 
size than those examined i n  Table 7.3. Cald~vell et 31. 

(1991J examined Type 4 and 5 stream temperatures 
in Washington state. and their influence on Tkpe 3 . streams. Type 4 and 5 streams are defined by 
Washington stare forest practice rules as small 
headwater streams that do not suppon significant fish 
populations. These would be similar to California's 
Class 2 and 3 streams. Washington's Type 1-3 
streams include. by definition. all large streams and 
shorelines o f  the state. Any stream with a late- 
summer base flow o f  greater than 0.009 cms (0.3 
cfs). and any stream that suppons a significant fish 
population. is classified as Type I.2. or 3, The 
tributaries and receiving waters assessed i n  Table 7.3 
are all Class Istreams by California forest practice 
rules definition. Thus, direct comparisons may not be 
totally appropriate. Caldwell et al. (1991) found that 
small headwater streams o f  Type 4 did not have an 
influence on Type 1-3 streams i f  their confluence 
was more than about 7 km (4.5 mi) from the 
receiving water's distance from watershed divide. 
The authors used divide distance as a surrogate for 
stream size and drainage xea. 
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Table 7.3. Comparison of Predicted and Observed Mainstem Temperatures below Tributaries in the Eel. Gualala. and Ten Mile 
River Drainages. 

upstrcam prednead obsencd dounrtream 
mainslcm:trib. mainrtcm ,rib temp downsiream downstream distance fmm

tributarylmainrtem flow ralia temp. ('CI mninstcm temp. mainstem temp. mb. 
('CI ( 'CI I'CI l l m l  

Eel River Drainaae 

~

I I I I I I 


Van DuzenEel 7.7: 1 24.8 22.6 24.5 21.6 5.9 


Gualala River Drainage 

Horsethief~Rockpile 9: 1 27.1 20.5 26.3 26.3 0.9 


DryKF ~ u a l a l ;  4: 1 23.8 16.1 21.9 21.1 1 . 1  


WheatfieldISF 2.4: I 23.7 22.9 23.2 22.1 4.6 


Ten Mile River Drainage 

Little Fork N F K F  3.8:l 20.0 16.2 18.9 19.3 2.4 

ChurcMSF 4.8:l 1 19.5 15.9 1 18.7 
I 

18.5 
I 

4.7 

Uote: All lemoeralureh are dailv maxima. Eel River dramape temperatures measured on August 16. 1997. Gualala River 
drainage temperature, miasured on July 8. 1997. and Ten Mile drainige temperature; meaaured on .August 4. 1998 

The results of a preliminary analysis of a small data 
set (Table 7.31 suggest that the distance from the 
divide at which a tributary may have an influence on 
the recei\,ing stream's temperature is a function of 
the ratio of flows (or watershed areas being used as a 
surroeate for flow). The distance downstream the 
influence lasts is dependent upon the ratio. as well as 
the characteristics of the receiving water environment 
and climatic conditions. 

Graphs of predicted and observed stream 
temperatures over a one-week period for each of the 
sites in Table 7.3 can be found in Appendix D. 

Summary 

At the ecoprovincial scale watershed position. as 
represented by watershed area and distance from the 
watershed divide. played an imponant role in 
explaining spatial trends in stream temperature. 
Stream temperature generally increased with 
increasing stream size (higher watershed area) and 
distance from the watershed divide. Stream 
temperature decreased at the highest di\,ide distances 
at many mainstem sites. The decrease was attributed 
to the cooling influence of coastal air temperatures. 
At a given divide distance daily maximum and daily 
minimum stream temperatures in the Coastal Steppe 
Pro\,ince were less variable than in the Sierran 
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Steppe Province. Just a* the maritime climate tends to 
moderate air temperature in the CSP. i t  appearc to 
haie a similar effect on htream temperatures. 

\Vh:~ti c  most >triking i\ the ooniistent increase in the 
highest daily maximum I S Y  I D X l  \[ream 
temperature a i th  incre;lhing dinlance from the 
i~atershed divide in all HCCs that comprise the range 
of the coho \almon in Sorthern California. Even i n  
HUCs \r ith large numbers o f  data points. each point 
reprehenting a different tributary or mainstem. the 
increasc \\:I\ con\istent. The site's location in the 
HUC played a large role in explaining stream 
temperature at an). gi\.en location. 

Stream temper:lturcs in some HUCs showed steeper 
incrcares than others. .As shoun in Chapter 4 and 5 
air temperature regimes vary greatly betueen and 
\tithin HUCs. In coahtal HUCs with large areal 
portions la)ing in the interior 1e.g.. Llad. the four Eel 
HUCs. and the Big-Nav~rroCarcia) air temperature 
in the interior can be 10" to 15°C warmer than near 
the coast. Low order streams in these HUCs originate 
in areas o f  high air temperalures (-IOOTF,. These 
coastal-interior oriented HUCs were predominantly 
the ones showing the steepest rate of stream 
temperature increase with increasing divide distance. 

Co~sta l  HUCs 1e.g.. 5lattole. Smith) showed more 
moderate longitudinal increases in stream 
temperature. Streams in coastal-interior HUCs that 
lie completely within the zone o f  coastal influence 
also showed a moderate longitudinal increase i n  
stream temperature. Streams that originate outside o f  
the ZCI  and tlow into the ZC I  often showed a 
decrease in water temperature. 

Sum degree is comparable to degree days as a means 
of quantifying cumulative warmth in a season or year 
at a given location. I t  is a measure that takes into 
account both magnitude and duration o f  departure 
from a chosen threshold temperature. A t  some sites 
where traditional temperature metrics, such as the 
highest daily maximum or highest seven-day moving 
average. d id not exceed acute or chronic thermal 
threshold values, sum degree was higher than at sites 
where traditional metrics did not exceed thresholds. 
While there is little documented use o f  sum degree or 
degree day in assessing thermal stress on aquatic 

biota. i t  is hoped that the use o f  this metric wi l l  
increase. Development o f  sum degree thresholds is 
needed to lend biological relevance to this metric. 
Reanalysis o f  existing stream temperature data where 
fish presence/absence andlor abundance data were 
also collected. such as the work o f  Es\ig (19981 on 
ctreams in Idaho. would be useful for establishing 
sum degree thresholds. 

.Application o f  Brou,n's mixing equation revealed 
very good predictions in receiving water temperature 
change below the contluenoe with a warmer or cooler 
tributary. The closer the downstream mainstem site 
was to the contluence. the better the agreement 
between observed and predicted water temperature. 
With increasing distance below a contluence. the 
mainstem is probably beginning to adjuht to new 
equilibrium conditions o f  air temperature. 
groundwater influx. canopy. and other riparian 
conditions. The downstream extent to which a 
tributary influences mainstem temperatures could not 
be determined from our meta-analysis. The 
downstream influence appears to be a t'uncuon o f  
discharge ratio (watershed area used as a rurrofate 
for discharge). 

While the predicted t;nlperature o f  the Eel River 
below Outlet Creek was surprisingly close to the 
observed value. caution should be used in applying 
watershed area as a surrogate for tlow in these types 
of calculations. This is especially prudent in s)stems 
that are strongly influenced by flow regulation. and 
reach very low summer basetlows, such as the Eel 
River system. 

When establishing stream temperature goals for 
maintenance of certain beneficial uses, watershed 
position is an important consideration. A natural 
gradient i n  stream temperature occurs from the 
headwaten to the lower reaches. This natural 
gradient produces discrete zones with temperature 
regimes suitable for distinctly different fish 
communities and activities (Armour. 1991 ). Stream 
temperature standards should be developed with an 
understanding o f  the natural temperature regimes in 
HUCs throughout the range o f  the coho salmon in 
Northern California. 
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INFLUENCE OF SITE-SPECIFIC ATTRIBUTES 

Introduction 

In Chapters 6 and 7. trends in stream temperatures 
obserrable at broad regional scales were investigated. 
.An appreciation of the climatic regimes that are 
imposed upon strenms acrobs ~ o ~ h e r n  Calilbrnia is 
uheful to gain a better understanding of status and 
trends in water temperature at smaller spatial scales 
ie.g.. uatersheds. streams. reaches). Such an 
appreciation enables one to place watersheds and 
streams in the content ofthe "big picture." 

This chapter zooms in ton finer spatial scale to 
examine [he influence of various site-specific 
attributes on stream temperature. These attributes 
were unfortunately limiting in terms of  sample size. 
For years prior to 1998, values for many site-specific 
attributes that required measurement In the field were 
missing for many sites. Therefore. temperature and 
site-specific attribute data for 1998 were primarily 
used in this chapter. The site-specific attributes 
examined in this chapter are channel orientation. 
gradient. habitat type. and bankfull width. 

Channel orientation seems to have an influence, 
although not a significant influence, on daily 
maximum stream temperatures. The daily maximum 
temperature near the solar equinox was greater in the 
east-west (EW) channel orientation than the nonh- 
south (NS). While i t  was expected that a greater 
channel orientation signal would be apparent in the 
0-24% canopy class, the greatest differences between 
EW and NS daily maximum temperature was 

ON STREAM TEMPERATURES 

observed in the intermediate canopy classes (25.49% 
and 50-74%).Obser\.ed trends may simply be an 
artifact of site location and lack of a sampling design 
specifically developed to address the channel 
orientation issue. 

Stream temperatures generally decreased with 
increasing channel gradient. This i s  most likely 
because sites with higher gradients are generally 
closer to the headwaters. Riffle and run sites had 
average stream temperatures only slightl) higher than 
shallow pool sites. Deep pool sites exhibited the 
highest average daily maximum stream temperatures. 
The geographic distribution of all habitat types was 
not uniform in 1998. A large number of deep pool 
sites were located in the southern portion of the 
SONCC ESU where air temperatures are warmer 
than the northern portion of the ESU. Additionally. 
most o f  the deep pool sites were located in large 
systems, such as the lower Eel River, where the 
stream is potentially too wide for stream-side 
vegetation to provide adequate canopy. Canopy 
closure was less than 20% in 36 out of the 41 deep 
pool sites. The disproportionate geographical 
distribution of deep pool sites and the low canopy 
associated with these sites could account for their 
higher daily maximum stream temperature average. 
Stream temperatures generally showed an increasing 
trend with increasing bankfull width. The sample size 
was too limited to draw definitive conclusions. As 
bankfull width increases, effective stream-side 
shading is reduced. Moreover, sites are usually at 
greater watershed areas and divide distances at higher 
bankfull widths. 
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Influence of Channel Orientation on 
Stream Temperatures 

Streams with generally nonh-to-south or south-to- 
nonh flows have relatively shoner periods o f  direct 
overhead solar radiation than do east-to-west or west- 
to-east flowing streams Isullivan et al.. 19901. 
Arguments for both EW and NS having higher 
stream temoeratures have been made. Given the e n t -  
to-uest solar path and the solar zenith during the 
summer months. riparian vegetation along E-W or 
WE flowing streams might contribute greater shade 
than NS or SN flowing streams. Topographic relief. 
if higher than the solar zenith angle. could also 
provide shade i n  EW/WE streams. Direct sun would 
only intercept EW stream surfaces i n  the early 
morning and late afternoon. a time when solar heat 
energy is near a minimum. The alternative argument 
that EW streams may have higher stream 
temperatures i s  that NS oriented streams have 
relatively shon periods o f  direct overhead solar 
radiation (~ullib',an et al.. 1990). Therefore. riparian 
shade might be less imponant on NS oriented streams 
than along EW oriented streams. Both are valid 
arguments, u.hich leads to the.formulation o f  the null 
hypothesis. that water temperatures in streams u,ith 
NS or E W  orientations are not significantly different. 

The relationship between channel orientation and the 
highest seven-day moving average o f  the daily 
aberege (XYA7DA l  and daily maximum (XYA7DX)  
and the highest daily maximum ( X Y  I D X )  was 
investigated. Channel orientation was derived i n  GIS 
for each site by measuring the downstream bearing o f  
the channel over a distance o f  approximately 600 
meters upstream from the temperature sensor location 
to the nearest degree. Six hundred meters i s  our best 
estimate of the length o f  a thermal reach that could be 
applied across all streams. This may be an 
overestimate or underestimate o f  the length o f  a 
thermal reach at some sites, depending on the size 
and flow of the particular stream. 

Distribution of Channel Orientations 

The distribution of channel orientations for sites 
monitored in 1998 is presented i n  Figure 8.1. Similar 
distribution graphs o f  channel orientation for data 
collected in I990 through 1997 can be found in 

Appendix E. Orientations were grouped into 30- 
degree classes staning at 345". Orientations from 
345' to 15" (a thinv-decree class1 are shown on the . -
graph as a vertical bar between the x-axis origin at 
345" and 15". Orientations from 15' to35' are 
represented by the vertical bar between 15' and 45'. 
and so forth for the other 30-degree classes. The 
cumulative proponion o f  sites in each channel 
orientation class is overlaid on the graph. 

With an understanding o f  the hydrology and basin 
characteristics o f  Nonhern California i t  i s  not 
surprising to find that there were fewer streams in the 
0 "  to 90" and 90" to 180' orientation classes (Figure 
8.1 1. These classes represent streams that flow in a 
northeasterly to easterly or southeasterly to southerly 
direction. Many o f  the Northern California basins 
and watersheds within basins have northwesterly and 
southwesterly orientations. However. streams can 
meander or follow tonuous geologic formations over 
some ponions o f  their total length in a KE.E. or SE 
A:---.:--

. -
* ;2 c : .  

,4! > ,5 -> : : 5  :<! >?$ : z !  :<s :!k 2s : t 5  

Channel Orientation Classes (degrees) 

Figure 8.1. Dibtribution of stream temperature monltarinp 
site, by channel arienrationclaraea. Orientation %a\ 
derived in GIs at a point -600 metera upatresm from the 
stream temperature monitoring b i t e  Orientation i s  i n  a 
dou.nstream direction. 

Polar Plots of Stream Temperature 

Figure 8.2 is a presentation of polar plots showing 
the hig'hest daily maximum temperature ( X Y  IDX I  
for each site by year. plotted u,ith respect to channel 
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N 

1991 
15 Sites 17 Sites 

Figure 8.2. Highest daily maximum stream temperature ("C)with respect lo channel orientation (degrees) for yews 1990 - 1998. 
Orientation was derived in GlS over the reach -600 meters upstream from the stream temperature monitoring location. 
Orientation was determined in a downstream direction along the 600-m reach. 
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Figure 8.2. lconlinuedl 
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520 Sites 
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Figure 8.2. iconlinucd~ 

orientx~on.The temporal uindow from July ? I  to 
.August 19 was impo~ed upon the data to ensure th?t 
the highest temperature values !\ere indeed the "true" 
hiphezt. Sites u ith no more than five missing daily 
records uithin the one-month temporal window were 
used in the analyses. 

Visuiil e~amination of the polar plots in Figure 8.1 
did not rejeal any ob! ious trends. The polar plots can 
be \isually misleading by virtue o f  the distribution o f  
channel orientations. There were more data points in 
those sectors that had a greater occurrence o f  sites 
with a given channel orientation. Careful inspection 
of the polar plots does not indicate a preponderance 
o f  higher X Y  I D X  values in any particular sector. 
Similar polar plots for the XYA7DA are presented i n  
.Appendix E. 

Further graphical and statistical treatments o f  the data 
were performed and are presented i n  the following 
sections. 
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Graphical and Statistical Analyses hy 

Orientation Classes 


Channel orientations sere grouped into two clashes. 
nonh-south or south-north (NS)and east-west or 
\\t\t-eaht tE\V): 

NS 
330 <orlentations30 

OR 
? I 0  Lorientation > I50  

EW 

I 20  2 orientation 260 


OR 
2-10 i orientation < 300 

A thirty-degree mnge on either ride o f  the major 
compass points tN. S. E. and W) uas chosen for 
orientation classes to remove orientation5 that fell 
hetween SS and EW (Figure 8.31. 

Figure 8.3. North-South and East-West channel 
orientation clilases used to assess the influence ofchennel 
orientation on stream temperatures. Shaded area represents 
30 degrees on either side of cardinal directions. 
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Figure 8.4. A\.erage of the hiphest dail) maximum stream temperamre by orientation class and year. EW = streams uith 
orienrationr floucng ea~t-west or west-east: S S  = stream, u i t h  orientation, flowing nonh-south or south-north. Error bar. 
rcprraent tuo rtandard de\iatlonr. h'umber of rite, in each orientation claha ia shown obove the error bilrr. 

Thebe borderline orientations would include channel 
orientations such as NSE. NSE. SSW. and NNW. 
These borderline orientations could possibly- obscure 
any dixernable trends in stream temperature with 
respect to channel orientation. 

Figure 8.4 shows the class a\,erage XY IDX by 
orhentation class and year. The error bars represent 
plus or minus two standard deviations. The EW 
froup exhibited higher a\'erage temperatures 
compared to the NS group for each yearly 
comparison. The differences between EW andh'S 
average temperatures lessened in 1997 and 1998. 
probably due to a greater sample size with greater 
representation of streams in each of the channel 

orientation classes. Error bars overlapped between 
orientation classes within each yearly comparison. 
No significant difference was discernable betueen 
the NS and EW orientation classes in any of the nine 
years as exhibited by the overlap in error lmrs. 
Comparisons should be made between orientation 
classes within a given year only. since different sites 
were monitored in each year. 

An analysis of variance (ANOVA) was performed 
using the PROC GLM procedure in SAS (1985). the 
preferred procedure for unbalanced designs. Both 
orienrarion class and Fear were used as independent 
variables in the model. with an interaction tern 
included (Table 8.1). 

Table 8.1. ASOVA Result, of Highest Daily Maximum Stream Temperature Versus Channel Orientation and Year and the 

Sum of 
Source DF Squares Mean Square F Value P r > F  
irlodel 3 508.954 15 169.65138 1 1 .?3 <0.000 1 
orientation class I 14.1398851 14.1398854 0.94 0.3335 
year I 41 1.6886690 41 1.6886690 27.26 <0.0001 
year*onentation class I 11.0875693 11.0875693 0.93 0.3344 
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Rehults of ,ASOVA 5houn in T ~ h l e  S.1 indicate that 
the nlodel aas \ignificant. u i t h  a probability of 
<O.ODOI. Hoae\cr. the l u rp r t  rource o f  variability in 
X Y  ID X  an5 explained by the yrur nlodel term. 
Significant differencer in the X Y  I D X  across )ears 
isah expecvd due to the different sires that !rere 
inionitored across years. The orinrr'rriotr c i ~ r rand 
yi,tir',~ri<,rrr(rrio,r cl<,.;r terms in the model were not 
rignificant. Similar statistic5 performed on the 
high&[ relen-day movinp average o f  the daily 
;lverafe and the lhighe~t seven-day moving auerage o f  
the daily ma.rimum returned himilar results. .Also. 
rcientific curiosity led to the examination o f  the 
lowest daily minimum temperature metric u i t h  
respect to channel orientation. S o  significant 
rel:ttionship was found. 

Thehe findings are consi>tent with other researchers 
iSui f t  and \lesser. 1971: Sulli\.an et al.. 19901 u h o  
found that channel orientation did not account for 
differrnceb in stream tenlperatures. Sullivan et 21. 

t19901 found that in htrrams tlouinp easterly or 
lvesterly. there appeared to he a slightly lower 
maximum and mean stream temperature and diurnal 
lluctuarion. Unfortunately. in the Timber. Fish. and 
LVildlife Study iSullivan. 1990) there were relatively 
feu hrreams that tloued EW or WE. and those that 
did sere p;lnially shaded.making comparisons 
tenuous. .Although the relationship beta.een channel 
orienvdtion and stream temperature is not strong. 
some states' forest practice guidelines have in the 
past conditioned buffer-strip shade requirements 
based on channel orientation. 

Channel Orientation and Canopy 

The interaction between channel orientation and 
canopy w a  eamined for streams i n  Piorthem 
California. The streams used i n  the examination o f  

the intluence of channel orientation on stream 
temperature consisted o f  a diversity of channel 
uidths and canopy closure values. Sires ivith non- 
null canopy values \\ere used to examine the 
relationship betueen stream temperature versus 
channel orientation and canopy. The year v i t h  the 
least number o f  null values for canopy \%as 1998. The 
hame channel orientation classes ISS  and EWI and 
canopy classes (0-34G. 25-49', 50-745. and 75-
IOOcc) byere used to group stream temperature site>. 
.At lo\\er canopy classes. higher X Y  I D X  values \yere 
obser\ed. Within canopy classes there \\ah no 
significant difference berueen average X Y  iD X  
values obser\.ed i n  each channel orientation cia>>. 
Table 8.3 shows AXOVA results for the compJrt\on. 
C[r~rop?clrrss was a significant ,nodel term 
explaining the variability in the highest ~ la i l )  
maximum stream temperature. C l i i i ~ r~ i r l  orrorr(rri,v~ 
%\as not significant singly or in it, intsraction it  irh 
the cnrrop? riars term. 

The highest 1998 daily maximum temperature ;It ea6.h 
site usually occurred during the last t uo  n e e h ~  in 
July and first two weeks in August. This uar  true for 
a11 years in our data set. The sun azimuth i s  louer 
during this time of year than near the rime o f  the 
summer equinox. The illlluence o f  channel 
orientation and canopy on stream temperature may be 
more pronounced near the solar equinox. The daily 
maximum stream temperature observ.?d at each bite 
on June 26. 1998 and the highest 1998 daily 
maximum were compared. Not all sites u i rh X Y  I D X  
values had stream temperature data for 26 June 1998. 
Therefore. to make valid comparisons. the same shes 
must be compared. Only X Y  I D X  values for sites that 
had valid 26 June daily maxima usre used in the 
comparison. Figure 8.5 indicates that there was a 
larger difference between EW and NS 16 June d a i l ~  
maxima in the two intermediate canopy groups 

Table 8.2. .ANOVA Results of Highest Daily .\laximum Stream Temperature IXY IDXO Versus Channel Orientalion and 
Cunopv Clmies and the Interaction Ten .  

Sum of 
Source DF Squares \lean Square F Value P r s F  
>lode1 7 1133.584-t71 161.940693 16.28 <O.OOO 1 
orientution class I 6.5332162 6.5332162 0.66 0.4186 
canopy class 3 935.2782937 311.7594316 31.35 ~0.000I 
orien~ation'cnnopy 3 65.5386MJ ?I8462215 2.20 0.0898 
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Figure 8.5. Compilri\on o f  the dail! maximum qtrcam tcmpemture rnc~rurcd on 26 Juns 1998 and the highuxi IYYS d i i !  
mo\imum h! orientallon c l w  and canop) cla5r. IA1 26 June &ail! maximum h! orientalion ~13.5. ( 0 126 June dail! mu\lmum h! 
orientation c l ~ r  and canop! clnrr. ICI hlphe\t I Y Y X  *ail! makimum b) ori~.ntaion clu\\. and ID]higher1 IYYX daily makirnum 
h! orientation clars and canop! clahh. E\Y- >Iream> with oricniatirm\ tlowin: va\t-ac\t or ue\t-ru\t: KS = \rr~.sm\ a $ i h  
orientation, t lnulnp nonh.,oulh or south-north. Sumhrr ahove error bar i b  the numhur o f  rite5 in  the orientailon cia,,. 



tFigure 3.5-Bt compared to the S Y i D S  talues char 
occur I:iter in the !ear tF i~u re  8.5-Dt. While there 
heem\ to he :Ihtron2i.r iliannel orientation signal in 
the 26 June daily ni;lrimum htreatn temperatures. the 
rearon the 5ignal onl) .i~)pears in the 25-49L) and 50- 
74F canop) classes i s  unclear. Tupographic shading 
nia! account for the louer daily maxima obherved in 
the SS orientation group at the lo\vest and highest 
cilnopy c lmeh.  hloreover. differences in canopy 
~iie;thurement procedures and varying channel lengths 
:1lon2 ul i ich canopy uas nieabured upstream from the 
btrearn teniperature *ensor may partially explain the 
results, .A \tudy \pecifi~.ally designed to address the 
channel orientation is\ue i f  ivarranted. 

Streams with \side channels have a reduced hliadinp 
?ffecuvenesb from stream-side veptation hecause o f  
the distxnce o f  the c:lnopy from the srrcatn. Streams 
n i l h  \uch wide channels tvould most likely show 
\ t r y  little correlation bet\reen stream temperature 
and channel orientation. Out o f  548 sites u i t h  1998 
stream teniperature daw. 365 had non-null canopy 
\due\ .  O f  these 365 sltes. 203 fell within one o f  the 
four urientation quadrants IFigure 8.31. O f  these 203 
hits\ uhed to a3bess the relat~onship between canopy 
and channel orientallon. the five sniallest 
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yatershed xreasiZ1. 85. 93. 142. and I49 liectarehr 
in the data bet a11 had canopy values greatcr than 
90%. O f  the 203 sites. the five largest uarershed 
areas had canopy values o f  50.0.0. I.and 0%. The 
iOCc value may be anomalous. Some inveitigators 
placed temperature probes in side channels o f  louer 
mainstem rivers to characrerlze the extent o f  thermnl 
refugia. Side-channel canopy values could potentiall) 
be higher than wider. mi~instem channelb. 

To  asses* the interaction b e t ~ e e n  canopy and 
channel orientation on water temperature in streams 
o f  similar size. an arbitrary waterbhed area o f  
:15.000 ha \\,as used to subset the 1998 data. L',ing 
the relationship between drninage area and bankfull 
( 4 t h  shown ill Figure 8.6. a drainape area o f  
:ipproximntely 18.000 hectares 1-70 square m l l e \ ~  
corresponds to a bankfull \\idth o f  -12 m 1-40 ftr. 
This ~batershed area and correspondin: bnnkfull 
width \vould potentially be capable of p ro~ id ing  
riparian 5hade given adequate canopy retention. The 
Jibwnce \\here streams may become roo aide for 
\tram-side vsgetation to provide adequate \hadin$ I, 
empirically developed using FSP data in Chapter Y -
Canopy. 

Figure 8.6. Bankfull surface width versus drainage area - Upper Salmon River. Idsho. Locnl variations in bankfull width may be 
lignificant. Road Creek widths are narrower becaure of lower precipitarion. Taken from RSRWG (1998). 



FSP Regional Stream Temperature Assessment Report 

The relationship between XY IDX .  channel 
orientation. and canopy class was examined for sites 
with watershed areas less than or equal to 18.000 ha. 
ANOVA revealed that no significant difference in 
XY I D X  existed belween channel orientation within 
each canopy class. However. there was a significant 
difference in XY I D X  between canopy classes. 

Sullivan et al. (1990) found that EW oriented streams 
had slightly lower diurnal fluctuations than NS 
oriented streams. This relationship was examined for 
the average diurnal tluctuation for the time period 
between July 21 and August 19. 1998. for 213 FSP 
sites. D~urnal  fluctuation values (daily maximum -
daily minimum) for 27-1 FSP sites and 243 FSP sites 
with watershed areas less than or equal to 18.000 ha 
(-70 i q  mi l  did not reveal any significant differences 
between channel orientation classes (Figure 8.7).  

5 + 

All S l t u  ' 
A 

Canopylchannel orientation interaction and average 
1998 diurnal stream temperature fluctuation usas 
examined for FSP sites with watershed areas less 
than or equal to 18.000 ha. The results are presented 
i n  Figure 8.8. Similar to the comparison o f  XY I D X  
(Figure 8.5). there was no significant difference i n  
the diurnal fluctuation between each channel 
orientation class within a given canopy clas5 (Figure 
8.8). 

There appears to be a slightly higher diurnal 
fluctuation i n  the EW orienlation group for the 0- 
24%. 25-49%, and 75-100% canopy classes. 
although the differences were not significantly 
different from the NS orientation group. Greater 
sample size i s  required in the lower canopy classes in 
each o f  the channel orientation classes to definiti!.el! 
determine whether a difference actually exists. 

Figure 8.7. Cumpariaon of average diurnal fluctuation by channel orientation cia,,. Diurnal fluctuation il\rrafcd for Jul) ?I 
through Augur1 19. 1998. A11 b i t e r  IAI and sites with watershed area lehr than or equal lo 18.000 ha IBI. 
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Figure 8.8. .Avi.r;l$e 1998 iliurnd lcrnpcrarurr tluctuation by 0rienr;llion and canopy ciars ior IS1 \ i re\  uirh uursr\hcd arcu 
lu.\ th;m or tquol lo IX.i100 heclarer 1-70 \q, mi.).EW = \rrramh with e ~ s t - \ b e \ t  or ueht-rust orienlationr: SS = \trsam, >rich 
m,nh.roulh or wulh-nonh arirnralion,. Error barb reprebent ttvo btandard devinr8onr. Number ot'\~re> in each orientalion CIS\\ I \  

\ho\in 3b01.c the urror ha<\. 

Influence of Channel Gradient on 
Stream Temperatures 

Channel gradient i b  an important factor intluencing 
htream temperature. Gradient may be correlated with 
orher variables such as tlow. bankfull width. 
elevation. distance from watershed divide, and 
channel [we.  While gradient is col~elated with other ,. 
variables. i t  may be more responsive to more 
localized channel characteristics that are not 
discernable with other independent variables. 
Gradient may serve as a surrogate for flow, and 
hence its significance and inclusion in the empirical 
models described i n  Chapter 10. Very few flow 
meaburements were collected by FSP cooperators. 
too few to be used i n  a regional assessment. 

Channel gradient is determined by measuring the 
change in vertical distance over a given horizontal 
distance. Gradient may be expressed i n  m h , ftlrni. 
or percentages. Channel gradient was a GIs-derived 
variable in FSP's stream temperature assessment. 

The average gradient along a 600-m reach upstream 
from the stream monitoring point was determined 
using an Avenue script macro proyam executed i n  ~. 
Arc v iew.  4 30-m dfgital elevation model was used 
with digital raster graph images o f  I:24.000 USGS 
quadrangles. A more detailed description o f  the 
procedure can be found i n  Chapter? - Methods. The 
avenue script code can be found i n  Appendix A. 

Figure 8.9 shows the distribution of channel 
gradients for streams where temperature was 
monitored i n  1998. There were 60 sites with 
gradients of zero. There were 23 sites that had 
negative values due to their low gradients and the 
inability to determine these low gradient streams with 
existing digital elevation models. Gradients ranged 
from zero (including negative gradient values) to 
244 ,  with about 80% o f  the sites having gradients 
between zero and 5%. Thus. a large majority of 
temperatures was measured at sites with gradients 
potentially suiiable for coho salmon. 
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Ficure 8.9. Distribution of 1998 stredm temoerature -
monitoring sites by channel gradient classes. Gradient was 
derived in GIS along a -600-m reach uprtream rrom the 
\[redm temperature monitorinp site. 

\'ariation in the highest 1998 daily maximum stream 
temperature IXY IDX) with channel gradient is 
presented in Figure 8.10. There was a decreasing 
trend in  XY lDX with increasing gradient. This trend 
m;ly have several underlying mechanisms. As 
gradient increases. the distance from the watershed 
divide and drainage area decreases. Stream 
temperatures are expected to be cooler closer to the 
headuatek. Streams become narrower at higher 
gradients. thereby making riparian vegetation more 
effective in providing shade. 

The average XY IDX for all channel gradient classes 
(Figure 8.10-A) was less than 26°C. the upper lethal 
incipient threshold for juvenile coho salmon. 
Subtracting a two-degree safety margin from the 
upper lethal incipient threshold, as suggested by 
Coutant ( 1972). offers another reference temperature 
which to compare stream temperatures against. None 
of the channel-gradient-class XY IDX averages 
exceeded the safety-margin reference wlue (Figure 
8.10-B). However. examination of the scatter plot 
shows that at many sites, both the 26'C and 24°C 
reference values were exceeded. At channel gradients 
greater than approximately 10%. temperatures did not 
exceed the lower reference value. However, channel 
gradients greater than 10% are probably too steep to 
serve as potentially suitable habitat forjuvenile coho. 

Steelhead trout can be found in high-velocityhigh- 
gradient streams (Barnhart. 1986). 

Analysis of variance using the PROC GLM 
procedure in SAS (SAS. 1985) revealed that for 518 
sites in 1998. channel gradient explained about 10% 
of the variability in XY IDX. XYA7DA. and 
XYA7DX. All three models had significant F values. 
Channel-gradient class averages for the three 
temperature metrics u,ere significantly different at the 
0.0001 level. Channel gradient was considered an 
important variable for inclusion in the empirical 
models presented in Chapter 10. The four gradient 
classes were used as categorical variablesin the 
models. 

Influence of Habitat Type on Stream 
Temperatures 

While the Forest Science Project Stream Temperature 
Protocol (Appendix A )  calls for placement of 
temperature sensors in well-mixed habitats. e g . .  
riffles and runs. many data contributors placed their 
sensors in pools. There u h  no overridin~sampling 
design. Each organization had their own objectives 
for monitoring temperature. which often included 
characterization of the extent of cold water refugia. 

Figure 8 1 I presents the distribution of sites 
monitored in I998 by habitat type. Out of 518 sites 
for which complete. uninterrupted temperature data 
were available between July 21 and August 19.466 
sites had non-null habitat type values. About 50% of 
the sites were in either riffles or runs. The remaining 
50% were in shallow pools, medium-depth pools. or 
deep pools. 

Figure 8.12 shows the average XY IDX for each 
habitat type. Riffle and run sites had average 
XYIDX values only slightly higher than SPOOL 
sites. DPOOL sites exhibited the highest average 
XYIDX. The geographic distribution of all habitat 
types was not uniform in 1998. A large number of 
DPOOL sites were located in the southern portion of 
the SOh'CC ESU where air temperatures are warmer 
than the northern portion of the ESU. Additionally. 
most of the DPOOL sites were located in large 
systems. such as the lower Eel Ri\,er. where the 
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Figure 8.10. V:tri;c~ioni n  the higheht 1911%d;ul) mo\imum *tiearn temperature IXYIDXI with channel gndient. Scxter plot I:\I 

:~nd barLh;ln 16,. Grorlient cla-,e\ >re I = < I r i , 2 = IICr to <S?. 3 = SCr to <IOrr. and 4 = >iOCr. Gradient uar Jrr i i rd  in GIS 
;~l<m$ from the >lie:bm temperature monilorinr \Ire. ;I -6llll-m ruth up,lr?:lm 

Figure 8.11. Dirtr~hutionof I998 \rrcfim rrrnpemturr 
rnonltortnp ,i~c* h!. habitat type. Plotted line i s  the cumulative 
pmponioo. SPOOL = ,hallow pool lebs than 2 i t  in depth. 
JIPOOL = medium-depth pool 2-10 .I i t  in depth. DPOOL = 
deep pool Sreater lhan 4 ili n  dsplh or pool, \ubpected of 
inuinrilininp thcrrndi rtmritic~tian. 

,Ir.. ,....... ;?::L .<>::L : a : : :  

kb l ta t  Classes 

stream is too wide for streamside vegetation to proper geographic context. I n  any given stream. deep 
provide adequate canopy. Canopy closure was less pools are expected to be cooler than riffles or runs 
than 2052 in 36 out o f  the 41 DPOOL sites. The from the same stream. A misleading view o f  stream 
disproponionate geographical distribution of DPOOL temperatures can result by having a preponderance o f  
sites and the low canopy associated with these sites deep pools i n  a restricted (warmer) geographic area 
could account for their higher XY IDX average. and i n  predominantly large stream systems. The 

habitat types used i n  this assessment are relative 
Comparing temperatures i n  different habitat types terms. A deep pool i n  a low-order stream may be 
across broad geographic areas may be inappropriate. similar, at least in terms o f  depth, to a riffle or run in 
as shown in Figure 8.12. unless the sites are placed i n  a high-order stream. 
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Figure 8.12. Average of the highest 1998 daily maximum 
stream tcmperilturc b! hnbilat type. Habivat I!pe\ are 
defined in Fipure 8.1 i caption. Error bar* repre\ent 22 
\tanJard deviali~m~. Sumbur of  site, i n  each habitat type 
fire hhoun above error bar. 

Influence of  Bankfull Width on 
Stream Temperatures 

The number o f  sites for which bankfull u,idth u,as 
provided uas somewhat limited. I n  1998 there were 
I76 sites for u hich bankfull width was available. The 
frequenc) distribution o f  1998 bankfull midth values 
is shoun in Figure 8.13-A. Approximately 90% of 
the sites had bankfull widths less than 32 m. This is 
the width at which canopy is estimated to become loo 
wide for riparian vegelation to effectively shade 
streams (See Chapter 9). Figure 8.13-B shows a 
general increase in stream temperature with bankfull 
width. Bankfull width is correlated with divide 
distance and watershed area. 

Bankfull width is an imponant variable i n  all of the 
process-based models compared by Sullivan et al. 
i1990). In  empirical models developed by Sullivan et 
al. ( 1990) for 36 sites in U'ashington. bankfull width 
was highly significant in explaining the variability i n  
stream temperature. I n  the presenl study. about 44% 

o f  the variability in the highest daily maximum 
stream temperature was predicted by log,,, bankfull 
width. However. this u,as based on a small sample 
size. There i s  a strong correlation bet\t,een bankfull 
width and discharge (Barrholow. 1989). A l l  the heat 
flux processes i n  the SSTEMP model. and other 
process-based models. occur at the air-u ater or 
water-ground interface, both interfaces being 
functions o f  stream width. Bankfull width is 
negatively correlated with canopy closure. As 
streams widen. the ability o f  riparian \,egetation to 
provide effective shading is diminished. The 
interplay between bankfull width and canopy is 
discussed in Chapter 9. 

Interactions 

The variables discussed in this chapter are stronel\ .. 
correlated with other stream characteristics. such as 
canopy. divide distance. watershed area. and 
elevation. Table 8.3 presents a Pearson correlation 
matrix for three site-specific attribute5 (channel 
orientation. channel gradient. and bankfull u i d t h ~  
examined in this chapter. canopy Idiscu5sed in 
Chapter 9).and three watershed variables (divide 
distance. watershed area. and elevation). 

The site-specific variables presented here ma! 
inteerate a cadre of factors that influence stream 
temperature. However, many o f  the correlating 
variables are easier to estimate. Most o f  the 
correlating variables were derived in GIS. Houe\.er. 
i n  predicting stream temperatures using \.ariables that 
cornelale well with cenain site-soecific attributes one 
loses some amount o f  site-specihc information. I n  
our study. we gain significant numbers o f  
observations by using correlated variables rather than 
site-specific attributes. Table 8.3 shows the large 
decrease in sample size when bankfull width i176 
sites) or canopy (376 sites1 is used i n  a comparison. 
Gsing both bankfull width and canopy in a model 
would limit the sample size to 161 sites. 

http:Houe\.er
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Figure 8.13. Frequency dirtributlon 1.41 of 176 rtrenm temperature moniloring siter rnearured in 1998 u.ith noo.nul1 bnnkfull 
\iidth>. Plotted line i\ the cumululi\e proportion. Plot B *hour the hiehell daily maximum temperature versur l o g ,  bankfull 
i%idth in meters. Reprer..ion equecion I,. XYIDX = 10.9007+ 6.103-IwLOGBF.R' = 0.4366. 

. 
Table 8.3. Pear\on Correlallon Coefficient\ for Various Sile-Spr(:tic and Watershed-Level Attributes for 1998 Stream 
Tr.mperarure Data Set 

canopy channel log,,, log," 
closure gradient divide distance watershed area elevation 

.0.605 i .0.4005 I 0.80727 0.80481 0.23 104 
log,,, <o.ooo 1 <0.000 1 <o.ooo 1 <o.ooo 1 0.00?0
bankfull width 161 176 176 176 176 

canopy 0.30481 -0.68279 -0.69808 -0.05772 
closure <0.000 1 <0.0001 <0.000 1 0.1643 

376 376 376 376 

channel -0.49288 -0.49659 0.?5?43 
gradlent <0.000 1 <0.0001 ~0.0001 

518 518 518 

0.98683 -0.10064 
log,, <0.0001 <0.02?0divide distance 

518 518 

-006548 
log,, 0.1366watershed area .,C I S," 
NOTE:Top number is Pearson correlation coefficient. middle number is probability of correlation due to random chance. and 
bottom number is number of sites. 
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Summary 

Channel Orienlntior~ 

Graphical and statistical evaluations o f  the 
relationship between X Y  I D X  and channel 
orientation did not show any significant differences 
between channel orientation classes. Averages for 
X Y  I D X  were slightly higtier in the EW orientation 
class. although they were not significantly different 
from the NS orientation class. 

Examination of canopy closure i n  relation to channel 
orlentation did not show any significant differences 
between channel orientation class within each canopy 
class. That is. the interaction between canopy and 
channel orientation usas not significant. Houjeyer. 
there were significant differences i n  stream 
temperatures across canopy classes. with the lower 
canopy values showing higher average values for the 
highest daily maximum stream temperature. Other 
temperature metrics. i.e.. XYA7DA and XYA7DX 
shoaed sirnilar.trends with respect to channel 
orientation and canopy closure. The influence o f  
canopy of stream temperature is explored in depth in . 
Chapter 9. 

Diurnal fluctuation was compared at each channel 
orientation for all sites combined and sites with 
watershed area less than or equal to 18.000 ha. N o  
significant differences were determined. The 
interactive effects of channel orientation and canopy 
on diurnal fluctuation was not significant. Similar to 
the X Y  I D X .  diurnal fluctuation i n  each canopy 
closure class showed significant differences, with the 
lower canopy classes showing higher diurnal 
fluctuations. 

Given all the other factors that have been shown to 
influence stream temperatures (e.g.. canopy. air 
temperaturer. channel orientation appears to play a 
minor role. Due to a lack o f  significance in the 
interaction between canopy class and channel 
orientation, special canopy retention levels for cenain 
channel orientations may not be warmnted. Canopy 
was shown to be significant i n  influencing stream 
temperatures. The relationship between canopy and 
stream temperature is explored i n  greater depth i n  
Chapter 9. 

A l l  sites in our regional stream temperature analysis 
contained non-missing values for channel orientation 
due to our ability to derive this attribute in GIs. Out 
of 548 sites with water temperature data available for 
regional analyses i n  1998. 365 had non-null canopy 
values, and o f  these 203 fell i n  one of the four 
channel orientation quadrants (Figure 8.3). There was 
an even greater paucity o f  canopy data in years prior 
to 1998. These data voids are a great impediment to 
our ability to discern regional status and trends in 
stream temperatures and the factors that control them. 
A statistically valid sampling design coupled with 
canopy measurements collected using a consistent 
protocol is needed to better address the interaction 
between channel orientation, canopy. and stream 
temperature. 

Clrannel Gradient 

There was a decreasing trend i n  X Y  I D X  with 
increasing gradient. This trend may have several 
underlying mechanisms. As gradient increases. the 
distance from the watershed divide and drainage area 
decreases. Stream temperatures are expected to he 
cooler closer to the headwaters. Streams become 
narrower at higher gradients. thereby making riparian 
vegetation more effective in providing shade. 

None o f  the channel-gmdient-class X Y  ID X  averages 
exceeded the 24°C reference value t f igurr  8.10.81. 
H~we!~er.examination o f  the scatter plot shou. hat 
at many sites. both the 26°C and 23-C reference 
values were exceeded. At  channel gradients greater 
than approximately 10%. temperatures did not exceed 
the lower reference value. However. channel 
gradients greater than 10% are probably too steep to 
sene as potentially suitable habitat for juvenile coho. 

Analysis o f  variance using the PROC G L h l  
procedure in SAS (SAS. 1985) revealed that for 5 18 
sites in 1998. channel gradient explained about 10% 
o f  the \,ariability in the X Y  IDX .  XYA7DA.  and 
XYA7DX temperature metrics. A l l  three models had 
significant F values. Channel-gradient class averages 
for the three temperature metrics were significantly 
different at the 0.0001 level. 



Habirar Type 

Riffle and run sites had averase X Y  ID X  ualues only 
\lightly higher than SPOOL *its\. DPOOL sites 
exhibited the highest avemge XY IDX .  Comparing 
temperature, in different habitat types acroys broad 
geographic areas may he inappropriate. unless the 
hitcs are placed in proprr geographic conte.xt. I n  any 
given stream. deep pools are expected to be cooler 
than r i f t l o  or runs from the jame rtream. ,A 
misleading view of stream temperatures can result by 
having a preponderance o f  deep pools in a restricted 
(unrmerl geographic area ;lnd in predominantly large 
stream ';?stems. The habilat type5 used in this 
assessment are re1atij.e isrms. .A deep pool in a low-
order stream may be similar, at least in terms o f  
depth. to a rift le or run in a high-order stream. 

Chapter 8 - Site-Specific .Attributes 

Bankfull width is an important variable in many 
process-based models. In  1998 there %ere 176 site\ 
for which bankfull width was available. 
.Approximately YO% of the sites had bunktull widths 
less than 32 m. In the present study. about 44% of the 
wriability in the highest daily maximum stream 
temperature bras predicted by log,,, bankfull tsidth. 
Bankfull width is negatively correlated with canopy 
closure. .As streams widen. the ability of riparian 
vegetation to provide effective shading i s  diminished. 
The interplay between bankfull width and canopy i s  
discused in Chapter 9. 

http:conte.xt




Chapter 9 

INFLUENCE OF CANOPY ON STREAM TEMPERATURES 

Introduction 

Canopy has been widely acknouledped as 
intluencing stream temperature. Canopy, or some 
derivative thereof. i s  an input variable in many 
process-besed stream temperature models. In  
Sullivan et al. (19901 canopy. in some form. was 
included in all but one of the six stream temperature 
models that were evaluated. 

I t  has been shown that timber harvesting or road 
building that removes riparian vegetation (canopy) 
increases the water temperature of the adjacent 
stream. In Xonhern Coastal California. maximum 
stream remperature has been documented to increase 
by as much as 9.4"C (17'F) after complete removal 
o f  riparian vegetation (Kopperdahl et al.. 1971 ). The 
report cites numerous other increases i n  nonhern 
coastal stream temperature after complete removal of 
riparian canopy. Increased solar radiation due to 
canopy removal was cited as the primary cause of 
increased stream temperature. 

There is little debate today over the fact that complete 
removal of riparian vegetation can elevate stream 
temperatures. Scientific literature abounds 
documenting increased stream temperature with 
decreased canopy. The debate today is more over 
how much canopy must be retained to provide 
adequate stream protection. Changes made in the 
1980's to California's Forest Practice Rules prohibit 
complete removal of streamside vegetation and 
require "at least 50% of rhe oversto? and 50% of 
tlte rmdersror?, canopy coi*ering the ground and 
adjacent u,aters shall be le/i in a well distributed 

~~rrrlri-rtoriedstir~td co~ltposed of r i  di\.r,rrin. ofsprcirs 
s i~~ i i lo rto rlrrrr forr~td before rhe rrnrr ofope,-(rriorrs 
(CDF. 1999). 

What exactly is cm~op?'?What may appear as a trivial 
question is actually quite comple~.  The canopy that 
intluences stream temperature is more than just the 
riparian cover over the site u here temperature is 
monitored. Water temperature at a site i sa  function 
of both the local site conditions and the temperature 
of the incoming upstream water. The theoretical 
upstream distance above a water temperature site 
uahere factors. such as air temperature and canopy. 
influence water temperature is known ah a rlrer~~ml 
reuclr ITFW. 1993). Once above the thermal reach. 
different canopy values or other changes i n  riparian 
conditions are not expected to affect stream 
temperature at the downstream terminus o f  a thermal 
reach. A study of 14 Oregon streams found that water 
that was slightly warmer i n  areas recently clearcut, 
with 8.6- to 30.5-m buffers along the stream. cooled 
to "trend line" temperatures, i n  most cases, within . 
150 m downstream (Zwieniecki and Newton. 1999). 
The decrease in canopy affected stream temperature 
for approximately 150 m. For those streams. the 
thermal reach may have been about 150 m. However. 
the larger the stream the slower i t  is to respond to 
changes i n  the physical environment. Thus, larger 
streams have longer thermal reaches. The length o f  a 
thermal reach varies from site to site and is difficult 
to determine. The notion of thermal reach may be 
useful from a conceptual standpoint, but may have 
little operational value because i t  cannot be 
measurably defined. 
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A thermal reach is a reach with sim~iar (relatively 


I 
homoaenous) riDarian and channel conditions for 

a sWff!iient dtitance to allow the stream to reacn 

equl. Brlum w.tn tnose cona:l ons Tne engtn of 

reach required to reach equilibrium will depend 

on stream size lesoeciallv water deoth) and 

morpnology ~ T F W '1993; A deep 510; morlng 

stream responos more stowly to neat ~ n p ~ t s  
ano 
requires a longer thermal reach, while a shallow, 
faster moving stream will generally respond faster 
to changing riparian conditions, indicating a 
shoner thermal reach. Generally, it takes about 
300 meters (or 1000 feel) of similar riparian and 
channel conditions to establish equilibrium with 
those conditions in fish-bearing streams. 

The canopy o f  interest is canopy co\.er o\.er the entire 
thermal reach. Since the length o f  a thermal reach 
varie\ from site to site and i s  not clearly understood. 
i t  is entire13 possihle that the canopy that \\as 
measured in the field and submitted to the FSP uah 

'not the operative canop! that illtluenceh streani 
temperature. 

Prior to a dtscussion on canopy closure and stream 
temperature relationships i t  should be pointed out 
that canopy closure is not the operative variable for 
abhe\hing trend, in stream temperature. I n  reality. 
ef fect i~eshade i\the \.anable that would he51 
correlate with stream temperature. For example. in an 
e;ast-west t lou in: stream found at Nonhern 
California latitudes the sun on August I would be 
nonli of the river at middo!. If all the shade- 
producing vegetation was on the nonh side o f  the 
stream. than the effective shade may be near 100%. 
uhrrcas canopy closure may be only 50%. I n  the 
cahe where shade-producing vegetation was found on 
both nonh and south banks. on August 1 the effective 
shade \\auld still be near 100% and canopy closure 
ma!. be also be near 1005. The relationship beween 
effective shade and canopy closure should be borne 
in mind when interpreting the relationships between 
canop) closure and stream temperature discussed 
below. 

Canopy Measurements 

The canopy values submitted to the Forest Science 

Project for inclusion in the regional stream 

temperature assessment were collected using a 

diversity o f  methodologies. Some cooperators used 

concave spherical densiometers and measured canop) 

only at the location where the lemperature sensor was 

deployed. Others. using the same device. me~sured 

canopy along a t l te r~?~a l  
reacli. the reach length o f  

which \,aried by cooperator. and submitted average 

canopy along the reach. The length o f  the tlicrnmal 

reach along which the canopy was measured uas 

requested from each cooperator. However. often the 

thermal reach length value was null. Other times. the 

reporred thermal teach length \ n s  tens of thousands 

o f  meters. hlost likely the cooperator submitted the 

length o f  the entire tributaty. 


Some cooperators estimated canopy closure opticall! 

A canopy closure computer-generated card (Figure 

9.1) was provided to cooperators for use in 1998 in 

:.? attempt to increase the number of bites u i t h  non- 

null canop) values. The card served to calibrate the 

eye to different canopy levels. The card presented 

canopy closure in 10% increments. in three different 

crown geometries. The field person could visuali) 

match the canopy closure observed overhead to the 

nearest canopy closure image on the card. The card is 

an adaptation of one used by the liational Forest 

Health Monitoring Program (Lewis and Conkling. 

1991). 


Canopy Closure (%) 

95 85 75 65 55 45 35 25 15 5 

\>Jg @ @ @ fa. <j:.J ci 

Figure 9.1. E~amplcof computer-generated canop! 

closure card used by \ome FSP cooperators ta e*limatc 

canop! ciohure at stream temperature monitoring hitch. 




Considering the different ~iiethodologies used to 
collect canopy data submitted to the FSP. Iarse 
sources o f  variabilit) exist. A FSP T~c l~ ,~h . r r liVore 
can be found in Appendix B that compares different 
canopy measurement methodologies. The canopy 
data supplied by the cooperators may represent 
different attributes o f  canopy corer and geometly. 
This leads to two substantial concerns. First. a great 
amount o f  "noise" is  introduced into fitted models 
when mixed canopy meaburement systems are used. 
Second. different canopy measurement systems 
probably have their own characteristic canopy. 
teniperature relationships. Thus. the parameters for 
;In) fitted model using canopy data may be a function 
o f  the diversity of different methods used to measure 
canopy. Analyses uould be less amb~guous i f  the 
same protocol w a  used for measuring all canopy 
values at each stream temperature monitoring site. 

Distribution of Canopy Data 

Figure 9.2 shows the frequency distribution o f  
canopy values in each year. Without a probability- 
based sampling design. the true distribution o f  

Chapter 9 -Canopy 

canopy values cannot be determined. There were no 
canopy data submitted in conjunction with 
temperature data collected in 1993 and earlier. There 
were relatively few values submitted for 1994 
through 1996. Figure 9.2 shows that the distributions 
of canopy closure values were not evenly distributed 
across all canopy bins. There were greater numbers 
of sites in the lowest (0  - 10%) and highest (90 -
IOO%, canopy bins than in the midrange o f  the 
distribution. I t  is unknown i f  the distribution was due 
to a bias in canopy estimation methods. a bias in site 
selection. or i f  the distribution reflects the "true" 
distribution in canopy \,slues. 

Fisure 9.3 shows that the geo:raphic distribution of 
canopy data i n  each year was not uniformly 
distributed. In 1995-1997. sites were clustered in the 
northern and southern ponion o f  the study area. Thir 
pattern is particularly true for 1994 through 1996. 
making them inappropriate for reeional analyses. I n  
1997. data were still somewhat patchy. while 1998 
was much more geographically homogeneous. Thus. 
the focus o f  this chapter wi l l  be on 1998 canopy data. 
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.Monitoring sitas 

1994 

Figure 9.3. Geographic dislribution of stream temperamre monitoring sites with non-null canopy closure values for 1994 
through 1998 and all years combined. 



FSP Regional Stream Temperature Assessment Reporl 

4 .  

*. ... .: .-:..d&2Monilorinmaims &.:: 

withcanopydam 0 SO 100 110 iiQ 
t__


Coho ESUs rd-. 

1994-1998 (combined) 

Figure 9.3. tcominued) 

.
Threshold Distance 

Sullivan et al. (1990) developed the concept of 
rhlrsho/ddism~tce. that is the distance from the 
watershed divide at which streams become too wide 
for riparian vegetation to provide adequate shading. 
The! found that streams seemed to reach an 
equilibrium temperature at approximately 40-50 km 
from the watershed divide. At this point. stream 
temperature was more a function of air temperature 
than canopy cover. This theoretical threshold 
distance is a function of channel width and riparian 
vegetation. Thus. the threshold distance will be 
different for different drainages and no single value 
should be applied to all strearns. Moreover. as 
streams widen. the influence of topographic shading 
diminishes. 

The threshold distance concept was explored 
empirically using data gathered on streams 
throughout Konhem California. Fieure 9.4 is a plot 
of canopy closure versus distance from watershed 
di\.ide for all 1994.1998 sites with reponed canopy 
closures. At a divide distance greater than 70 km. 

there were no reponed canopy closure values Sreater 
than 30%.and most were 10% or less. This sugfest\ 
that 70  km may be the approximate distance from the 
divide u,here streams become too uide for streamside 
vegetation to have an effect on shading However. 
the data were from many basins. Moreover. canopy 
closure was measured and not effective shade. Thus. 
this distance is considered the theoretical maximum 
threshold distance. The threshold distance for some 
basins may be less than the 70 km. The lack of higher 
canopy values at distances greater than 70 km from 
the watershed divide may be a result of relatively few 
canopy closure measurements at greater distances 
from the divide and the lack of a sampling design. If 
a curve (curve b in Figure 9 .4)  is fit to the outer most 
points, representing the maximum canopy closure 
potential for a given distance from watershed di\.ide. 
a threshold distance becomes much more difficult to 
define. The decision then becomes what is acceprable 
and what is realistically achievable. More 
importantly. the threshold distance is based on 
contemporary canopy levels along streams and rivers 
in Nonhem California and may not be representative 

of historical levels. 
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Figure 9.6. Reintionshkp hetueen percent canop! c loure  and the natural log o f  uaterhhed area [ha]. Thr \en>ual line delinratcr 
the theoretical rhrvrhold rlir!o,~~r hc too wide for canop! to influence strsdm tempeclturc. The 163.000 ha1 \\here the *!ream ma! 
Ru%ian Ri\er sites had vegetation prouing in the hankiull channel. Thus. tho\e sites had higher canop! c l o r u r  taluer than other 
lilrpe streemr. 
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Watershed area not only provides information on the 
width of the channel, but also discharge. Flow and 
canopy interact to intluence stream temperature 
through a simple equation developed by Brown 
( 1969): 

where aT is the predicted change in temperature in 
T,A is the surface area of the section of stream 
exposed by riparian vegetation removal. H,  is the net 
radiation absorbed by the stream in BTU/ft2-rnin. D is 
the stream discharge in cubic feet per second. and C 
converts discharge to pounds of water per minute. AT 
is then expressed in BTUIpound of water. which is 
equivalent to OF. 

From the two threshold criteria, stream sites that 
were small enough to be influenced by canopy 
closure could be identified. Stream sites that had a 
distance from watershed divide less the 70 km and 
that had a watershed area less than 63.000 ha were 
classified as the small-stream group. There were ten 
sites that had a distance from watershed divide less 
than 70 km (group minimum was -52 km) and also 
had watershed areas greater than 63.000 ha. 
Additionally, there were two sites that had a distance 
from watershed divide greater than 70 km and had 
watershed areas less than 63,000 ha (group minimum 
was -52.000 ha). These 12 sites have been classified 
as too large to have a significant level of canopy from 
streamside vegetation. 

h e  approach described above is somewhat 
backwards. A better approach would be to start with 
the species composition and geometry of riparian 
vegetation and establish a relationship between 
maximum potential canopy closure and bankfull 
width for the existing riparian vegetation. However. 
the FSP database lacked riparian vegetation data for 
the stream temperature sites, thus such a relationship 
could not be established. Instead, the relationship 
between bankfull width and distance from watershed 
divide or watershed area was examined to discern if 
the selected thresholds were reasonable. 

A linear regression of the natural log of bankfull 
width versus the natural log of the distance from 
watershed divide atis fit using the S-PLUS function 

' Ini. Approximate 95% confidence bands to predict 
the natural log of bankfull widths for a $\.en natural 
log of distance from watershed divide was estimated 
using the S-PLUS function predicr.111t with the option 
se.jit=T: 

where gc,is the estimated natural log of ba?kfull 
width at a natural log of distance from watershed 
divide a', r is the residual scale from the predict.lm 
output: and s.e.,, is the estimated standard error for 

the average b, . 

Points for the fitted lines were created by fitting 

idand the confidence bands to the vector 

2. where 2 is an evenly spaced vector on the 
interval (0.7). These points were transformed to the 
original scale, bye'"?", where x is an element 

of 2 and .v is either idor a corresponding 
confidence value. Figure 9.7 is a scatter plot of 
bankfull width versus distance from watershed divide 
with lines drawn by connecting the points e".", 
yielding the fitted relationship and the approximate 
95% confidence bands for prediction. 

The divide-distance-defined threshold of 70 km had a 
mean bankfull width of 32 m with a 95% confidence 
band for prediction of a particular bankfull width of 
10m to 100 m. However. there were only 14 points, 
for dividedistance values greater than 70 km. 
compared to 162 points with distances less than or 
equal to 70 km.Of the larger divide distance points. 
10were from the mainstem Klamath River, two from 
the mainstem Eel River, and one ench from the 
Salmon and Trinity Rivers. The two Eel River points 
have much wider bankfull widths than any of the 
other sites even though the distance from the 
watershed divide was less than either the Klamath 
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Figure 9.7. ~elationshi~between percent bankfull width (m) and distance from watershed divide (km) with the fitted line (solid 
line) and the approximate 95% confidence bands for prediction (dotted line). The vertical line delineates the theoretical rhreshold 
disrorlce (70 km) where the stream may be too wide for canopy to influence stream temperature. The average bankfull width at 
the threshold distance was 32 m with an approximate 95%confidence intensal for predicting bankfull width from a given 
distance from watershed divide of (10 m. 100 ml. The two Eel River sites with high bankfull widths were the only mainstem Eel 
River sites with reported bankfull widths. All of the points with large distance from watershed divide values were from the 
mainstem Klamath River. 

River or Trinity River sites. The inability of the divide. The watershed-area model produced similar 
model to select a well-defined bankfull width given results for estimating bankfull width as the divide- 
the selected divide-distance threshold is partly due to distance model. The bankfull width at the threshold 
the large number of different basins used to fit the watershed area (63.000ha) had an average of 36 m 
model. Thus. a single threshold is not a useful (compare to 32 m for divide-distance model) and a 
assessment tool across all basins. Still. the model 9.5% confidence band for prediction of bankfull 
indicates that most streams with bankfull widths of width of 13 m to 99 m (Figure 9.8). 
100 m or more would be excluded from the. canopy- 
affected divide-distance group. The intent of this Canopy and Stream Temperature 
exercise was to remove sites that may be too wide for Relationships
shade-producing canopy to reach a significant level. 
It is possible that some sites with bankfull widths 
slightly greater than 10 m might be excluded, but the Three 1998 stream temperature metrics were fit 

low confidence value is due to the high range in against the reported canopy closure values using the 

Klamath River bankfull widths at large distances S-PLUS function lm. The three stream temperature 
metrics were ( I  ) the maximum seven-day moving from the watershed divide. More bankfull width data 

is required for each individual basin in order to better average of the daily average (XYA7DAl. ( 2 )the 

define threshold distances. maximum seven-day moving average of the daily 

A model was fit for bankfull width versus watershed 
area using the same method as the model fit for 
bankfull width versus distance from the wateished 
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Watershed Area (ha/100.000) 

Figure 9.8. Relationship between percent bankfull width (m) and watershed area (ha1 with the fitted line (solid line) and the " 

approximate 95% confidence bands for prediction (dotted line). The venical line delineates the theoretical fhreshold distance 
163.000 ha1 where the stream mav be too wide for canoov to influence stream temperature. The average bdnkfull width at the .. 
threshold distunce was 36 m wltha approximate 95% confidmce interval for predicting bankfull wid;h from a given distance 
from watershed divide of ( 1  3 m. 99 m). The two Eel River sites w~ththe high bankkull widths are the only mainstem Eel River 
sites with reponed bankfull widths. Al l  of the points with large watershed areas (>Z.WO.WO ha) are from the mainstem Klamath 
River. 

maximum tXYA7DX). and (3) the highest daily myriad o f  other factors influencing stream 
maximum stream temperature ( X Y  IDX). R was temperature and partly to the error i n  measuring 
small for al l  three regressions (0.232 to 0.286). but stream-temperature-influencing canopy. The 
the fits were significant (F = 100 to 132 on df = I confidence bands f i t  around the regression lines 
and 33 1, p =O) with the average stream temperature assumed that there was no error in the canopy values, 
for all metrics decreasing with increasing canopy thus the bands do not necessarily capture the true 
closure. Approximate 95% confidence bands were average. However, the true variability is probably 
also fit about the line. From the scatter plot (Figure lower than the reponed data, thus the confidence 
9.9) and the low R' values, i t  is apparent that there is bands about the relationship using "true" canopy 
a high variability i n  the temperature metrics for al l  values is probably much tighter. 
levels of canopy closure. This is due partly to the 
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Highest Seven-Day Moving Average of the Dally Average Water Temperature 

I I 
0-25 25-50 50-75 75-100 0 20 40 60 80 100 

Canopy Class (%) 1998 Reponed Canopy Closures (%) 

Highest Seven-Day Moving Average of the Dally Maximum Water Temperature 

Range 
Qualtile S p a n  
Median 

Average Water Temperature -
.... . .1 -95% ConfidenceBand 

. 
I n-;g n.42 n =66 n =  173 

Flgure 9.9. Box plot and scatter plot with fined regression lines for three different stream temperature metrics arcinst canopy. 
For box plots. canopy values were grouped into four canopy classes. Box plot outliers are defined as 1.5 times the inter-quanile 
range. The solid regression line is the average stream temperature metric for a given canopy closure. and the dotted lines are 95% 
confidence bounds for the average temperature values. 
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Elgure 9.9. (continued) 

Because of the uncertainty in the canopy data, the 
canopy values were combined into 25 percent ranged 
bins: the bin groups were 0 - 24% 25 - 49% 50 -
74%. and 75 - 100. Box plots were created for ( 1 )  the 
highest seven-day moving average of the daily 
average temperature. (2) the highest seven-day 
moving average of the daily maximum stream 
temperature. and (3) the highest daily maximum 
stream temperature by canopy class using the S- 
PLUS function bo.rplor. The median and the 
approximate 95% confidence band for the median of 
each canopy group was estimated with the bo.rplor 
function. 

The medians for each group for all temperature 
metrics showed a decreasing trend with increasing 
canopy (Figure 9.9). The 95% confidence intervals 
about the medians for the 75 - 100% group did not 
overlap with and were lower than all other intervals 
for all temperature metrics (Table 9.1 ). Although the 

medians for the 50 - 74% group were lower than the 
25 - 49% group, the median confidence intervals 
overlapped substantially and might not be different 
for all temperature metrics. The medians for the 50 -
74% group were higher than the 75 - 100% group but 
the median confidence interval overlapped a minimal 
amount for XYA7DA. The intervals about the other 
two metrics between the 50 - 74% and 75 - 100% 
groups did not overlap. The medians of the three 
temperature metrics for the 75 - 100% group were 
lower than the other canopy groups. 

A Kruskal-Wallis rank sum test also revealed 
significant differences in each of the three 
temperature metrics at various canopy classes. A 
Welch Modified Two-Sample t-Test for 
Unequal Variances indicated that the three 
temperature metrics were significantly different at the 
p = 0.Ollevel except for the two middle canopy 
classes. i.e.. 25 - 49% and 50 - 74%. 
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Table 9.1. Median Values and Approximate 95% Confidence Intervals about the Median by Canopy Group for Three Different 
1998 Stream Temperature Metrics. 

Canopy Group 

Temperature Metric Statistic 0 - 24% 25 - 49% 50 - 74% 75 - 100% 

Upper CI' 2O.3O0C 18.56"C 17.82"C 16.20"C 

XYA7DA1 Median 19.29"C 17.70°C 17.12"C 15.89"C 

Lower CI 18.27'C 16.8"C 16.43"C I5.59OC 

Upper CI 24.00"C 21.27"C 20.19"C 17.65"C 

XYA7DX2 Median 22.64"C 20.27"C 19.26"C 17.27OC 

Lower CI 21.28"C 19.28"C 18.32'C 16.88"C 

Upper CI 24.6S°C 21.99"C 20.76"C 18.32"C 

XY IDX' Median 23.34"C 20.85"C 19.79"C 17.89'C 

Lower CI 22.03 "C 19.71 "C 18.82"C 17.46'C 
'XYA7DA = Highest Seven-Day Moving Average of the Daily Average Temperature 
'XYA7DX = Highest Seven-Day Moving Average of the Daily Maximum Stream Temperature 
'XY IDX =Highest Daily Maximum Stream Temperature 
'CI = apprmimate 95% confidence interval 
NOTE: The highest canopy group of 75 - 100%had statistically lower medians than all other groups for all metrics: there was 
no overlap in confidence intervals. With the exception of a 0.29 'C overlap between median confidence intervals for the 0 - 25% 
and 25 - 49% groups, the lowest canopy group had statistically higher median stream temperatures than the other groups. 

In Figure 9.9 box plots and scatter plots are displayed of the ZCI. Sites were then grouped by canopy class. 
side by side. Displayed in this manner. it is clear that Figure 9.10 shows that there was a significant 
there was a trend in higher canopy values or classes difference in the highest 1998 daily maximum stream 
resulting in lower stream temperatures, even though temperature for the 0 - 24% canopy class, with sites 
the correlation was not high. Much of the variability outside of the ZC1 (encoded as zero) being warmer 
will be taken into account by other variables that will than sites inside the ZCI. The mean for the 0-248 
be explored in the stream temperature modeling class outside the ZCI was above the 24°C acute 
chapter (Chapter 10). thermal exposure threshold minus a 2°C safety 

margin (Coutant, 1972). In all canopy classes the 
mean XY I DX was higher for the ZCI-out group than 

Canopy,and the Zone of Coastal the ZCI-in group, although not significantly different. 

Influence Figure 9.10 illustrates that even within the cooler 
ZCI. stream temperatures decrease with increas~ng 
canopy. While air temperatures may be cooler in the 

The cooling influence of coastal air currents has been ZC1. solar heating still occurs while skies are clear or 
shown to influence water temperatures. Does canopy 

overcast.
influence stream temperatures in streams inside or 
outside of the zone of coastal influence (ZCI)? Sites 
were stratified by whether they fell inside or outside 
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Figure 9.10. Hlghe,~ ,398 add) maurnurn rlrrarn lemperdlure tar sllcr n four olfferenr ;anup) alr.c,. ~roupcd b! unelner !he 
,.I? uj, out,~de .0 or ~nstde I , the zone ~ i c o ~ s l d ltnlluenie Hon7ontxl reiercnic .In<, Jrr. llrsun a1 2-I°C and !6'C N ~ m o e r  
of sites in rech group are shown below error bars. 

The highest daily maximum stream temperature for 
sites with canopy greater than or equal to 75% was 
plotted against log,, divide distance. Sites were 
stratified by whether they were inside or outside the 
zone of coastal influence (ZCI). Figure 9.1 1 shows 
plots for two HUCs that had adequate representation 
of sites with canopy >75% and sites inside and 
outside of the ZCI. These HUCs are Mad River -
Redwood Creek and Big-Navarro-Garcia. Fully 
canopied sites inside and outside the ZCI both 
showed increases in stream temperature with 
increasing distance from the watershed divide. 
However. the sites inside the ZCI were 1°C to 2'C 
lower at similar divide distances than sites outside of 
the ZCI. 

The rate of increase in stream temperature with 
increasing downstream distance was similar in both 
the ZCI-out and ZCI-in sites. The two linear 
regression lines in both HUCs were nearly parallel. 
Even with high canopy cover, sites inside the ZCI 

continued to increase in temperature. although the 
temperatures remained lower than the sites outside 
the ZCI. 

The regression lines shown for the two HUCs 
(Figure 9. l I )  could be considered analogous to the 
"trend lines" developed for s~ngle streams in Oregon 
by Zwieniecki and Newton (1999). although at a 
much larger HUC scale. It is conceivable and highly 
desirable that HUC-level or watershed-level 
regression lines be developed for other drainages that 
could be used as assessment tools for determining 
what stream temperatures are achievable under fulG 
canopied conditions. This would require a more 
integrated stream temperature monitoring program 
with a well thought out sampling design to provide 
adequate sample sizes at various divide distances. 
Additionally, more complete and consistent canopy 
measurements collected along a thermal reach would 
need to be part of such a monitoring program. 
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Figure 9.11. Variation in the highest 1999 daily maximum stream temperature with lop,, distance from the watershed divide for 
sites with canopy values greater than or equal to 756.Sites in the Mad River - Redwood Creek (A )  and Big-Navarro-Garcia 
River ( 6 )hydrologic units are presented. Linear regression lines were fit to sites outside (open circles) and inside (crosses) the 
zone of coastal influence. Solid lines and dashed lines represent linear regressions for sites outside and inside the ZC1. 
respectively. 

Summary 

Canopy values were not well distributed. There were 
more sites with canopy values in the 0% to 30% bin 
classes and in the 70% to 100%bin classes. Sites 
with canopy data were not evenly distributed 
geographically in 1994-1997. In 1998, sites were 
more evenly distributed across the study area, thus 
making 1998 more useful for regional analyses. 

Plotting canopy data versus divide distance and 
watershed area. theoretical maximum threstiolds of 
70 km and 63.000 ha appear to be plausible for 
determination of the point where streams may 
become too wide for streamside vegetation to provide 
adequate shading. However. these thresholds may 
vary by basin. The authors do not imply that retention 
of stream-side vegetation is not important at divide 
distances greater than the theoretical maximum. We 
simply attempt to approximate the divide distance at 
wh~ch stream-side vegetation may no longer play a 
role in mediating stream temperature. There are other 
important reasons for maintaining stream-side 

vegetation. such as potential large wood input, 
sediment retention, and wildlife habitat. 

There was a wide range in canopy values in streams 
at divide distances less than or equal to 70 km and 
watershed areas less than or equal to 63.000 ha. 
Despite the diversity of methodologies used to 
estimate canopy, three stream temperature metrics 
showed reasonably good response to varying canopy 
levels. Much of the 'noise" in the temperature- 
canopy relationship may be due to inconsistent 
protocols. The variability in stream temperatures due 
to other independent variables are taken into account 
in Chapter 10. Modeling. 

Sites inside and outside the ZCI with canopy greater 
than or equal to 75% showed increasing stream 
temperatures with an increase in distance from the 
watershed divide. The ZCI-in sites were generally 
1 "C to 2°C cooler than ZCI-out sites. at similar 
d~videdistances. The rate of longitudinal temperature 
increase for ZCI-in and ZCI-out sites with full 
canopy were very similar (nearly parallel regression 
lines in Figure 9.1 I ). 



While ,{reams that originate in the ZCI and remain 
within the ZCI along their length exhibit cooler 
temperatures than those outside the ZCI. i t  would r t i l l  
be advantafeoua to maintain adequate canopy. Even 
i\ithin the ZCI, i f  adequate canopy i s  not maintained 
on streams. bolar radiariun L.an counteract the cool in^ 
influence of coabtal air temperatures. Maintaining 
adequate canopy wil l  pro\.ide lower temperatures on 
both ZCI-in and ZCI-out streams. A goal should be 
to maximize the total length of low-gradient ponions 
of streams that are potentially suitable for coho 
salmon by maintaining suitable temperatures in the 
lower reaches. While all streams tend to come into 
equilibrium with air temperature along their 
longitudinal profiles. the downstream distance at 
which streams approach this equilibrium can be 
extended by reducing solar heating by maintenance 
of adequate riparian canopy cover. 

While the California Forest Practice Rules require a 
minimum of 50% canopy retention along Class Iand 
11 streams. a random survey of timber harvest plans 
found that canopy ranged from 74% to 79% (MSG. 
1999). In  the present study sites located at distances 
less than the divide-distance-derived and watershed- 
area-derived threshold distance had canopy values 
ranging from 0% to 100%. This points out a potential 
disparity in the way canopy is measured. For 
compliance purposes canopy is measured in the 
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watercourse and lake protection zone tWLPZ) prior 
to and following timber harvest. Canopy in the 
present study was measured in the thalweg o f  the 
stream. The objectives and the aquatic resource of 
concern for why canopy is being assessed should 
drive the way (method) in which canopy i s  measured 
and where ilocation) i t  i s  measured. 

To better discern threshold distances and stream 
temperature differences between canopy classes. a 
consistent protocol i s  needed for estimating canopy 
along thermal reaches above each temperature 
monitoring site. Additionally. estimates of bankfull 
width at all temperature monitoring sites would 
greatly facilitate development o f  more meaningful 
threshold distances in a more direct fashion rather 
than via the more circuitous method applied in this 
chapter. 
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EMPIRICAL MODELING OF REGIONAL STREAM TEMPERATURES 

Introduction 

This chapter is a culmination of empirical meta- 
analyses of stream temperatures and various 
landscape-level and site-specific variables presented 
throughout previous chapters. It has been illustrated 
throughout this report that variation in stream 
temperature is not well explained by any single 
independent variable, particularly in regional 
analysis. Many factors influence the thermal regime 
of running waters. In this chapter. various models are 
developed that serve to show the interaction of 
various independent variables that operate at 
different spatial scales. 

Process-Oriented Versus Empirical Models 

Many factors act singly and interactively to influence 
stream temperatures. it is difficult to evaluate the 
effects of one variable in the absence of other factors. 
One of the values of process-based models, such as 
SSTEMP. SNTEMP, and TEMP86, is the ability to 
vary the factor of interest while keeping all other 
factors constant (Bartholow. 1989: Sullivan et al., 
1990). Such models are better suited to exploration 
of system changes and alternative aquaticlriparian 
management scenarios, but at the cost of more 
intensive data collection, data entry, and manual 
calibration (Bartholow. 1989). Conversely. one of the 
advantages of empirical models is the ability to 
identify streams where temperatures are likely to be 
affected by climatic and land management constraints 
(Sullivan et al.. 1990). Purely statistical models lend 
themselves well to temperature prediction when the 
stream geometry and hydrologic conditions are not 
expected to change dramatically and long periods of 

recwd are available (Banholow, 1989). However, 
emoirical models are onlv reoresentative of the , . 
geographic location from which the data were 
collected. Extrapolation outside the area is tenuous. 

Applying process-based models to large stream 
networks has not proven very successful in the past 
(Sullivan et al.. 1990). Acquis~tion and management 
of auxiliary data sets to run many process-based 
stream temperature models at basin-wide scales has 
been overwhelming to all but the most well-staffed 
and well-funded organizations. More recent modeling 
efforts with greater reliance on remotely sensed data 
and GIs  have shown some promise, such as the 
Hydrologic Simulation Program in Foman (HSPF) 
(Bicknell et al., 1997; Chen et a1.1998a. l998bj. 

Empirical modeling was undertaken in the present 
study due to a number of constraints that prevented 
development of a new process-based model or use of 
an existing one. Intensive data requirements and a 
small staff were the major reasons for opting for 
development of empirical models. The level of 
complexity of empirical models can range from very 
complex to quite simple. Complex models are good 
for hypothesis testing, whereas simple models are 
good for forecasting. If the model is intended to 
determine uncenainty in risk assessment or to do 
decision analysis, the level of model complexity is 
less clear (Banholow. 1989). The nature of this type 
of meta-analysis, that is, using data collected with 
multiple field protocols with varying levels of data 
quality, limits the analysis to hypothesis formulatron. 
That is, models were developed to propose 
hypotheses that will then require testing with data 
collected using a probabilistic sampling design to 
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select sites that should be monitored using a 
consistent field protocol. 

Hypothesis Formulation 

Two of the major factors that control stream water 
temperature are air temperature and solar radiation. 
Higher air temperatures and higher solar radiation 
exposure result in higher water temperature. The 
position of a site within a watershed is also important 
In explaining the temperature profile for that 
location. Sites lower in a watershed tend to have 
greater water volume, wider channel width (resulting 
in less effective shade). and generally have had more 
time to equilibrate with air temperature. The wider 
the channel, the less effective is Stream-side 
vegetation at shading a stream from solar radiation, 
and air temperature becomes a more important factor 
controlling stream temperature at site locations 
further down in the watershed (Sullivan et al.. 1990). 
Larger volumes of water are slower to respond to 
changes in both air temperature and solar radiation 
exposure due to thermal inenia. Some data providers 
placed probes in pools and, given the possibility of 
thermal stratification, pools may be cooler than runs 
or riffles in the same general location. Thus, habitat 
type may be an important factor influencing water 
temperature at the sensor. Stream temperature at a 
particular location may be estimated as  a function of 
air temperature. solar radiation exposure. watershed 
position. stream size, and habitat type. 

Air Temperature 

Dara fmm few water temperature sites were 
submitted with corresponding air temperature data. 
As a consequence. air temperature data from 72 
remore air temperature stations were matched up with 
each water site (see chapter 5). The remote air 
temperature station data were summarized by month. 
which was then matched with daily and weekly water 
temperature meuics. Daily maximum and seven-day 
moving average temperature metrics were focused on 
because of their common usage in assessing stream 
temperature regimes. With fewer remote air 
temperature sires available to match up with water 
sites. a single remote air temperature station may be 
matched up with many water sites. For example. one 
air site that had a 1998 July and August average 

maximum air temperature of 32.45"C was matched 
up with thirty-one 1998 water sites. The highest 1998 
seven-day moving average of the daily maximum 
water temperature at these 3 1 sites ranged from 
15.5"C to 25.4"C. with a mean of 20.3"C. Water 
sites were assigned air temperature metrics that were 
not necessarily well correlated with local air 
temperature at the water sites (see chapter 5 ) . In an 
attempt to find better air temperature surrogates for 
each water site. monthly PRISM estimated air 
temperature values for the four-km grid cells that 
contained the water site (see Chapter 4) were 
evaluated. However, the PRISM data is a 30-year 
long-term average for each month. As a result, there 
is no difference in estimated air temperature at each 
location for different years. Additionally. similar to 
remote air station data. only monthly data where 
available. 

Some locational information was explored as 
possible air temperature surrogates. Air temperature 
tends to cool in a northward direction. The UTM Y- 
coordinate (UTMY) at each water temperature site 
may function as a surrogate for the north-south air 
temperature gradient. Sites located at greater 
distances from the coast (COASTDIS), or further 
east, easting estimated by the UTM X-coordinate 
(UTMX). tend to have warmer air temperatures. 
Higher elevations. estimated by the UTM Z- 
coordinate (UTMZ). tend to have cooler air 
temperatures. excluding sites within the zone of 
coastal influence (ZCI). Air temperatures within the 
ZCI (FOG08 = I) are cooler than air temperatures 
outside the ZCI (FOG08 = 0). Since the ZCI was 
derived from PRISM data. there are no between-year 
differences that can be modeled using purely 
locational information as surrogates for air 
temperature. 

Direct Solar Insolation 

Canopy closure was'the only variable available that 
could be used as a surrogate for direct solar 
insolation. although channel orientation and 
topographical shading may also influence the amount 
of solar radiation reaching the stream. Topographic 
shading was not available for this regional 
assessment. Canopy data were collected with 
different protocols. some of which may not 
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adequately characterize the canopy closure for an 
entire thermal reach (see Chapter 9). Thus, there is 
substantial measurement error in the canopy closure 
estimutes. .Moreover. the canopy closure value may 
not be indicative of the effective shade provided at a 
given site. Out of 520 sites nlonitored in 1998. 376 
sites had non-null values for canopy closure. 

Wate r shed  Position 

The further the distance a water temperature site is 
from the watershed divide and the larger the 
watershed area above the site. the warmer the 
expected water temperature for the site. The further a 
water site is from the watershed divide. the greater is 
the travel time with the potential for longer exposure 
to both solar radiation and different air temperature 
regimes. The longitudinal increase in water 
temperature as water travels down the stream does 
not account for localized decreases in water 
temperature as streams enter areas with different 
riparian conditions or as they enter the zone of 
coastal intluence. Generally, the larger the watershed 
area above a stream site the larger the stream. 
Watershed area was used as a surrogate for stream 
size. The relationship between distance from 
watershed divide (DIVIDIS) and watershed area 
(WAAREA) and several stream temperature metrics 
were found to be non-linear. The logs of both 
DIVIDIS (LOGDIVI) and WAAREA (LOGWA) 
linearized these relationships. Stream gradient 
measured along a 600-meter reach above the site was 
also modeled because gradient is highly correlated 
with watershed position. Stream sites closer to the 
headwaters tend to have steeper gradients than those 
lower in the watershed. However, the gradient was 
approximated in GIs using a 30-meter digital 
elevation model. Because of uncertainty in the error, 
gradient was classified into four categories: 1) flat = 
<I O/C slope. 2) sloped = I % to -5%.3) steep = 5% to 
<10%, and 4) very steep =>lo%. The categorical 
form of gradient was used in model development. 

S t r e a m  Size 

Bankfull width and depth were requested for all 
stream temperature sites. However. only 158 bankfull 
widths and 58 bankfull depths were submitted with 
canopy and habitat values for the 520 water 

temperature data sets submitted for 1998. No sites 
had bankfull width or bankfull depth data for 1997. 
Bankfull depth and bankfull width were largely 
excluded from modeling because of the large number 
of sites with null values. WAAREA and DIVIDIS. 
and their logs. were considered fairly good surrogates 
for stream size (See Chapter 9). 

Habitat T y p e  

A number of sites for which stream temperature data 
were submitted were intended for studies to 
characterize the extent of thermal refugia. About 
50% ofthe 1998 sites had temperature sensors placed 
in pools. with the other 50% placed in riffles or runs. 
An analy3is of the data indicated that deep pools. 
medium pools. and shallow pools could be combined 
into one group (POOL) and that runs and riffles 
could be combined into another group 
(RIFFLE-RUN). 

M i n i m u m  Data Requi remen t s  

In addition to the CIS-derived variables that were 
available for nearly all sites, a site also had to have a 
reported canopy value and habitat type to be used in 
model fitting. Inclusion of habitat type in the list of 
required variables resulted in the loss of nine 1998 
sites and four 1997 sites from the data set, after sites 
with missing canopy values were removed. Table 
10.1 shows the number of sites for the coastal and 
interior ecoprovince, and both ecoprovinces 
combined. after various data requirements were 
imposed on the data. Data from 1997 are included in 
the table because data from this year were used in 
1998 model validation analyses. 

Models 

Three temperature mevics were fit to empirical 
models: ( I )  the highest seven-day moving average of 
the daily average (XYA7DA), (2) the highest seven- 
day moving average of the daily maximum 
(XYA7DX). and (3)the highest daily maximum 
stream temperature (XY IDX). Models for the three 
stream temperature metrics were developed for two 
geographic areas, the coastal ecoprovince and the 
interior ecoprovince, plus a model for both 
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Table 10.1. Number of Sites for 1997 and 1998 by Ecoprovince with Non-null Canopy and Habitat Type Dara (Minimum 
Requirement to Be Included for Modeling) Provided with the Water Temperature Data. Followed by the Number of Sites with 
Non-null Bankfull Widths (BFWIDTH)and Bankfull Depths (BFDEPTH). 

Year- Independent Variables Available 
1997 all GIs-derived \.ariables, canopy, and habitat 
1998 all GIs-derived variables. canopy, and habitat 
1997 with BFWIDTH 
1998 with BFWlDTH 
1997 with BFDEF'TH 
1998 ' with BFDEF'TH 

ecoprovinces combined. A total of nine models were 
developed. 

While the average of combined July-August monthly 
air temperatures were used to model daily and weekly 
water temperature metrics, we found there to be good 
correlation between the monthly water temperatures 
and the daily and weekly water temperature metrics. 
Sullivan et al. (1990) also noted an unexpectedly 
close agreement between their 30-day water 
temperature criterion and the more commonly applied 
oneday and seven-day temperature metrics found in 
Washington's water quality standards and forest 
practice rules. 

It was expected that the best models would indicate 
that stream temperature was a function of air 
temperature, direct solar radiation, and a few physical 
stream characteristics. Canopy closure was used as a 
surrogate for incoming solar insolation. although 
channel orientation and topographic shading may 
also be influential in the amount of solar radiation 
reaching a stream. Physical characteristics such as 
channel gradient, bankfull width, bankfull depth, 
whether the stream is in or out of the ZCI, and if the 
stream is in or out of the California Coastal Steppe 
Ecological Subregion (i.e.. coastal ecoprovince) may 
influence stream heating processes. Groundwater 
temperature is believed to be the initial temperature at 
which water enters the stream (Allan. 1995: Sullivan 
et al.. 1990). Groundwater temperature. estimated 
from PRISM long-term air temperature data. was also 
investigated as a possible explanatory variable. Some 
data providers placed temperature probes in deep 
pools in an attempt to describe the extent of thermal 

Ecoprovince 
Coastal interior Combined 

100 48 148 
255 110 365 

0 0 0 
121 37 158 

0 0 0 
28 30 58 

refugia. Habitat type was investigated to determine 
whether this categorical variable hadan effect. A 
lack of stream-side air temperature data collected 
near the water temperature site may have been the 
largest impediment to developing good stream- 
temperature prediction models. 

Relatively few water temperature sites had 
corresponding air temperature data. This necessitated 
using a number of alternatives to estimate air 
temperature at the stream site. Other studies have 
found that remote air stations can serve as a 
reasonable index of near-stream air temperature 
(Moore, 1967: Sullivan et al. 1990.) However, these 
studies relate air temperature at one station in a single 
watershed. Air temperature at a single remote 
location may be highly correlated with air 
temperature at a site in a distant watershed. However. 
the regional modeling described in this study 
attempted to fit data over a large geographic area. 
Single remote air temperature stations were related to 
many water temperature stations. Many different 
remote air temperature stations were used across the 
landscape. The result was a poor relationship 
between remote air temperature and air temperature 
at the water site when the relationship was examined 
across all water sites at the regional scale. 

Model Selection Methods 

Since the data, as a whole. were collected without a 
central assessment question and numerous protocols 
were used for measuring stream temperature and 
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various siv-specific attributes. serious model fitting As previously stated. 1998 was the most data-rich 
assumptions are violated. Noting that the selected year and was used for model fitting. There were 
models are only working hypotheses, the process of several sites from 1997 that were suitable for model 
"data dredging" was utilized. "Data dredging" \.illidation. The first step used a backward elimination 
explores the data set without an n prior; model. stepwise approach with one fonvard step on the 
searching for a good fitting model. This procedure variables listed in Table 10.2. 
has a tendency to over f i t  the data where unrelated 
variables are included in selected models exclusively 
due to chance (Burnham and Anderson. 1998). 

Table 10.2. List of Variables Used to Stan the Back~rordSelerrio~~ 	 Modeling Procedure. with One Fon~.ardSfep 
Variable Description 

Used only in combined ecourovince model. ECO263 = Ii f  in the coastal ecoorovince. 

UTMZ Elevation o f  the site (meters) 
CANOPY Reported Canopy Closure (percent) 

Average of combined July and August average daily maximum for the nearest remote air 
MO.MAX3 station ( 1  ?-dimensional Euclidian distance) ("C) 


Average o f  combined July and August average daily minimum for the nearest remote air 

MO.MIN3 

station (12-dimensional Euclidian distance) ("C) 

Average o f  combined July and August average daily average for the nearest remote air 


MO.AVG3 
station (12-dimensional Euclidian distance) ("C) 

LOGDIVI Log (base 10) of the CIS estimated distance from site to watershed divide (km) 
LOGWA Log (base 10) of the GIs estimated watershed area above site (hectares) 

i f  HABITAT = shallow. medium. or deeo ~ o o l .  POOL = I. . 
POOL 	 if HABITAT = run or riffle. POOL =0 

i f  HABITAT not reported, POOL = missing value 
Gradient Classification: flat = < I %  slope, sloped = I %  to 4 % .  steep = 5% to <lo%, 

GRAD? 
verv. -. -cteen. = ,100'- - . .- .-
i f  site is in the zone o f  coastal influence defined for August, then FOG08=I 

FOG08 
i f  site is out o f  the zone o f  coastal influence defined for August, then FOG08=0 
Average o f  PMAXO7 and PMAX08 (PRISM estimated July and August, 

P.MO.MAX 
respectively, maximum air temperatures for the area containing the site ("C) 

BFWlDTH Bankfull width (meters) 
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Preliminary Modeling 

At the outset of modeling, there was considerable 
discussion as to what method was most appropriate: a 
classical approach using backward selection or the 
information theory method of Akaike's Information 
Criterion (AIC: Bumham and Anderson. 1998). 
While investigating which was more appropriate, a 
large number of models were developed and AIC 
scores compared. With the large number of 
competing models examined, it became obvious there 
was a high probability that the best model ( i t . .  the 
one with the lowest AIC score) may include variables 
by chance and not due to real relationships. Many 
models had similar AIC scores, and given the chance 
that some might be slightly better due to chance, it 
was not readily apparent which models were best. 
However, a number of variables were always in 
models with higher, less desirable, AIC scores. These 
variables (Table 10.3) were not considered in the 
backward elimination with one forward step 
procedure discussed below. 

Backward Selection 

With the assistance of S-PLUS programs, nine 
models were selected (for three temperature metrics 
and three geographical extents) using a backward 
selection approach with one forward step. The 
backward steps stopped when the probability for the 
smallest partial F statistic was less than 0.05lk where 

k is the number of variables at the start of the 
procedure. The partial F-statistic is the F-statistic for 
each variable as if that variable was the last one to . 
enter the model (Stevens. 1986). The one forward 
step tested all the removed variables, one at a time. 
by adding them back into the model to see if the 
partial F statistic for any of the removed variables 
became significant @ < 0.05lk) by the removal of any 
of the other variables. Two variables were exceptions 
to the rules for removal, BFWIDTH and BFDEPTH. 
The data set that had non-missing values for 
BFWIDTH and BFDEPTH was small and the sites 
with non-null values were poorly distributed 
spatially. These data were provided by only a few 
organizations and were not representative of the 
region. Thus, BFWIDTH and BFDEPTH were the 
first two variables removed from the models. 

Interactive terms were entered into the model during 
the automated S-PLUS process as separate variables. 
For example, the CANOPY-LOGDIVI interaction 
term was the product of the CANOPY and LOGDIVI 
terms. The newly created variable was called 
CAN.LOGDIV. The new variable was then used in 
model development. During the backwards procedure 
if a primary variable of a retained interactive term 
was dropped from the final model, a new backwards 
procedure was performed using the selected model 
and all the dropped primary terms. If the interactive 
term did not meet the partial F statistic threshold, i t  
was omitted, favoring the primary terms. 

Table 10.3. Variables Found to be Poor Predictors of Stream Ternmature and Subseauentlv Removed from Model . . 
Development. 
Variable Description 
WAAREA GIs  estimated watershed area above site (ha) 
DIVIDIST GIs  estimated distance from site to watershed divide (km) 
PMAX07 PRISM estimated July maximum air temperature ("C) 
PMAX08 PRISM estimated August maximum air temperature ("C) 
PMEAN.ANN.AIR PRlSM estimated mean annual air temperature ("C) 
SINUOSITY A measure of curvature along a 600-m reach above the water site 
CAZMUTH Channel orientation (north-south. east-west) along a 600-111 reach above the water site 
CANOPY.DIVIDIST lnteraction between canopy closure and DIVIDlST 
CANOPY.WAAREA lnteraction between canopy closure and WAAREA 
DIVIDIST.WAAREA Interaction between DlVIDlST and WAAREA 



Alternative Model Selection and Model 
Comparisons 

Cpon examination of the models suggested by the 
backward 3elect1on procedure. ltlternative models 
were proposed in an educated search for better air 
temperature surrogates. One alternative model for 
each primary model from the backward selection 
procedure wah suggested. The Forest Science Project 
staff used knowledge gleaned from the analyses 
reported in preceding chapters. literature reviews. 
and preliminary model building processes to 
formulate alternative models. The two models 
constructed for each of the three 1998 temperature 
metrics. the backward selected S-PLUS model and its 
alternative. were compared to each other using their 
AIC scores. Finally. both models f i t  to 1998 data 
were cross validated using 1997 data. 

The 1997 data used for model validation were 
separated into two groups: those that were at the 
same location as 1998 sites (matched sites) and those 
that were at different locations than 1998 sites 
(unmatched sites). A W-statistic, a residual-like 
statistic. similar to that used by Sullivan et al. (1990) 
was calculated and averaged for matched. 
unmatched. and all 1997 sites combined: 

where 
j i s  the group (all. matched, or unmatched 

sites) 

, 	 i s  the temperature estimate for the i Ih  1997 

data point estimated by the curve fit to 1998 
data: 

!,". 	 i s  the measured temperature metric for the i'h 
1997 observation from group j;  and 

1 , 	 is the number of observations for group j in 

1997. 
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The average W-statistic is  the average error for the fit 
of the vulidation data set. I f  the model fit with the 
1998 is good. the average W-statistic for the 1997 
estimates should be near zero. 

The standard deviation for the W-statistic was 
calculated as: 

Note that the above standard deviation 1s not suitable 
for constructing confidence intervals about the 
average W-statistic. To construct confidence intervals 
about the average W-statistic, the standard error is 
required, which can be estimated by I)squaring the 
reported standard deviation. 2) multiplying by (n-I). 
3 )  dividing by (n-k-I) where k is the number o f  
covariates used in the model, and 4) taking the square 
root of the result. 

Consistency for all groups was calculated as the 
proportion of estimates within 2°C of the observed 
temperature metric. 

Results 

Backward Selection 

I n  all models, alr temperature (or at least surrogates 
of air temperature), canopy closure, and the log o f  
distance from watershed divide andlor watershed 
area all were important components influencing 
water temperature. Additionally, the models selected 
for the same geographic area in  the backward 
selection procedure for X Y  I D X  and XYA7DX 
selected the same set of variables, while XYA7DA 
selected a different subset o f  variables. Note that 
when referring to the backward selecrion procedure 
the one forward step is included in  addition to the 
repeated procedure for removed dependent variables 
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(covariates) that were retained in interactive terms. 
For the combined coastal and interior ecoprovince 
XY IDX and XYA7DX models, the most important 
covariates selected by the backward selection 
procedure were ecoprovince. canopy closure, the log 
of distance from watershed divide, the log of 
watershed area. habitat type (factored as being in or 
not in a pool). in or out of the ZCI. UTMX.UTMY, 
and the interaction between the log watershed area 
and log distance from divide (Table 10.4). 

The most important covariates in the XYA7DA 
model for the combined ecoprovince data set were 
elevation, canopy closure, the log of distance from 

watershed divide, the log of watershed area, in or out 
of the zone of coastal influence. shortest distance 
from the coast, UTMX, the canopy and log divide 
distance interaction. and the elevation and coast 
distance interaction (Table 10.5). For this model. 
however. the log of distance from watershed divide. 
and the shortest distance from the coast did not meet 
the panial F statistic threshold, but interaction terms 
containing those variables remained significant. The 
single terms were left in the model to assist in 
interpreting the role of those variables in influencing 
the highest seven-day moving average of the daily 
average stream temperature. 

Table 10.4. Linear Regression Results for the Dependent Variables XY IDX and XYA7DX in the Combined Interior and 
Coastal Ecoprovince Data Sets. 

Dependent Variable 
XYlDX I XYA7DX 

independent Variable 
(Interceotl 

Value 
96.929 

Std. Error 
1 1.347 

t value 
8.542 

Pr(>ltl) 
M.0001 

I 
1 

Value 
96.383 

Std. Error 
10.822 

t value 
8.907 

Prl>ltl) 
9 . W O I  

EC0263 
CANOPY 
LOGDlVl 
LOGWA 
POOL 
FOG08 
m y .  IOE5 
UTMX.I OE4 
LOGDNI.LOGWA 

Model Performance 

Statistic XYlDX I XYA7DX 
Multiple R' 0.6816 0.6900 
Sample size 365 365 
Model F-stal 84.43 87.81 
df - numeralor 9 9 
df - denominator 355 355 
p(F1 >0.000 1 >0.0001 
Note: Provided i n  the upper portion of the table are the coefficient values with their standard error. I-statistic. and the probability 
that the coefficient value is not different from zero. Model statistics are shown in the lower ponion of the table. 
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Table 10.5. Linear Regrebs~on Resultr for the Depmdent Var~able XYA7DA in the Combined Interior and Cuasral Ecoprov~nce 
Dd13 S e t h .  

Dependent Variable 
XYA7DA 

Independelit t'ariable Value Standard Error t value Prl>ltl) 

IIntercept I -2.319 2.877 -0.806 0.4207 

L'TMZ 0.005 0.00 1 6.693 >O.OOO 1 

CANOPY -6.363 1.169 -5.448 >n.oool 
LOGDlVl 2.860 1.029 2.780 0.0057 

LOGWA 0.068 0.634 0.107 0.9145 

FOG08 -1.576 0.157 -6.128 >O.OOO 1 

C0AST.KM -0.003 0.009 -0.291 0.7713 

L'TMX. I OE4 0.235 0.046 5.141 >0.0001 

C,AN.LOGWA 1.179 0.3 12 3.777 0.0002 

UTMZ.COASTKM 0.000 0.000 -7.384 >0.0001 

Model Performance 

Statlstlc XYA7DA 
Multiple R' 0.7448 
Sample ,ize ' 

Model F-stat 
Degrees of freedom - numerator 
Deerees of freedom - denominator 
(FI >O.MX)I 

{OTE: Provided in the upper ponion of the table are thk coefficient values with their standard error. 1-statistic. and the 
probilbility that ihe coefficient value is not different from zero. Model statistics are shown in the lower ponion of the table. 

For the XY IDX and XYA7DX interior ecoprovince distance, log watershed area, habitat type (POOLor 
models, canopy closure, the log of distance from RIFFLE-RUN), within or outside ZCI.UTMX, and 
watershed divide. UTMX. UTMY, and the the interaction between the log watershed area and 
interaction between UTMX and UTMY where all log div~de distance (Table 10.8). From the lib1 of' 
variables selected in the backward procedure (Table iariables for X Y  IDX and XYA7DX coastal . 
10.6). The XYA7DA model for the interior ecoprovince models, the XYA7DA coastal 
ecoprovince used the same covariates as the other ecoprovince model removed the log of watershed 
two models, with the addition of elevation and area and the interaction between the logs of 
distance to the coast (Table 10.7). watershed area and divide distance, and replaced 

UTMX with UTMY (Table 10.9). 
The XY IDX and XYA7DX coastal ecoprovince 
models included the variables canopy. log divide 
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Table 10.6. Linear Regression Results for the Dependant Variables XY IDX and XYA7DX in the Interior Ecoprovince Data . 
Set. 

Dependant Variable 
XY lDX XYA7DX 

Independent Variable Value Std. Error  t value Pr(>ltll Value Std. Error t value Pr(>ltl) 
(Intercept) 1581.337 256.396 6.168 >0.0001 1492.37 252.380 5.913 >0.0001 
CANOPY -4.447 0.819 -5.364 >0.0001 -4.083 0.816 -5.003 >0.0001 
LOGDlVl 2.348 0.542 4.334 >0.WI 2.389 0.533 4.482 >0.0001 
UTMY.IOE5 -34.342 5.655 -6.073 >0.0001 -32.385 5.567 -5.818 >0.0001 

UTMX.IOE4 -29.557 5.244 -5.637 >0.0001 -27.813 5.162 -5.388 >0.0001 
UTMY IOES.UTMXIOE4 0.647 0.1 16 5.596 >0.0001 0.608 0.114 5.343 >O.MMI 

Model Performance 

Statistic XY lDX I XYA7DX 

Multt~le R2 0 7530 0.7495 

sample size 112 I I? 

Model F-stat 64.61 63.13 

df - numerator 5 5 

df - denominator 106 106 

p(F) >0.0001 >O.OM)I 
NOTE: Provided in the upper portion of the table are the coefficient values with their standiwd error. I-statistic. and the 
probability that the coefficient value is not different from zero. Model statistics are shown in the lower portion of the table. 

Table 10.7. Linear Regression Results for the Dependant Variable XYA7DA in the Interior Ecoprovince Data Set. 
Dependant Variable 

XYA7DA 
Independent Variable Value Standard Error t value Pr(>ltll 
(Intercept) 1055.258 157.941 6.681 >0.0001 
UTMZ -0.002 0.001 -3.140 0.0022 
CANOPY -2.184 0.532 -4.666 >0.0001 
LOGDlVl 2.783 0.402 6.928 >0.0001 
COAST.KM -0.069 0.022 -3.169 0.0020 
UTMY. IOE5 -23.610 3.461 -6.822 >0.000 1 
UTMX.IOE4 -20.044 3.21 1 -6.243 >0.000 1 
UTMYIOE5.UTMXIOE4 0.455 0.07 1 6.463 >O.OM)I 

Statistic XYA7DA 
Multiple R' 0.8731 
sample size 
Model F-statistic 
degrees of freedom - numerator 
degrees of freedom - denominator 
plFl  >O.MH)I 
Note: Provided in the upper ponion of the table are the coefficient values with their standard error. I-statistic. and the probability 
that the coefficient value is not different from zero. Model statistics are shown in the lower ponion of the table. 
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Table 10.8. Linrar Reprerrion Results for the Dependant Variable5 XYIDX and XY.47DX in the Co;t,t;~l Ecoprovlnce Dan 
Set. 

Dependant Variable 
XY I D X  I XYA7DX 

Independent Variable Value Std. Error  t value Prl>ltl) Value Std. Error  t value Prl>ltll 
Ilnterceptl .16.836 5.494 -3.065 0.0024 - 18.598 5174 -3.595 0.0004 

CANOPY -4.108 0.608 -6.753 >0.0001 

LOGDIVI 7.424 1.934 3.839 0.0002 

LOGWA 4.965 1.373 3.616 0.0004 

POOL - 1.278 0.287 -4.451 >0.0001 

FOG08 - 1.949 0.306 -6.378 >O.OMI 

t i M X . I O E J  0132 0.065 3.551 0.0005 

LOGDIVI.LOGWA -1.095 0.253 -1.335 >O.MMI 
Model I rformance 

Statistic XY I D X  XYA7DX 

Multiple R' 0.6819 0.6917 

sample size 
Model F-stal 
df - numerator 
df - denominator 

p 'F I  >O .WI  I >0.000 1 
Note: Provided in the upper ponion of the rable are the coefficient values with their standard error. 1-statistic. and lhe probability 
that the coefficient value i s  not different from zero. Model statistics are shown in the lower ponion of the table. 

Table 10.9. Linear Regression Results for the Dependant Variable XYA7DA in the Coastal Ecoprovince Data Set. 
Dependant Variable 

XYA7DA 

Independent Variable Value Std. Error t value Prl>ltl) 

(Intercept) 34.399 4.854 7.086 9.0001 

CANOPY -1.909 0.388 -4.918 9.0001 

LOGDIVI 3.769 0.239 15.765 9.0001 

POOL -0.88 1 0.187 -4.703 >O.OOOl 

FOG08 -1.712 0.185 -9.259 9 .000 1 

UTMY,iOE5 -0.669 0.109 -6.118 9.0001 

Model Performance 

Statistic XYA7DA 
Mulriule R' 0.7588 
sample size 
Model F-stat 
degrees of freedom - numerator 
decrees of freedom -denominator 

plF) >0.0001 
Note: Provided in the upper ponion of the table are the coefficient values with their standard emr. 1-statistic. and the probability 
that the coefficient value i s  not different from zero. Model statistics are shown in the bottom ponion the table. 
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Al ternat ive  Model Selection and Model 
Comparisons 

Combined Ecoprovinces 

Most of the suggested alternative models contained 
various air temperature metrics. Backward selection 
XY IDX and XYA7DX models for combined 
ecoprovinces contained the covariates ecoprovince. 
canopy closure. the log of distance from watershed 
divide, the log of watershed area. habitat type. in or 
out of the zone of coastal influence. UTMX. UTMY. 
and the interaction between the logs of watershed 
area and distance from divide. The alternative models 
used the PRISM estimated 30-year August average 
maximum air temperature (PMAX08) in place of 
UTMY and UTMX and removed the interaction term 
between the log of divide distance and the log of 
watershed area. 

The alternative model was compared to the primary 
model (the model selected by the backward selection 
procedure) for XYlDX and XYA7DX (Table 10.10). 
For both stream temperature metrics the primary 
model had better AIC scores and higher R' values for 
the 1998 data. Generally. the mean W-statistic for all 
I997 sites favored the alternative model (Table 
10.10). 

For XY IDX. the mean W-statistic for the 1997 
matched and unmatched groups favored the primary 
model. but the statistics for the groupings in the 
alternative models had opposite signs resulting in an 
average W-statistic that favored the alternate model. 
Consistency values. that is the proponion of sites that 
had estimates within 2°C of the observed value. for 
the 1997 all-sites-combined validation comparisons 
favored the alternative XY IDX and XYA7DX 
models. 

For the combined ecoprovince XYA7DA model. a 
similar change in variables was made in the 
alternative model. Air temperature surrogate 
variables (distance from coast, UTMX. elevation. and 
the elevation and coast distance interaction) were 
replaced with the same PRISM estimated 30-year 
August average maximum air temperature metric 
(PMAX08). The results of model comparisons were 
more complicated than previous comparisons. While 

the AIC score and the 1998 R' still favored the 
primary model. the 1997 W-statistics mostly favored 
the primary model as well. An exception was noted 
for the unmatched 1997 sites, with slightly lower 
mean W-statistics and higher consistency values for 
the alternative model. 

Interior Ecoprovince 

For the interior ecoprovince XY IDX, XYA7DX. and 
XYA7DA models. P.MO.MAX replaced UTMX, 
UTMY. and the UTMX-UTMY interaction as the air 
temperaturesurrogate for the alternative models 
(Table 10.1 I). Additionally. all alternative models 
used the canopy closure - log divide distance 
interaction term. which was not selected for any of 
the primary models. For all model comparisons. the 
primary model out performed the alternative model 
(Table 10.1 I). Though mixed. the W-statistics mostly 
favored the primary models. Still, the AIC score and 
R' values showed that the primary models were much 
better, but the cross validation statistics using the 
1997 data indicated that the primary models were 
only marginally better. 

Coastal Ecoprovince 

The alternative models for XY IDX and XYA7DX in 
the coastal ecoprovince used PMAX08 and distance 
from coast as air temperature surrogates in place of 
UTMX used by the primary models (Table 10.12). 
The AIC score and the R' values were better for the 
primary model. However. the alternative models 
generally fit the 1997 data better (Table 10.12). The 
only exception was the W-statistics for the primary 
XY IDX models were slightly better than those for 
the alternative models. The alternative model for 
XYA7DA in the coastal ecoprovince similarly used 
PMAX08 and distance from coast as air temperature 
surrogates in place of UTMY (Table 10.12). Like the 
other models. the AIC and R: values were better for 
the primary XYA7DA model. while the 1997 data 
were better fit by the alternative model as indicated 
by lower W-statistics. 
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Table 10.10. Comparison of Combined-Ecoprovince blodel5 Produced in the Bnckwnrd Selection Procedure IPrimary Columns) 
and an Altrmative Model for XYIDX. XYA7DX. and XY.47D.4. 

Dependent Variable Model 

XY l D X  XT.A7DX X Y 7 D A  

Independent Variable Primary Alternative Primary Alternative Primary .Alternative 
1 Inlerce~tl  96.929 5.259 96.383 3.733 3.319 1.629 

U M Z  0 0 0 0 0005 0 
CANOPY -3.824 -4.148 -3.628 -3.958 -6.365 -4.914 
LOGDlVl 6.246 2.674 6.400 3.060 2.860 4.065, 
LOGWA 4.895 0.348 4.43 1 0.97 1 0.068 . -0.604 
POOL - 1.05 1 -0.386 -0.960 -0.295 0 0 
FOG08 -2.641 -1.252 -2.507 -1.107 -1.576 -0.687 
PMAXO8 0 0.191 0 0.195 0 0.125 
EC0263 - 1.778 1.785 - 1.952 1.616 0 0 
CANOPY.LOGWA 0 0 0 0 1.179 0.870 
UTMZ.COASTDIS 0 0 0 0 -9.3E-5 0 
LOGDIV1.LOGWA -0.963 0 -0.9 15 0 0 0 

Statistic ,\lode1 Performance 
AIC 645.1271 756.1423 6 10.5244 729.2842 380.6 189 492.7467 

RAY" 
Consistency,, 


WUI-ALL 

St Dev.(W,,.,,,) 

Consistency,,,,, 


%,.ALL 


W*7.,",,, 

St Dev.(W,,.,,,,) 

Consistency,,.,,, 


n'l.w,Eh 


w,,."-, 
St Dev.LWu7 ...,,, 
Consistency,, .,.,,,, 
nul-unm* 51 51 5 1 51 51 51 
Note: Column values are coefficients for independent variable. A zero value indicates the variable was not used in that model. 
The lower portion o f  the table presents comparative model performance statistics. Comparisons should only be made between 
primary and alternative models within the same dependent variable. Lower AIC values indicate a berrer model. R values are 
reported for the 1998 sample. 1997 data are grouped as: ( I )  all sites combined (ALL). (2) 1997 sites at the same location as 
1998 sites (match), and (3) 1997 sites at different locations than 1998 sites (unmatch). W-statistic is the average error for the 
validation data set. Consistency is the proponion of sites with estimates within Z'C o f  the observed value. 
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Table 10.1 1. Comparison of Interior Ecoprovince Models Produced in the Backward Selection Procedure (Primary Columns) 
and an Alternative Suggestion for XY IDX. XYA7DX. and XYA7DA. 

Dependent Variable Model 
-

XYlDX XYA7DX XYA7DA 

Independent Variable Primary Alternative Primary Alternative Primary Alternative 
(Intercept) 1581 337 1 327 1492 37 -0471 1055 258 - 1  235 
COASTDIS 0 0 0 0 -0.069 -0.052 
UTMX. IOE4 -29.557 0 -27.812 0 -20.044 0 
UTMY. IOE5 -34.342 0 -32.384 0 -23.610 0 
UTMZ 0 0 0 0 -0.002 0.002 
CANOPY -4.447 -22.082 -4.083 -21.683 -2.484 -12.570 
LOGDNI 2.347 1.021 2.389 1.071 2.783 2.226 
P.MO.MAX 0 0.592 0 0.615 0 0.461 
CANOPY.LOGDIV1 0 4.279 0 4.272 0 2.627 
UTMX.UNY 0.647 0 0.608 0 0.435 0 

Statistic Model Performance 
AIC 190.5035 273 4447 187.1549 266.5003 84.5871 18 1.6462 

R2.,# 
Consistency,, 

ny8 

W~,.A,, 
St Dev.(W,,,,,I 

Consistency,,.,,, 

~ U T A L L  

W",.,,* 
St Dev.(W ,..,,,, 1 

Consistency,,.,,,, 

W",."",,,, 

St Dev.(Wq, .un,,c J 

Consis ten~y, , .~ , ,  

n ~ r . ~ ~ ~ , . h  12 I2 I 2 I2 I2 I2 
Note: Column values are coefficients for independent variables. A zero value indicates the variable was not used in that model. 
The lower portion of the table presents comparative model performance statistics. Comparisons should only be made between 
primary and alternative models within the same dependent variable. Lower AIC values indicate a better model. R'values are 
rcponid for the 1998 sample. 1997 data are goup id  as. t I I all srtes combrned IALLI. ( 2 ,  1997 sate, at the same locatlon as 
1998 sire, marsh!. and 131 1997 srres at drfferenr loca~onc than 1998 srtes runmatch. W-~rstl,rtc I\ tne meraze error for the 
validation data set. Consistency is the proportion of sites with estimates within 2°C of the observed value. 
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Table 10.12. Comp~rison of Coartd Ecoprovtnce >lode!\ Produced win$ the Backwnrd Selection Procedurr (Pnrn~r?  
Columnsl3nd an Iternati\.e Yodel for XY I DX. XYA7DX. and XY.47DA. 

Dependent Variable Nodel 

SYIDX XYA7DX XYA7D.A 

Independent Sariahle Prlmnr? .Alternative Primary Alternative Primary ,Alternative 
ilnterceptl -16836 -12.3l6 -18.598 -13.370 34..399 2.006 
COASTDIS 0 -0.001 0 -0.01 1 0 -0.022 
U M X .  IOE4 0.232 0 0.252 0 0 0 
UTMY.IOE5 0 0 0 0 -0.669 0 

C;\NOPY -4.108 -4.218 -2.988 4 1 0 9  -1 YO9 -2.070 
LOGDlVl 7.42-1 8.937 7.619 9.189 2.769 3.739 
LOGWA 4.965 1.097 4.659 4.883 0 0 

POOL - 1.278 -1.138 - 1.206 - 1.055 -0.880 -0.630 

FOG08 - 1.949 -2.023 -I,774 - 1.947 -1.712 - I  ,254 

PMAXO8 0 0.060 0 0.060 0 0.127 

LOGDNI.LOGWA - 1.095 - 1.254 - 1.080 -1.257 0 0 


Statistic >lodel Performance 

AIC JI 1 9348 125 9549 38 1 328 1 399 2745 188 8292 219 1279 


R?w 

Consistency,, 


n ~ 8  

W",.,,, 

Consistency,,.,,, 

~ Y ~ A L L  

W",.,,," 


St Dev.(W,,.,,,) 


Consistency,,.,, 


~ Q ~ . M , ,  

W+7."rn* 


St Dev.(W,,,,,,) 


Consistency,,.-, 


39 39 39 3 9 .  39 39 

Note: Column values are coefficients on independent variable. A zero value indicates the variable was not used in that model. 
The lower portion of the table presents comp&ative model performance statistics. Comparisons should only be made between 
primary and alternative mcdels within the samedependent variable. Lower AIC values indicate a bener model. R' values are 
reported for the 1998 sample. 1997 data are grouped as: I 1 I all sites combined (ALL). (2) 1997 sites at the same location us 
1998 sites (match). and 13) 1997 sites at different locations than 1998 sites (unmatchl. W-statistic is  the average error for the . 
validnrion data set. Consistency is the proportion of sites with estimates within 2°C of the observed value. 

,,.,,, St Dev.lW 
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Discussion 

All of the models indicate that canopy closure, air 
temperature, and watershed position have important 
influences on stream temperature. However, there are 
other variables not adequately investigated that may 
be important factors in stream temperature but were 
not addressed because of data gaps: bankfull depth, 
bankfull width. and basin to name a few. 

Additionally, the lack of air temperature data at the 
stream site made it necessary to investigate the 
effects of air temperature through the use of 
surrogates. Air temperature probably plays a greater 
role in influencing water temperature than these 
models seem to indicate. Likewise, canopy closure 
data were collected with a variety of methods with 
different levels of accuracy; which leads to a similar 
problem with the canopy data as seen with the air 
data. With the error introduced into the canopy 
values by the collection methods, canopy should also 
have a much greater influence on water temperature 
than the models indicate. 

Cross validation results indicated some possible 
model over fitting. Although model statistics 

' indicated that all the primary models performed much 
better, mixed results from model validation 
procedures suggest the possibility that the some 
selected covariates in the primary models may fit the 
data well due to chance. Observed coefficients for 
some of the covariates may not be indicative of real 
relationships between dependent and independent 
variables. 

Similarity Between XYlDX and XYA7DX 

XY IDX, the highest maximum stream temperature 
for the year, and XYA7DX. the highest seven-day 
moving average of the daily maximum stream 
temperature. both measures of daily maxima. had 
similar models for all three geographic areas (Tables 
10.4. 10.6. and 10.8). Both dependent variables used 
the same list of covariates in the same ecoprovince 
models. Although not identical. the coefficients for 
the coincident covariates in each model were similar 
and always of the same sign. Anincrease in the value 
of a covariate that results in an increase in water 
temperature for one dependant variable resulted in an 

increase in water temperature for the ofher dependant 
variable as well. In contrast. XYA7DA is the highest 
seven-day moving average of the daily average 
stream temperature, which is a measure of daily 
average and not daily maximum. XYA7DA models 
had a different list of covariates compared to the 
XY IDX and XYA7DX models for all geographic 
areas. 

The similarities are not surprising given the 
relationships that exist between the dependant 
variables. The fit of XY IDX versus XYA7DX had 
an R' values of 0.995. while the R' of XYA7DA 
versus XY lDX and XYA7DX were still high. at 
0.922 and 0.934. respectively. There was sufficient 
difference in the variation of each of the t h r e ~  
temperature metrics to result in the selection of a 
different set of variables. Sullivan et al. ( 1  990) 
believe that average water temperature may be more a 
function of average air temperature, whereas 
temperature metrics dealing with daily maxima are 
more related to solar heat input. Differences in the set 
of covariates chosen for the daily maxima type 
stream temperature metrics and the daily average 
metrics may be indicative of different heating 
processes. 

Air Temperature 

All selected models used surrogates for air 
temperature. Unfortunately, for the primary models, 
these surrogates were always related to geographic or 
topographic position. Latitude, longitude. distance 
from coast. ecoprovince, and zone of coastal 
influence all were selected covariates in the models. 
'Not one air temperature metric went into any primary 
model. Remote air temperature data may work better 
than the surrogates listed above when modeling 
temperature for basins. If all the sites are within an 
ecoprovince with a small range in latitude and 
longitude, the other covariates might not be as 
significant (given a smaller range in values) and the 
remote air station might provided the better 
relationship. Without having a direct estimate of air 
temperature in the model, it is difficult to see the 
relationship between water temperature and air 
temperature. In chapter 5 ,  a positive correlation 
between water temperature and air temperature was 
established. 



The interior ?coprovince models (Table 10.6 and 
10.71 illustrdte the challenge in interpreting the effect 
of air temperature on water temperature. The further 
east the \ire increasing LTMXI  the cooler the water 
temperature. I t  is  expected that moving eastward 
would result in an increase in air temperature. 
However. in the interior-ecoprovince portion of the 
coho salmon range there is  a relationship between 
L T M X  (casting) and elevation. Generally. at stream 
temperature sites within the interior ecoprovince. 
elevation increases in a west-to-east direction. 
Additionally. in the interior ecoprovince. there i s  a 
negative correlation between elevation and air 
temperature (adiabatic cooling). Thus. the further 
east a site i s  located. the cooler the air temperature. 
To further confound the analysis. elevation also 
entered the XYA7DA interior ecoprovince model as 
well. Potentially. there is an interactive relationship 
between elevation and UTMX. 

Ecoprovince and the zone of coastal influence are 
examples of similar air temperature surrogates that 
entered the models. For the combined ecoprovince 
models. ecoprovince was factored as in or out ( l or 
0) of the coastal ecoprovince. At the same time, the 
sites were factored as in or out of the zone of coastal 
intluence. Although not the same, the zone o f  coastal 
influence i s  close to the same geographic area as the 
coastal ecoprovince. There were no sites that were in 
the interior ecoprovince and the zone of coastal 
intluence. although the zone o f  coastal influence 
does enter the interior ecoprovince. Conversely. there 
were coastal ecoprovince sites that were out of the 
zone of coastal influence. For the X Y  I D X  and 
XYA7DX models, both ecoprovince and zone o f  
coastal influence were important factors. X Y  I D X  
and XYA7DX estimates were cooler i n  the coastal 
ecoprovince and in  the zone of coastal influence. The 
XYA7DA model did not select ecoprovince as a 
factor. but the zone o f  coastal influence was 
significant with sites in  the ZCI  being cooler. 
Moreover. in the coastal ecoprovince models, all 
three dependent variables selected the zone of coastal 
influence as a significant factor. 

Lack of time-step correspondence between air and 
water temperature metrics was a potential reason for 
mediocre water temperature prediction capabilities. 
Models were fit to stream temperature data on daily 
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or weekly statistics. The weekly data were seven-day 
moving averages. While both the daily maximum and 
the seven-day moving averages change from day to 
day. the highest daily maximum and highest seven- 
day moving average for the year was used in model 
development. Most X Y  IDX. XYA7DX. and 
XYA7DA values occurred in late July and early 
August (see March 1998 FSP Technical Note in 
Appendix A).  

Air  temperatures used in model development were 
calendar monthly averages. Most o f  the air  
temperature data used in  modeling were available 
only as monthly summaries. The tlme scales for air 
and water temperature metrics used in  modeling were 
obviously mismatched. However. we were interested 
in  modeling stream temperature metrics that are in  
common usage in  California and the Pacific 
Northwest. Sullivan et al. (1990) found unexpectedly 
good agreement between the commonly used 
temperature metrics and monthly water temperatures. 

Since the highest daily maxima and seven-day 
moving averages occur predominantly in July and 
August we chose to use the combined July-August 
average air temperature in  model development. 
During preliminary modeling exercises, AIC scores 
almost always favored the combined July and August 
average maximum air temperature metric over the 
single July or August values. Thus. for the backward 
selection procedures, only the July and August 
average maximum air temperature metric was used. 
However, the relationship between PMAX08 (an 
August maximum air temperature metric) and 
P.MO.MAX ( a July and August average maximum 
air temperature metric) was very high (R' = 0.999 for 
linear fit). Thus, there was little difference if 
PMAX08 or P.MO.MAX was used in  the models. 

Solar Radiation Exposure 

Canopy closure was the single most important 
variable investigated with respect to solar radiation 
exposure, although ecoprovince and ZCI  also play a 
role in  the amount o f  solar radiation reaching the 
stream surface. The coastal ecoprovince and the ZCI  
generally wi l l  have more solar radiation filtered out 
by fog and clouds than areas outside of the ZCI and 
in  the interior ecoprovince. 
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Every fitted model included canopy as a covanate. 
and in every model, there was an inverse relationship 
between canopy closure and water temperature. 
However, without a sound sampling design and 
without canopy data collected using consistent 
protocols that measure effective shade, the level of  
analysis required io answer questions like. "how 
much canopy needs to be retained to keep the water 
at .r degrees under condition y?" cannot reliably be 
answered. Given the caveat that this modeling effon 
was exploratory in nature and that numbers presented 
lack any level of confidence. the primary XYA7DA 
interior ecoprovince model suggests that there was a 
positive interaction between canopy and the log of 
the watershed area. This poses an interesting 
conundrum that warrants further investigation. Just 
how do watershed area and canopy closure interact. 
Below, the terms that involve canopy were put into 
an inequality that indicates that there is a cooling 
effect on stream temperature: 

1.2(CANOPY * LOGWA)-6A(CANOPY)<0 

The above statement is true only when: 

6.4(CANOPY)
LOGWA < 

1.2(CANOPY) 

or, canceling CANOPY, when LOGWA is less than 
5.33 or about 215,000 ha. Once the log of watershed 
area exceeds 215,000 ha, canopy has a warming 
effect on stream temperature. This, however, should 
not be surprising since sites in our region-wide study 
area did not exhibit canopy levels above 30%at 
watershed areas greater than about 63,000 ha (see 
Chapter 9). With increasing watershed area and 
divide distance canopy is expected to decrease due to 
channel widening. rendering adjacent stream-side 
vegetation ineffective at providing shade to stream 
surfaces. Concomitantly. there is generally a 
longitudinal warming in stream temperature with 
increasing distance from the watershed divide and 
increasing watershed area. 

Watershed Position 

Watershed position, as expressed as either the log of 
distance from the watershed divide. the log of 
watershed area. or both. entered every model. In all 
cases. as the watershed area or distance from divide 
increased. there was an increase in steam 
temperature. However, the models for XY IDX and 
XYA7DX in the coastal and the combined 
ecoprovinces included an interactive term between 
log watershed area and log distance from divide that 
had a negative coefficient. Analyses similar to that 
for the canopy closure log watershed area interaction 
might reveal situations where cenain combinations of 
watershed area and distance from divide might have a 
cooling effect. Such a phenomenon is not 
unreasonable since it was shown earlier that warm 
rivers flowing out of warm interior ponions of 
watersheds exhibited a cooling down upon entering 
the zone of coastal influence. 

Habitat T y p e  

FSP had requested that temperature probes be placed 
in riffles were the water is well mixed. However, a 
number of temperature probes were placed in pools. 
some of which were designed to characterize the 
extent of cool thermal refugia. Since many pool 
probes were intentionally placed to measure water 
that is cooler than that found in the well-mixed 
riffles, habitat type was used as a factor for 
consideration in the models. The habitat type factor 
grouped shallow pools, medium pools. and deep 
pools together in one group and runs and riffles into 
the other. Habitat type was found to be a significant 
factor in the coastal and combined ecoprovince 
models. where, as expected. pools were cooler than 
runs and riffles. The result that habitat types were not 
significant in the interior but were on the coast might 
not be a real response. but may be due to differences 
in sampling methods..The probes that were known to 
be placed in pools for describing cool thermal refugia 
were all in the coastal ecoprovince. Thus. it was 
expected that these sites would be cooler. For pool 
sites in the interior ecoprovince. the purpose for 
placement in pool habitat was largely unknown. 
Additionally, fewer probes were placed in pools in 
the interior. making comparisons difficult. There was 
over 50% pool placement of probes in the coastal 
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ecopro\.ince and only about 30% pool placement in 
the interior. 

The placement of temperature probes into pools adds 
additional unnecessar). complesity to an already 
complex relationship. The relationship between water 
temperature and the covariates that control water 
temperature is difficult to model. Collecting data in 
pools as well brings into the model a relationship 
between the mixed water of the riffles and water that 
may or may not stratify in pools. I f  water 
temperatures were measured only in well- mixed 
riffles. then the water temperature models would 
have less variability. making interpretation much 
easier and more reliable. 

Stream size 

As stated in the watershed position section. there was 
a relationship between watershed area and distance 
from watershed divide with respect to stream 
temperature. Stream size is also related to watershed 
area and distance from divide. thus those variables 
might serve a surrogacy role for stream size in the 
model. 

Bankfull width and bankfull depth were left in  the 
backward selection procedure only to illustrate their 
possible importance. In  preliminary modeling 
exercises. when either or both covariates entered the 
model a good AIC score with a high R' value was 
observed. However. model improvement may be 
because of the relatively small geographic area 
represented by sites with non-null bankfull data. 
Whether the good fits were due to an actual 
relationship between water temperature versus 
bankfull width and depth or whether due to the 
limited number of basins entered into the models is 
unknown. However, given the significance o f  
bankfull width in several physical-based temperature 
models (Banholow, 1989: Sullivan et al., 1990). it is 
believed that the observed importance o f  this variable 
in the present study is real and not an artifact o f  
limited areal extent. In  the future. bankfull width and 
bankfull depth should be recorded and investigated 
for the potential effects on stream temperature. 

Basin 

During preliminary model exploration. BASIN was 
one o f  the most important covariates. However. many 
basins had no stream temperature sites. others had a 
few. and some basins dominated the data set. One of 
the fitted models indicated that the Smith River basin 
was the hottest basin, when factoring out other 
effects in the model. The Smith River basin had only 
four stream temperature sites. making more in-depth 
investigation o f  such a small number of sites feasible. 
A l l  four sites had high canopy values. were close to 
the coast, were located in  the northern portion of the 
study area, and were close to the watershed divide. 
A l l  of these factors would result in an lower 
estimated water temperature without taking basin into 
account. These four sites were all small coastal 
streams. None were mainstem or interior ecoprovince 
sites. These points were not representative of the 
Smith River basin as a whole. Given this problem 
and the large number o f  basins without any sites, 
BASIN was dropped from the analysis. 

This underscores the effects of a lack of sampling 
design on the error structure of the data and the 
resulting models. 

Summary 

Researchers have had a great deal o f  success 
modeling stream temperature at basin and smaller 
scales. However, i f  the desire is to model stream 
temperature at a coho salmon ESU scale. many 
complications not seen at the smaller scale arise. 
Namely, remote air data coupled with surrogates. 
such as elevation, may work well for developing a 
basin-scale model. but at a regional scale. a better 
estimate o f  the local air temperature is required. 
Additionally, these analyses were confounded by the 
fact that there was no sampling design in place. 
Basins rich in  data, like the Eel River, were over 
represented as compared to a basin like the Smith 
River, where only four sites were found. Without a 
sampling design to guide placement of stream 
temperature sensors i t  i s  difficult to know exactly 
what geographic area these models describe. 
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All the fitted models indicated that air temperature. 
solar radiation. and watershed position were 
imponant covariates. Positional covariates entered all 
the models. While these were viewed as air 
temperature surrogates, this underscores the fact that 
location is an imponant factor in stream temperature 
profiles. For example, two sites that appear to be 
identical with respect to habitat, riparian condition. 
shading. watershed area. and flow rate. but are in 
different basins will more than likely have different 
temperature profiles. Stream temperature "target" 
values that may be easily achieved in some areas 
might be impossible in others. 

Although models were presented and statements 
made as to what independent variables influence 
water temperature. the lack of a sampling design 
makes in-depth analyses tenuous. Questions 
regarding each covariate's contribution to explaining 
variation in stream temperature requires data 

collected with a sampling design suited for 
developing explanatory models. Such a design would 
require a sampling frame. constructed froma well- 
defined sampling universe. Then. a random 
probability sample of some type must be drawn from 
the sampling frame. Finally. air temperature. canopy. 
and stream-size data collection. and stream 
temperature sensor placement must all adhere to 
consistent protocols and all collected values must be 
submitted. Note. the explanatory model would not 
work well to predict stream temperatures. The 
explanatory model will require local air temperatures 
and good canopy data that will be expensive to 
collect at a large scale. If a predictive model is 
desired. then a higher sampling rate applied over a 
smaller spatial scale, without collection of local air 
temperature, would be more cost effective. 
Nonetheless, a sampling design with a random 
probability sample is still required. 



Introduction 

The advent of digital continuous monitoring devices 
for stream temperature is a quite recent event. 
Continuous thermographs have been available since 
1951 (Blodgett. 1970). There are reports dating back 
fifty years or more that contain synoptic hand-held 
thermometer temperature data reported for select 
stream and river locations across Nonhern 
California. Comparison of a single stream 
temperature datum point recorded at some arbitrary . 
time of day at some arbitrary location on a stream in 
the past to more recent continuously monitored 
stream temperature data is difficult. It may lead to 
erroneous conclusions or no conclusions at all. 

Matching up the location of the historical data or 
datum to more recent data can often be laborious 
detective work. attempting to identify the location of 
a crime scene for a crime committed several decades 
ago. Usually the location information is very sketchy. 
Locations may be referenced to some landmark 
(bridge, road, pool) that no longer exists or to a 
stream or confluence whose name has changed. 

Recent FSP data contributor sites up to ZOO0 m from 
the historical site location were used in comparisons. 
However, for status assessment and regional trend 
analyses of FSP sites presented in Chapters 3 - 9, ten 
meters.was the largest distance separating two sites 
that were considered to be the same site across 
multiple years. There was only one historical site that 
was approximately 10 m from a contemporary FSP 
site. If the more stringent standard for defining a 
unique site location was used for the historical 
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comparisons. there would be only one historical 
comparison. Thus. some concessions were made in 
order to increase the number of matched sites for 
historical comparison purposes. Many of the 
historical sites were located on mainstem rivers, 
which are believed to have less longitudinal 
temperature variability over long (thousands of 
meters) distances. Less longitudinal variability allows 
comparisons of historical and contemporary sites that 
are not collocated. 

Most of the historical data comes from larger streams 
where air temperature is most likely the major factor 
influencing water temperature. Thus, this analysis 
does little to address any stream temperature changes 
that have occurred since the 1950's in smaller 
streams, where most coho salmon rearing takes place 
and where land management practices may have a 
greater influence on thermal regimes and the extent 
of potentially suitable habitat. This historical analysis 
is on a site-by-site basis and not a regional 
assessment of trends in stream temperatures across . 
the range of coho salmon in Northern California. 

We found that stream temperatures at many sites 
have been fairly similar over two or more decades. 
Much of the variability that was observed could be 
attributable to year-to-year changes in air 
temperatures. On smaller streams. changes from 
historical stream temperature levels may be related to 
changes in certain site factors. However, no historical 
site attribute data, and in some cases no 
contemporary site attribute data, were available for 
which to relate changes in water temperature. 
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Sources of Historical Stream 
Temperature Information 

Various reports from the Bureau of Fish 
Conservation. California Division of Fish and Game 
can be found in the government documents section of 
the library. Many of these repons contain max-min or 
single grab sample water temperatures. often 
accompanied by synoptic air temperatures measured 
at approximately the same time and place. 

The U.S. Environmental Protection Agency (EPA) 
maintains a database of water quality information. 
The database, known as STORET, is a computerized 
data base utility maintained by the EPA for the 
STOrage and RETrieval of chemical. physical, and 
biological data pertaining to the quality of the 
waterways within and contiguous to the United 
States. A data request for all stream temperature data 
available in STORET for the HUCs compnslng the 
range of the coho salmon in Nonhern California was 
submitted to the U.S. EPA. The data were received 
within two days of the request. The stream 
temperature monitoring point locations were 
displayed in GIS and compared to FSP's point 
coverage. It was found that 1996-1997 data from a 
large federally funded water temperature monitoring 
study in the Eel River Basin were submitted to the 
U.S. EPA for inclusion in STORET with their 
original site coordinates. On average, these points 
were 993 m from their true locations with a 
maximum of 63 km (See Chapter 2. Spatial Accuracy 
Assessment). This raises some concerns as to the 
spatial accuracy of other stream temperature data 
found in STORET. The quality of data in STORET. 
both for the numeric values of the parameter of 
interest and for the s~a t i a l  location where the 
parameter was measured. is entirely up to the 
discretion of the data contributor. Also, the received 
data set had data from hand held thermometers. 
digital continuous monitoring devices. and 
thermographs. with no indication of which collection 
method was used for the site. Many sites had only 
one record. listed with a date; it was unknown 
whether these particular points were grab samples or 
daily maxima. Because of the uncertainty 
surrounding these data. STORET data were not used 
in historical comparisons. 

The USGS has recorded water temperature at many 
of their stream gaging stations. The sites are located 
primarily on mainstern tributaries. usually fourth 
order or greater. A very good source of temperature 
data that was used in this chapter was a stream 
temperature summary report prepared by Blodgett 
(1970) who summarized USGS water temperature 
data in tabular format. Both periodic and continuous 
temperature data were reported. The data for some 
locations date hack to the early 1950's. USGS has 
also published water temperature data in annual 
Water Resources Data for California repons 
(USGS. 1975, 1976, 1977, 1978. 1979. 1980). One 
of the impediments in using USGS stream 
temperature data as an assessment tool for historical 
status and trends is that the locations of gaging 
stations are mostly on large. mainstem portions of 
Northern California rivers. Water temperatures in 
these large, wide-channeled watercourses will he 
more a function of air temperature. as was discussed 
in Chapter 5. The effects of flow control on water 
temperature of many Nonhern California rivers was 
noted by Blodgett (1970) throughout his report. 

The Pacific Gas and Electric Company (PG&E) of 
California conducted a water monitoring program in 
association with the Potter Valley Project (PG&E. 
1996). Water temperature was monitored at 16 
locations from 1980 through 1995. The Forest 
Science Project acquired these data in already 
summarized format: daily minimum. average. and 
maximum values. The Forest Science Project located 
six FSP sites that were within an estimated l I00 m of 
PG&E sites for comparisons. However, the exact 
location of the PG&E sites remains unknown and the 
true distances between the FSP site and the PG&E 
site may actually be less than or greater than 1100 m. 

Summary of Administrative Reports 

1951I n l a n d  Fisheries Adminis t ra t ive  Repor t  

Stream temperature data collected in 1950 were 
found for a site located on the Eel River at 
Fernbridge. CA (Murphy and DeWitt. 195 I) .  Data 
were reportedly collected with a thermograph of 
unknown make and model. Daily maxima and 
minima were reported for June through September. 
1950. A Forest Science Project data contributor 
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deployed a continuous stream temperature sensor 
near Fernbridge in 1997. Data collection began on 
July 2.7. I997 and ended on September 30. 1997. A 
colnpariron of the 1950 and 1997 daily maxima and 
minima For [hi, location i s  shown in Figure 11 .1 .  The 
daily maxima in .-\upst ranged from 18.3" to ??.Z0C 
in 1950 and from 19.4' to 22.4"C in 1997. The 
August daily minima ranged from 17.2" to 21.1 "C in  
I950 and from 19.0" to 20.9'C in  1997. 

There was no information in the Murphy and DeWitt 
( 1951 report on the exact placement of the 
thermograph. e.g.. whether i t  was placed in a pool or 
riffle. whether the sensor was shaded from direct 
sunlight, or whether the sensor was placed in  the 
thalweg. The drainage area at this location is 
approximately two million acres. Such a large 
drainage area value would suggest that the Eel River 
at this location i s  quite wide with little or no stream- 
side shading. This hypothesis i s  supponed by first- 
hand knowledge o f  the Eel River at this locatian and 
by the canopy closure value reported to the Forest 
Science Project at the Fernbridge site in  1997 (5%). 

Monthly average air temperatures were obtained for a 
NOAA weather station located in Scotia. CA, 
approximately 17 km (-IImi) from Fernbridge. The 
monthly average maxima and minima air 
temperatures are shown in  Figure I I . I . Examination 
of monthly average air temperatures for the months 
of July, August. and September revealed that in  1997 
these months were warmer than in  1950. Warmer air 
temperatures may account for the higher daily 
maxima and minima water temperatures observed in 
1997 compared to 1950. 

From the same report prepared by Murphy and 
DeWitt ( 1931I air and water temperature data were 
presented for various locations on the Eel River and 
at the mouth of the Van Duzen River at its 
confluence with the Eel River. Table I I. I presents 
these data as they appeared in the 195 I,repon. There 
was no information in  regards to canopy closure. 
flow rates. or other site-specific attributes. 

Water temperature exceeded air temperature in most 
instances. On June'25. 1950, the weather was noted 
to be clear and warm. The water temperature in the 
Van Duzen River exceeded the air temperature at 
6:00 PM by 72°C (13°F) on this particular day in 
1950. Water at these locations originated in  more 
interior ponions of the basin. where air temperatures 
can be much warmer than more coastal areas (see 
Chapter 4). On July 8 and August 20. 1950. both 
days reponed as clear and warm, the water 
temperature was 23.3"C around 1 pm. This may 
represent the maximum equilibrium stream 
temperature at this location on the Van Duzen River. 
On August 8, 1997 the daily maximum stream 
temperature was 22.6"C near the same location (see 
Figure 7.21). The stream temperatures recorded 47 
years apan are quite similar, suggesting that this 
temperature value may be near the equilibrium 
temperature for this location on the Van Duzen. 

Table II.Iis a good example of the lack o f  locational 
information found with most historical temperature 
data. With better site location information more 
recentFSP stream temperatures could quite possibly 
have been collected at a site in  close proximity to the 
1950 sites. Not all locational information in  historical 
sources is undetailed, as can be seen in  the next 
Administrative Report by Blea (1938). 
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Day 
Range In Water Temperature 

1950 1 1997 %@ 

Figure 11.1. Companson of dally mamma and nunlmd Eel R~ver  water temperatures ("C)measured at Fernbndpe. CA in 1950 
and 1997 from m~d-July through mtd-September 

Scotia Air Temperature 

July August September 
Month 

Year 

Figure 11.2. Companson of air temperature for July. August. and September at Scotia. CA in 1950 and 1997. The lops ollhe 
bars indicate the average monthly maxima. while the bottoms reprerent averape monthly minima. 



Chapter I1 .Historical Perspectives 

Tahle 11.1. Hand-held Air and Water Temoeralureh Collected at Var~ous Times and Locations Durine the Summer of 1950 in 
the Luu.er Eel Basin taken from Murphy and DeWitl. 1951 ). 

Date Time 
June 10 9:35 AM 

,, ,. 

,, <, 

June I I 

June I? 
<, ,# 


,, ,, 


June 13 
June 17 

., ,, 

June 19 
June 20 

,, ., 

June 22 
June 24 
June 25 
June 28 

,, ,, 

June 29 
July 2 
July 3 

,, ,, 

July 8 
July 9 
July 15 
July 23 
July 29 
July 3 1 
Aug. 5 
Aug. 6 
AUP. 20 -

Place 
Eel River VD 
Van Duzen R. 
Weott Bay 
Salt R. Bridge 
Singiey Pool 
Van Duzen R. 
Singley Pool 
Singley Pool 
Van Duzen R. 
Singley Pool 
Van Duzen R. 
Van Duzen R. 
Fernbridge 
Van Duzen R. 
Van Duzen R. 
Fernbridge 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Dungan Pool 
Van Duzen R. 
Van Duzen R. 
Dungan Pool 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Van Duzen R. 
Dungan Pool 
Van Duzen R. 
Van Duzen R. 

Temperature ('C) 
Air Water Remarks 
16.1 17.1 Cloudy. cool 
16.1 
13.3 In backwater of Bay 
13.3 Flow 100 :.p.m. Irough) 
13.3 Water clear. green 
16.7 Cloudy, mild 
14.4 Cloudy. cool 
12.2 Cloudy. cool 
13.9 Cloudy. cool. water not too clear 
I?.? Cloudy. cool 
I?.? Cloudy. cool. water muddy 
14.4 Cloudy. warm 
13.3 Cloudy. warm 
13.9 Cloudy, mild 
14.4 Cloudy, cool. windy 
13.9 ,, ,, 

14.4 Panly cloudy. cool 
15.6 Partly cloudy. mild 
13.9 Clear, mild 
18.9 Clear, warm 
18.3 
15.6 
20.0 
18.3 
15.6 
21.7 
12.8 Cloudy, cool, misty 
18.3 Clear, warm 
15.6 cloudy, mild 
15.6 Clear, warm 
19.4 
18.3 Clear, warm, breezy 
18.3 ,, ,, 

-18.9 
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1938 Inland Fisheries Administrative Report 

In 1938 large steelhead trout mortality was reported 
on the South and Middle Forks of the Eel River. J.H. 
Blea of the California Division Fish and Game. 
Inland Fisheries Branch investigated the problem. He 
prepared a detailed report that appeared in the 
Administrative Records of the Inland Fisheries 
Branch in 1938 (Blea. 1938). Blea collected several 
air and water temperature readings with a hand-held 
thermometer at numerous locations in the South Fork 
and Middle Fork Eel Rivers and in various 
tributaries. Most of the tributary water temperatures 
were collected near the confluence with the river. At 
some tributary locations he also recorded the water 
temperature 3f the mainstem above andlor below the 
tributary. Blea also made observations of the number 
of steelhead trout and any mortalities or obvious 
signs of a diseased condition. 

Upon arriving at the scene Blea learned that three 
weeks prior to ?I July 1938 the weather had been 
hot. and became even hotter over the next three days. 
Air temperatures in Garberville reached 44°C 
( 1  12°F). He described both the South Fork and 
Middle Forks of the Eel River in the area of his 
investigation as: 

. . . unusuall~ exposed to the sun for 
distances of sevenn-five miles or more. The 
broad river beds offer no shade to the 
relafivel?. smallflow of water which moues 
slowly along, alternate!\. through large 
pools and wide, shallow rifles. 

Blea stated that despite the heavy winter rainfall the 
rivers were low because there had not been the usual 
spring rains. Blodgett (1970) states that flow 
regulation of the Eel River began in December of 
1921, the time at which the Scott Dam went into 
operation. Consmction of the Cape Horn Dam in 
1908 may also have influenced flow regimes on the 
Eel River in 1938. Blea speculated that water 
temperatures had probably reached 80°F to 85'F 
(27" to 29°C) throughout much of the area where 
fish exhibited a high incidence of "disease". "These 
temperatures are very near the lethal limit for trout 
and this factor coupled with the consequently low 

oxygen content apparently reduced resistance of the 
fish to the diseases." 

The Blea report is about the only historical repon. 
other than USGS reports. that could be uncovered 
that had adequate location information for both 
tributar) and mainstem sites that enabled us to 
compare more recent FSP water temperature data. 
Table 1 1.2 is a summary of air and water temperature 
measurements taken.by Blea at various locations on 
the South and Middle Forks of the Eel River and 
tributaries entering the mainstems. More 
contemporary recordings of water and air 
temperature are included in the table for historical 
comparison purposes. Hourly air temperature 
recordings were not available for the nearest NOAA 
air station located at Richardson Grove State Park. 
therefore monthly averages are presented in Table .. -
On the Middle Fork of the Eel River at Fort Seward 
the water temperature reported by Blea was 23.9"C 
(75OF) at 9:30 am on 27 July 1938 (Table I 1  2).A 
Forest Science Project site located near the same 
location (-1500 m upstream). as best as can be 
determined from the 1938 site location description. 
was found to have a water temperature of 24.4"C 
(759°F) at 9:47 am on 27 July 1997. It is highly 
unlikely that the 17-minute difference in the time of 
day the two readings were taken might account for 
the O.5"C (0.9"F) difference in the water 
temperatures. A comparison of present-day water 
temperatures to synoptic grab sample water 
temperatures can be considered qualitative at best. 
Nevertheless, the similarity is striking. 

Dean Creek is a tributary to the South Fork Eel and 
exhibited a water temperature of 19.4'C at 8:00 am 
on 3 1 July 1938 (Table 11.2). On the same day in 
1996 at about the same time of day, the water 
temperature was 2?.0°C. The July monthly average 
air temperatures indicated that July 1996 was warmer 
than July 1938. However. the monthly average air 
temperature for July 1997 was the same as 1996. but 
the water temuerature was lower than the 1938 value. 
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Redwood Creek exhibited a water temperature of 
18.3" at 8:30 am on 26 July 1938. On the same day 
and time in 1996 the water temperature was 2 I .  l "C 
at a FSP site located about 1900 m upstream from the 
Blea 1938 site. The monthly average air temperatures 
for July and August 1996 indicate it was a warmer 
year than 1938. which may partly account for the 
higher water temperatures observed in 1996. 

Sprowl Creek at its confluence with the South Fork 
Eel showed very similar water temperatures at nearly 
a 60-year sampling interval. In fact. in 1997. while 
air temperatures were higher than 1938's. water 
temperature in Sprowl Creek was lower. 

Out of the 21 comnarisons of historical and 
contemporary water temperatures presented in Table 
I I.?. eight showed relatively little change, 10 showed 
an increase. and three showed a decrease in water 
temperature. It is difficult to determine whether some 
of the observed increases were due to differences in 
climate, riparian conditions. flow, or all the above. 
The observed decrease in water temperature at Indian 
Creek was in the presence of monthly average air 
temperatures about 3°C higher in 1997 compared to 
1938. 

Potter Valley Project 

A stream temperature monitoring study was 
performed in conjunction with the Potter Valley 
Project by Pacific Gas and Elecuic (PG&E) of 
California (PG&E. 1996). Daily water temperature 
summary statistics (i.e.. daily minimum, average. and 
maximum) were obtained from PG&E. Data were 
collected at various locations along the mainstem Eel 
River above Pillsbury Lake to Fort Seward. CA. Two 
tributaries were also monitored. Tomki Creek which 
enters the mainstem below the Cape Horn Dam and 
Outlet Creek which enters the mainstem upstream 
from Dos Rios. CA. Figure I 1.3 shows the 
approximate location of the monitoring sites. Water 
temperature data were collected from 1980 to 1995. 
although all locations did not have all years for their 
data records. Some stations had continuous data 
spanning the entire year. while others ended in early 
July for most years. 

The only site location information provided with the 
PG&E data was an 8 by 10 inch map with a mark for 
each site labeled with a location name (e.g. Eel River 
Below Scott Dam). The marks covered nearly I km 
of stream. The sites were placed into a GIS coverage 
by visual estimation of the marks' center on the map 
and placed on the blue-line stream using a digital 
raster graph topographic map in Arcview. The 
spatial accuracy of this method was poor. After 
placement, i t  became apparent that two PG&E sites 
were at the same location as two USGS sites (Eel 
River Below Scott Dam and Eel River Above Van 
Arsdale Reservoir). These two sites had differences 
between the estimated PG&E location and the USGS 
location of approximately 270 m and 1270 m. 
respectively. Table 11.3 shows the estimated distance 
from the PG&E site to the corresponding USGS and 
FSP sites. Since the location of the PG&E sites were 
rather imprecise, these distances are presented to 
demonstrate that the sites are probably in the general 
vicinity of each other, with the caveat that 
comparisons may not be entirely appropriate, 
particularly for the two tributary sites. Longitudinal 
variability in water temperatures for larger mainstem 
rivers is considered to be much smaller than 
tributaries. Thus. some leeway is afforded in terms of 
spatial accuracy. 

The PG&E. USGS. and FSP sites listed in Table 
11.3 were combined on a single chan to develop a 
historical view of stream temperatures at each 
location. Monthly average water temperatures were 
calculated from the continuous data for FSP sites and 
from daily averages for the PG&E data. USGS data 
are reported as monthly average values in the 
Biodgett report (1970) and the various USGS Water 
Resources Datafor California reports. If a month 
was missing more than five days of data, the average 
was not presented on the graph. Each bar on the chan 
represents monthly averages for June. July, August. 
or September. The vertical lines represent the range 
In daily minimum and maximum temperatures for 
each month. 

Data charts are presented in a downstream direction. 
with the most upstream site presented first and 
tributaries to mainstems presented last. Typically. the 
hottest two months of each year were presented in 
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Figure 11.3. Location of PG&E Potter Valley Project stream temperature monitoring sites. 



FSP Regional Stream Temperature Assessment Repoll 

Table 11.3. The Estimated Distance from the PG&E Site to the Corresponding USGS and FSP Sites. 

Site 1ocation Distance to FSP Site fm) Distance to USGS Site (ml 

Eel River Below Scott Dam +350 +270 

Eel River Above Van Arsdale Reservoi~ 

Eel River Near Dos Rios 

Eel River at Fon Seward +720 0 

Tomki Creek Near Eel River -730 NIA 

Outlet Creek Near Longvale -620 N/A 
NOTE: Positive values are upstream of the PG&E site. while negative numbers are downstream. The location of the PG&E 

sites are imprecise. thus the distances listed are only approximations to illustrate that the compared sites are probably i n  
the same general vicinity. 

the bar chans, i.e.. July and August. More than one 
month may be shown on the graph because of the 
large number of months in various years with missing 
values for one or more months. Presenting multiple 
months increases the likelihood that a historical 
comparison can be made for at least one of the 
months across multiple years. The site below Scott 
Dam showed its highest stream temperatures in 
September: thus August and September were 
presented for the below-Scott-Dam site. Many PG&E 
sites did not have August data and some did not have 
July data. June data were presented for any site that 
did not have August data. 

Figure 11.4 shows the monthly average water 
temperatures for the site situated below Scott Dam 
near Potter Valley. CA. Eel River water temperatures 
below Scott Dam do not seem to have changed 
appreciably over the last 33 years. with 1995 being 
one of the coldest years on record. Most years for 
this site show an increase in water temperature from 
June through September, which sets this site apan 
from almost all of the 1090 sites examined in the FSP 
regional assessment. Water temperatures at most 
other sites were hottest in July and August, while 

June and September were cooler. The steady increase 
from June through September is evident in the data 
collected by three different organizations over a 33- 
year time span, with 1977 being the only year on 
record where August had a higher monthly average 
than September. It would suffice to say that this trend 
is real, and not an anifact. The observed trend in 
water temperatures at this site is elaborated upon later 
in this chapter (USGS Continuous Data). 

Figure 11.5 shows historical water temperature trends 
on the Eel River above Van Arsdale Reservoir. near 
Potter Valley. CA. The watershed area at this 
location was about 75.000 ha (290 sq mi) and the 
distance from the watershed divide was about 55 km 
(30 mi). Temperatures show the locally normal 
pattern for years where all four months of data were 
available. hottest in July and August. The 
temperatures varied between 16°C and 20°C for 
most months and most years. Water temperatures in 
1992 and 1993 were some of the lowest July monthly 
averages for the 12 records spanning over 34 years. 
The August 1997 monthly average was the only one 
to exceed 20°C. however. most years did not have 
August data. 
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Eel River Below Scott Dam 
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Figure 11.4. C o m p ~ s o nof historical USGS and PG&E monthly average stream temperature data with more recent Forest 
Science Project dnta during August and September. The site was located on the Eel River below Scott Dam. near Potter Valley, 
CA. Vertical lines represent the range in daily minimum and maximum temperatures for each month. 
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Figure 11.5. Compamon of h.atoncd USGS and PG&E monthly alcrdgc strcm tempcrsture d ~ t a  u i th more rccent Forest 
Sc~encc Pro~ect data ounne Julv and 4unust. The sate u a j  located on the Eel Rtver move Van Anddlc Reservo11 Ventcsl lines - .  -
represent the range in daily minimum and maximum temperatures for each month. 
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Figure 1 1.6 presents a comparison of water 
temperatures at a site located on the Eel River near 
Dos Rios. CA. The watershed area at this location 
was about 136.000 ha (525 sq mi) and the distance 
from the watershed divide was I20 lim (75 mi). The 
Eel River is quite wide near Dos Rios. with riparian 
vegetation too far from much of the stream to provide 
any appreciable shading. Most years of data collected 
for the PG&E site had data for only June and only 
three years of August data. The only year when 
August monthly average temperature (26'C) was 
higher than the July monthly average temperature 
(25°C)was 1966. June replaced August for the 
comparison since doing so greatly increased the 
number of years that could be examined. July 
monthly average water temperature< were near or 
above ?S0C for most years in the long-term record. 
June 1993 was the lowest monthly average in the 
record. at about 18°C. 

Figure 1 1.7 shows long-term monthly average water 
temperatures at a location on the Eel River at Fort 
Seward. CA. The watershed area at this location was 
about 544.000 ha (2100 sq mi) and the distance from 
the watershed divide was 225 km (140 mi). The 
channel is quite wide and aggraded at this location. 
The stream is mostly unshaded with vegetation 
offering minimal shading on the outside edges of 
bends. The canopy closure value submitted by a FSP 
cooperator in 1998 was 5%. The PG&E sites had 
enough data for only the month of lune. thus lune is 

the only month with data presented. No obvious 
increase in temperature can be detected. 

Figure 1 1.8 presents a comparison of historical and 
more recent water temperatures at a site on Outlet 
Creek near Longvale. CA. The watershed area was 
41.800 ha (160 sq mi) and the distance fromdivide 
was 50 km (30 mi). Unfortunately. only June monthly 
averages were available for the USGS and PG&E 
portions of the record. Thus, we are somewhat 
limited in our ability to discern any trends over time. 
Again. no obvious increase in temperature can be 
detected. June 1968 monthly average water 
temperature was slightly below 20°C. In 1985 the 
June monthly average was about 24°C. and in 1996 
through 1998 was about 22°C. 

Figure 11.9 compares monthly average temperatures 
on Tomki Creek near the Eel River over a 16-year 
period. The watershed area at this location was 
15.800 ha (60 sq mi) and the distance from watershed 
divide was 35 km (25 mi). There was a gradual 
increase inmonthly average temperatures from 1982 
to 1988, followed by a return to 1982 levels in the 
1990's. No data were available in 1990. In 199 1, 
temperatures again reached levels seen in 1989. 
Water temperatures in 1996-1998 were at levels 
similar to those in 1986. The monthly average water 
temperatures fluctuated between 17°C and 25OC 
over the 16-year time period. There was no 
discernable increasing or decreasing trend. 
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Eel River Near Dos Rios 
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Figure 11.6. Cornparison of historical USGS and PG&E monthly average stream temperature data with more recent Forest 
Science Project data during June and July. Location 1s on the Eel River near Dos Rios. CA. Vertical lines represent the range in 
daily minimum and maximum temperatures for each month. 
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Figure 11.7. Comparison of historical USGS and PG&E monthly average stream temperature data with more recent Forest 
Science Project data during the month of June on the Eel River at Fort Seward. CA. Vertical lines represent the range in daily 
minimum and maximum temperatures for each month. 
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Outlet Creek Near Longvale 
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Figure 11.8. 'Comparison of historical USGS and PG&E monthly average stream temperature data with more recent Forest 
Science Project data during June for the site at Outlet Creek near the Longvale. CA. Vertical lines represent the range in 
temperatures for each month. 
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Figure 11.9. Compuison of historical PG&E monthly average stream temperature date with more recent Forest Science Project 
dara during July and August at Tomki Creek near the Eel River. Vertical lines represent the range in temperatures for each 
month. 



United States Geological Survey 
Gaging Stations - The Blodgett Report 

A summary of stream.temperature data collected 
from 1950 through 1969 at various locations 
throughout Northern California was prepared by 
Blodgett I 1970). Stream temperatures were measured 
at USGS gaging stations using continuous sensors. 
hand-held thermometers, or both. Published in the 
report are temperature data obtained systematically 
either once or twice per day or by thermograph. Some 
periodic temperature observations (those obtained 
infrequently). as well as most of the thermograph and 
periodic records collected by other agencies, were 
also published in the report and do not appear in any 
other compilation. Latitude and longitude were 
reported for each station to the nearest second. 
Coordinates were entered into a GIS database. 
Generally, there were noticeable discrepancies in the 
location placement: sites usually did not fall on a 
blue-line stream on a USGS topographic map. If the 
coordinate-based placement of a USGS monitoring 
site was near a monumented USGS symbol on a 
DRG. the coordinates for the site were changed to 
place the site in the center of the stream adjacent to 
the USGS monitoring site marked on the DRG. There 
still is some error in the location placement of the 
USGS sites, but the placement of the USGS sites is 
without doubt closer to their uue location than the 
PG&E sites. USGS sites that did not fall near the 
named stream indicated for that site were not used in 
the analysis. However, this lack of coordinate 
placement and stream name matching seldom 
occurred with USGS sites. In general, the location 
information contained in the Blodgett (1970) and 
other USGS reports was superlative. Figure 11.10 
shows a map of USGS stream temperature 
monitoring locations found in the Blodgett report, 
with a dark triangle denoting those sites with 
matching FSP sites. 

~ i g u r eI I .  I I illustrates the location of continuous 
temperature sensors at USGS gaging stations circa 
1970. There may be a concern as to the 
representativeness of water temperature 
measurements collected at gaging stations. Jones 
(1965) examined the relationship between the 
average water temperature of the stream and the 
temperature collected at the thermograph probe. 
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Results showed that for 24 gaging stations with 
temperature monitors on streams in California 
compared to 180 temperature transects (cross 
sections surveyed with hand-held thermometers at 
different flow conditions) there were only I I 
instances when the sensor reading differed from the 
average stream temperature by more than I "F 
(0.556"). 

The USGS defines three stream temperature 
categories: true stream temperature (TST). 
temperature near the sensor (TNS). and the 
temperature recorded (TRC) (Stevens et al., 1975). 
The TST is defined as an instantaneous measurement 
obtained with a calibrated, full-immersion 
thermometer held in a shaded location in the stream's 
main flow away from the influence of tributaries or 
groundwater influx. The actual water temperature 
around the sensor (TRC) reflects its location in the 
channel cross section and may be quite different from 
TST. The TRC is the temperature value that is 
actually recorded and is a function of how well the 
thermometer or sensor is calibrated. If the device is 
calibrated correctly then TRC and TNS should be 
equal. The differences between TST and TNS 
remain, and will vary with each stream as well as 
diurnally and seasonally (Stevens et al.. 1975). 
Moore (1967) as cited in Essig (1998) found about a 
2°C difference in temperature across the Middle 
Fork of the Willamette River near Dexter. OR. He 
noted that in all instances the difference beween 
TST and TNS could be accounted for by "one or two 
observations of comparatively high temperatures near 
the bank where the flow is extremely sluggish." As 
Essig (1998) points out, this is the location where 
many stream temperature probes are placed. 
especially in wide streams, due to logistical and 
safety reasons. The differences between TST and 
TNS are simply not known in most cases. This holds 
uue not only for historical data, but for all 
contemporary stream monitoring activities as well. 
Given the unknown differences between TST and 
TNS great caution should be applied when 
interpreting any s w a m  temperature data, particularly 
in a regulatory context (Essig. 1998). In this chapter, 
and in preceding chapters, stream temperatures are 
used in a relative sense, to explore historical trends 
and associations between temperature and various 
landscape-level and site-specific attributes. 
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Figure 11.10. Location of USGS sites that were comp;ired to more recent FSP stream temperature monitoring sites. Dark 
triangles I46 sites) represent USGS-FSP comparisons. Lighter triangles represent USGS sites with historical dava available but no 
matching FSP site. 
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Figure 11.11. Diagram of ryp~cal USGS gaglng srarlon where both stage and water temperature are recorded. Taken from 
Blodpett (1970). 
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USGS Periodic Data 

Periodic water temperature data were collected on an 
irregular basis and less frequently than continuous 
data. Periodic observations were obtained by holding 
a thermometer in the stream and reading it while the 
bulb was immersed. Periodic data were reported as 
the maximum value and date of occurrence of the 
maximum value at each site. Periodic data were only 
used in historical comparisons when no continuous 
temperature data were available. Below is an example 
of the way in which periodic data for maximum 
temperature were reported in the Blodgett report 
(1970) and other USGS reports. 

EXTREMES. - PERIODIC DATA: 
MAXIMUM = 29 DEG. C, 
JULY 23,1958, JULY 10,1968 

In this example, the values shown on the bar chart for 
this site would be 29°C for I958 and 1968. The 
annual highest daily maximum temperature from the 
corresponding FSP site was graphed for each year 
that the FSP site was monitored. The periodic 
maximum, however. is a biased estimate for the 
maximum temperature for the period of record. A 
total of 12 July temperatures and 12 August 
temperatures (the hottest months of the year) were 
measured from 1958 through 1968. Even if the 
~emperatures recorded were the maximum 
temperatures for the days of record, the true 
maximum temoerature reached from 1958 throueh -
1968 probabl; was not captured. Thus, the true 
maximum temperature for any periodic record could 
possibly be greater than the listed maximum value. 

Additionally. the way in which the maximum 
temperature for the period of record was reponed 
does not provide temperature values for years that did 
not have the highest value. That is. if periodic data 
were collected for years 1958 through 1968,only the 
maximum over this entire I I-year period was 
reponed. If 1959 had the highest value out of all 
years. for example. 23'C. only the 1959 value would 
be shown in the data summary. If all other years had 
23'C. their values were not reported. 

The comparisons made in this section are on a site- 
by-site basis. They are not necessarily reflective of 

the larger ESU regional analysis. Any historical 
periodic data that had a nearby FSP site were 
included in the analysis. A discussion of site-specific 
attributes (e.g.. canopy closure) was included to offer 
possible insight into historical stream temperature 
patterns. Canopy data were considered if such data 
existed for an FSP site and if watershed area or 
divide distance indicated the stream was not roo wide 
for stream-side vegetation to provide shade. 

Air temperature data were acquired for each date the 
daily maximum water temperature was reponed. The 
"nearest" air temperature site. locate+ using the 12- 
dimensional Euclidian distance algoi-dhm described 
in Chapter 5, was compared to the water temperature 
site. 

Sites are grouped by the USGS basin names as they 
appeared in the Blodgett (1970) report. 

Summary of USGS Periodic Data 

Trends in stream temperature varied from historic to 
contemporary times. There were a total of eight sites 
that appeared to have lower maximum stream 
temperatures in the 1990's than in the historic 
periodic record. Three of the eight sites had 
temperatures that were sightly less (-1 "-2°C) than 
past temperatures and probably have similar 
temperature patterns today as they did historically. 
Those sites were: 

( I )  Little River near Crannell: 
(2)Sugar Creek near Callahan in the Klamath River 

Basin: and 
(3) Shackleford Creek near Mugginsville in the 

Klamath Basin. 

Five of the eight sites had a 3°C or greater decrease 
in sueam temperature for more recent stream 
temperatures compared to historic records. The sites 
that were cooler in more recent times were: 

( I  ) Jacoby Creek near Freshwater 
( 2 )Etna Creek near Etna in the Klamath Basin 
(3) Big Creek near Hayfork in the Klamath Basin 
(4) Albion River near Comtche 
(5) South Fork Big River near Comrche 



These sites all have relatively small watershed areas. 
The Little River site had the largest at 10.500 ha. 
Channel ~ i d t h  at this watershed area size could still 
allow for stream-side \.egetation to have an influence 
on stream temperature. ,Additionally. i t  is quite 
possible that the observed changes in water 
temperature from past to present times may be due to 
differences in the locations of the sites. The largest 
difference between contemporary and historic site 
placement was Etna Creek. where the FSP site was 
over Z km upstream from the USGS site. It is also 
likely that an increase in canopy closure for some of 
these sites may have contributed to the cooling of 
more recent stream temperatures. 

There was a total of four sites that showed little 
change in maximum stream temperatures from the 
historic record. With one exception. the maximum 
temperatures measured in the 1990's were within one 
degree of the periodic historic record. Those sites 
were: 

( I )  Nonh Fork Mad River near Korbel 
(2) Bluff Creek near Weitchpec 
(3) Pudding Creek near Fon Bragg 
(4)East Branch of South Fork Eel River near 

Garberville 

Pudding Creek had two years of maximum 
temperatures that where 2°C greater than the historic 
record. However, the FSP site was -1.3 km 
downstream of the USGS site. Moreover. the FSP 
site's watershed area was only 3681 ha, indicative of 
a relatively small stream. In such a small stream the 
downstream distance of the FSP site from the USGS 
site is more than adequate to explain the 2°C 
increase. due to natural longitudinal warming trends. 

There were four sites that indicated stream 
temperature increases in more contemporaty times. 
All four sites had at least a 4'C increase in water 
temperature for more recent years compared to the 
historical record. The sites were: 

( I )  Redwood Creek near Blue Lake 
(2) South Fork Trinity River at Forest Glen in the 

Klamath Basin 
(3) Mill Creek below Alder Creek near Covelo in the 

Eel River Basin 
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( 4 )Hulls Creek near Covelo in the Eel River Basin 

The South Fork Trinity River site at Forest Glen has 
a relatively large watershed area (54.000 ha) and 
divide distance (50 km) compared to the other sites in 
the historical periodic record. The water temperature 
at this site should not be as susceptible to changes in 
canopy since the channel is quite wide. Yet. there 
was a large jump in stream temperature maxima from 
1993 (20°C) to 1994 (27°C). Mill Creek and Hulls 
Creek both had smaller watershed areas and 
reductions in canopy could be responsible for 
increased stream temperature. All sites that exhibited 
an increase in maximum stream temperature lacked 
canopy data. 

Periodic Data B y  Basin 

Differences in air temperature can also account for a 
large proponion of the historical variability in stream 
temperatures at some sites. The influence of air 
temperature and other environmental factors on 
historical trends in stream temperature will be 
explored in more depth in the following section. 

Mad River Basin 

At a site located on the Nonh Fork of the Mad River 
near Korbel. CA the periodic maximum water 
temperature in 1959 was 22°C. with a maximum air 
temperature on that day of 17.8"C (Figure 11.12). 
Nearly forty years later, at a FSP site located about 
1700m downstream from the USGS site, the highest 
daily maximum water temperature was 23'C, with an 
average daily maximum air temperature of 18.9"C. 
The air temperature value is the daily maximum air 
temperature for the date on which the maximum 
water temperature was reported. The 1998 site had a 
slightly higher water temperature than the periodic 
record. but the air temperature was slightly higher as 
well. The FSP site further downstream from the 
USGS site had a watershed area of 10.850 ha. The 
canopy closure value for the site was reponed to be 
5% in 1998. Given the distance traveled from the 
upstream USGS site to the downstream FSP site, the 
higher air temperature on the more contemporary 
date. and the open canopy, it is expected that the FSP 
site would be warmer than the USGS site. 
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Little River Basin (Humboldt County) located 1 10 m downstream from the USGS site was 
2 0 ° C  with a daily maximum air temperature of 

One USGS site in the Little River Basin (Humboldt 19.4"C. In spite of the much warmer air temperature 
County) was suitable for historical water temperature in 1998. the 1998 maximum water temperature record 
comparison. On the Little River near Crannell. CA was cooler. These sites were close enough together 
the periodic maximum water temperature was and the watershed area large enough (10.500 ha) that 
reported to be 22'C in 1959 (Figure 11.13). The differences in temperature due to differences in site 
daily maximum air temperature was 14.4"C on the location should be minimal. No canopy data were 
day of occurrence of the highest periodic maximum available for this site. 
water temperature in 1959. In 1998 the highest daily 
maximum water temperature observed at a site 

Water Temperacure SLle; )i Fork Mad RlYcr Near Korbe; 
uscs period of ~ecord; 195s TO 1965 Water Temperature 1liir ~erperature~ l r e :  ~lamsth Air Temperature 

Figure 11.12. Comparison of yearly 
maximum stream temperatures at a 
historical USGS site and a more recent 
FSP site located on the North Fork of the 
Mad River near Korbel. CA in the Mad 
River Basin. The FSP site was located 
17M) m downstream from the USGS site. Pemdr D ~ N I Y

Huomum WNmum 
Jull l7.1SSS 

Yarer Temperature SIC=: Little Rluar a t  Cramcil 
USDS period of RCCOI~: 1955 to ,968 Water Temperature 
rrr r e n p c r a ~ u r ~rice: fire*."SO, rsisndY . ~ ~ L ~ ~  Air Temperature 

Figure 11.13. Comparison of yearly 
maximum stream temperatures at a 
historical USGS site and a more recent 
Forest Science Project site located in the 
Little River near Crannell. CA. The FSP 
site was located l I0m downstream from 
the USGS site. 



Redwood Creek Basin 

One Redwood Creek Basin USGS site was suitable 
for historical comparison. The USGS references this 
site as Redwood Creek near Blue Lake. CA. After 
placement of the rite on a DRG, a better reference 
would be Redwood Creek near Highway 299 bridge. 
In 1953 and 1958 the periodic maximum water 
temperature at the Redwood Creek USGS site was 
22°C (Figure 1 1.14). The daily maximum air 
temperature matched with the corresponding 
maximum periodic water temperature was 356°C in  
1953 and 37.8"C in 1958. In  1997 and 1998. at a 
FSP site located about 30 m upstream from the 
USGS site. the highest daily maximum stream 
temperatures were 27°C and 26°C. respectively. The 
daily maximum air temperature was 40°C in 1997 
and 38.3"C in 1998. The annual maximum 
temperatures measured in Redwood Creek near 
Highway 299 were higher than those measured for 
the periodic record. There were only four July 
records and two August records in  the eight year 
historical periodic record. The probability i s  low that 
the true maximum water temperature for the 
historical period o f  record was captured. 
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Jacohy Creek Basin 

One USGS site in  the Jacoby Creek Basin in  
Humboldt County was suitable for historical water ' 

temperature comparison. The periodic maximum 
water temperature at a USGS site located on Jacoby 
Creek near Freshwater. CA  was reported to be 21 OC 
in 1959, with a corresponding daily maximum air 
temperature o f  13.9'C (Figure 11.15). The proximity 
o f  this site to the coast is reflected by the low air 
temperature value'. In  1994. a FSP cooperator 
deployed a sensor approximately 1060 m downstream 
from the USGS site. The highest daily maximum 
water temperature in  1994 was 15°C. with a daily 
maximum air temperature of 16.7"C on the day the 
highest water temperature occurred. The site was 
located close to the headwaters, with a watershed 
area of 1760 ha and distance from the watershed 
divide of 15 km.The 6°C decrease in  the maximum 
water temperature i n  1994 may be related to 
increased canopy along the upstream reaches o f  the 
stream. The FSP data contributor did not provide 
canopy information for this site. 

water rsorperature s x s :  ilcdwood cr .  m a r  ~ l u e~ a k s  
USCE ~ e r l ~ dof ~ecord: 1953 i o  ,919 
&,r ~emperaturesire:  orleans 
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Figure 11.14. Comparison of yearly 
maximum stream lemperatures at a 
historical USGS site and a more recent ,,!t 
Forest Science Project site located in 
Redwood Creek near Blue Lake. The FSP 
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Figure 11.15. Comparison of maximum & ?  


stream temperatures at a historical USGS S , 

site and a more recent FSP sire on Jacoby 

Creek near Freshwater. CA. The FSP site " USGS FSP 


penoar OMY ~nnuai  m ywas located 1060 m downstream from Manmum MBnmum *,mum uaxlmurn 

USGS site. July 17 1959 July 14 1994 

Klamath River Basin increase in canopy closure upstream from the water 
site. 

Six periodic USGS sites in the Klamath Bas~n had 
FSP sites in relatively close proximity for historical Etna Creek near Etna. CA had a reponed periodic 
water temperature comparison purposes. maximum water temperature of 21 'C in 1959. The 
Comparisons of historical USGS water temperature daily maximum air temperature on the same day in 
data to more recent FSP data are shown in Figure 1959 was 33.3'C (Figure 11.16-8). In 1998 the 
11.16. highest daily maximum temperature observed at a 

FSP site located 2200 m upstream from the USGS 
The periodic maximum water temperatures reponed site was 17°C. with a daily maximum air temperature 
for Sugar Creek near Callahan. CA for 1958 and on that day of 37.8'C. The 1998 water temperature 
1959 were both 20°C, with maximum air was considerably lower than the historic periodic 
temperatures of 38.9"C and 33.3"C. respectively maximum. The relatively large decline in temperature 
(Figure I I .  16-A). In 1998 the daily maximum air at this site may be due to an increase in canopy or to 
temperature was about the same as 1958, however. a difference in site location. The site's watershed 
the highest daily maximum water temperature at a area was small (4450 ha) and had a listed canopy 
FSP site located 30 m upstream from the USGS site closure of 5% in 1998. At this size of watershed, 
was 18'C. The water temperature was cooler in 1998 changes in canopy can have a significant effect. 
than the historic periodic maximum. The watershed However. the FSP site was 2200 rn upstream from 
area for this site was small (3065 ha) and had a the USGS site and the FSP site was only I I km from 
reponed canopy value of 5% in 1998. The decrease the watershed divide. The extra distance from the 
in maximum stream temperature may be due to an FSP site to the USGS site is sufficient for significant 

increases in water temperature. 
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Shackleford Creek near Mugginsville. CA had a 
reponed periodic maximum water temperature of 
21 "C in 1959, with a daily maximum air temperature 
of 35.O0C (Figure 11.16-C). The nearby FSP stream 
temperature monitoring site was located about 
1320 m upstream from the USGS site. In 1997 and 
1998, the highest daily maximum temperature in both 
years was 19-C. The maximum sir temperatures were 
36.7"C and 40.6"C. respectively. The more recent 
water temperatures were cooler than the historic 
periodic maximum. The Shackleford site also had a 
small watershed area (4800 ha) and stream 
temperatures at the site may be significantly 
influenced by canopy closure. Additionally. 1320 m 
downstream distance in a stream of this size is 
sufficient to account for the observed 2°C increase in 
water temperature at the historic site over the 
contemporary upstream temperatures. 

Bluff Creek near Weitchpec. CA had reported 
periodic maximum water temperatures in 1958. 1961. 
and 1965 that were 2 1 OC (Figure 1 1.16-D). The 
respective maximum air temperature was 40.0°C, 
39.4"C. and 372°C on the day of occurrence for 
each of the periodic maximum water temperatures. A 
FSP site located approximately 1420 m downstream 
from the USGS site collected data for three 
consecutive years. 1996. 1997. and 1998. The highest 
daily maximum temperature was 20°C in I996 and 
22°C in 1997 and 1998. The average daily maximum 
air temperatures on the days the highest daily 
maximum water temperatures occurred were 38.9"C. 
40.0°C, and 40.6'C. respectively. The stability in 
water temperature across the years is remarkable. 
w ~ t h  only a two-degree range. The site had a reported 
canopy value of less than 5% in 1998. The low 
canopy value may be due in pan to the site's 
watershed position, being approximately 40 km from 
the watershed divide and having a drainage area of 
about 19.000 ha. The channel at f i ls  location may be 
too wide for canopy to provide much shade. 

At a location on the South Fork of the Trinity River 
at Forest Glen. CA the reported periodic maximum 
water temperature for 1961 was 19°C. with a 
corresponding daily maximum sir temperature of 
35.0°C (Figure 11.16-E). At a FSP site located 
740 m downstream from the USGS site. the highest 
1993 daily maximum water temperature was 20°C. 
with a daily maximum air temperature of 40.0°C 
(101°F). In the following year, the highest daily 
maximum water temperature increased by 7'C. 
Unfortunately. no air temperature data were available 
on that day in 1994. The watershed area at this 
location was roughly 54.000 ha with a distance from 
the watershed divide of about 50 km. Although the 
water temperature in 1993 was similar to the historic 
periodic maximum, the 1994 water temperature was 
much warmer. On inspection of the records. 1994 
was much hotter than 1993 for most of the summer. 
The 1994 record did not start until July 19, missing a 
significant portion of the summer. No reasonable 
explanation for the increase in temperature could be 

'reached. 

A USGS gaging station located on Big Creek near 
Hayfork. CA had a reported periodic maximum water 
temperature of 29°C in 1959 (Figure I I .l6-F). This 
particular site is located in a very warm area. The 
daily maximum air temperatures in I959 and in 1995 
through 1998 were consistently near 40°C (104°F) 
on the days the highest maximum water temperaJures -
were observed. A FSP site was located I I0 m 
downstream from the USGS site. Despite the high air 
temperatures in 1995 through 1998 the highest daily 
maximum water temperature in these years was about 
6°C lower than the periodic maximum water 
temperature reponed in 1959. The watershed area at 
this location was about 7050 ha and the distance 
from the watershed divide was 22 km.The stream 
corridor is most likely capable of supporting shade- 
producing riparian vegetation. The decrease in daily 
maximum water temperatures may be due. in part, to 
increased shading upstream from this section of Big 
Creek. Unfortunately no canopy data were reponed 
for this location. 
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Albion River Basin 

Comparison of maximum water temperature was 
possible at one site located on the Albion River nedr 
Comtche. CA. A FSP site was located 1070 m 
upstream from the LSGS sire in 1996 and 1997. The 
periodic maximum water temperature reponed in 
1967 was 20°C. with a corresponding daily 
maximum air temperature of 344°C (Figure 1 I .17). 
In 1996 the highest daily maximum water 
temperature was 18°C. with a corresponding daily 
maximum air temperature of 38.3"C. In 1997 the air 
temperature was about 12°C lower than in 1996. with 
a I "C decrease in the highest daily maximum water 
temperature. This site is located near the headwaters 
of the Albion River. The drainage area is 3530 ha 
(13 sq mi) and the distance from the watershed divide 
is 9 km (-6 mi). Water temperatures at this location 
are probably more responsive to changes in incoming 
solar radiation than to changes in air temperature, 
although these two sources of heat input are 
obviously related. Water temperatures at distances 
close to the headwaters are believed to be similar to 
groundwater temperatures (Sullivan et al.. 1990). 
Sullivan et al. (1990) found that primary heat input 
into small headwater streams is via direct solar 
radiation input. Unfortunately, no canopy data were 
provided by the FSP data contributor. The maximum 
water temperatures in 1996 and 1997 were slightly 
cooler than the maximum historical periodic record. 
The FSP site, however, is I .  I km upstream of the 
USGS site; the difference in temperature may be due 
to the difference in site location. 

Big Rlver Basln 

There was one site in the Big River Basin that was 
suitable for historical comparisons. A USGS site 
located on the South Fork Big River near Comtche, 
CA had a reponed periodic maximum water 
temperature of 26°C in 1961. with an daily maximum 
air temperature of 40.O0C (Figure 11.18). In 1997 the 
highest daily maximum water temperature at a FSP 
site located 490 m upstream from the USGS site was 

22°C. with a corresponding daily maximum air 
temperature of 40.6"C. The watershed area (4289 ha) 
and distance from the watershed di\.ide I I4 km) 
indicate that the site was located near the headwaters. 
Despite similar daily mn~imum air temperatures in 
the two years. the daily ~iidximum water temperature 
was 4°C lower in 1997 than in 1961. No canopy data 
were provided by the FSP data contributor. so no 
conclusions can be drawn. However, we cannot rule 
out the possibility that an increase in canopy in 1997 
may be panly responsible for the lower daily 
maximum water temperature. Although this site has a 
small drainage area and the FSP site is upstream of 
the USGS site, the approximately 500 m is probably 
not enough distance to account for an increase in 
water temperature of 4'C. 

Pudding Creek Basin 

In the Pudding Creek Basin in Mendocino County, 
one site was suitable for historical water temperature 
comparisons. On Pudding Creek near Fon Bragg, CA 
the reponed 1965 periodic maximum water 
temperature was I6OC. with a daily maximum air 
temperature of 37.2"C on the day the periodic 
maximum occurred (Figure 1 1.19). At a FSP site 
located 1320 m downstream from the USGS site the 
highest daily maximum water temperature for 1993 
through 1998 varied by no more than 2°C from the 
1965-periodic maximum water temperature. The daily 
maximum air temperatures in 1993-1998 ranged from 
29 to 37°C. The site on Pudding Creek was located 
close to the headwaters, with a watershed area of 
3681 ha and distance from watershed divide of 15 
km.At such a watershed position water temperatures 
would be expected to be below air temperature. Air 
temperature has little effect near the headwaters, 
where direct solar radiation and groundwater 
temperature have greater influence on stream 
temperature (Sullivan et al., 1990). The FSP site is 
funher downstream from the USGS site, which could 
account for the small increase in stream temperature 
experienced by the more recent records. 
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Figure 11.17. Comparison o f  maximum 
stream temperatures at historical USGS sites 
and more recent Forest Science Project sites 
located in the Albion River Basin. Nearest 
FSP site was located 1070 m upstream from 
the USGS site. 

Figure 11.18. Comparison o f  maximum 
stream temperatures at a historical USGS 
periodic site and a more recent Forest 
~clence Project s~te located on the South 
Fork o f  the Bin R~vernear Comtchc. CA 
The FSP site was located 490 m upaream 
from the USGS site. 

Flgure 11.19. Comparison o f  maximum 
stream temperatures at a historical USGS 
site and a more recent Forest Science 
Proiect site located on Pudding Creek near 
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Eel River Basin 

There were three USGS site5 in the Eel River Basin 
with periodic u,ater temperature data suitable for 
comparison to more recent FSP water temperature 
data acquisitions. Comparisons are shown in Figure 
I 1 .20. 

A USGS site located on Mi l l  Creek below Alder 
Creek near Covelo. CA had a reported periodic 
maximum water temperature of 24°C in 1965, with a 
corresponding daily maximum air temperature of 
3 1.1  "C (Figure 1 120-A). A FSP site was located 
1330 m downstream from the USGS site monitored 
water temperature in 1996. The highest daily 
maximum water temperature was 31 "C in  1996. a 
7°C increase above the 1965 periodic maximum 
water temperature. However. the maximum air 
temperature was 8°C higher in 1996. The watershed 
area at the M i l l  Creek site was 4493 ha and the 
distance from the watershed divide was 14 km. 
Channel width at this watershed position should be 
capable of providing riparian shade. While the site is 
located fairly close to the headwaters, the water 
temperature at the site may have responded to the 
higher air temperature in  1996. I f  the site lacked 
stream-side vegetation, increased solar radiation 
could be responsible for the elevated daily maximum 
water temperature observed in 1996. No canopy data 
were provided by the FSP data contributor. I t  must 
also be kept in  mind that with only a total o f  12 
periodic records taken for four years. the periodic 
maximum temperature is probably not the maximum 
daily water temperature for the periodic record 
period. Also. the 1330 m downstream location o f  the 
FSP site may contribute to higher stream 
temperatures than occurred at the USGS site. 

On Hulls Creek near Covelo, C A  the reported 
periodic maximum temperature in  1961 was 17°C. 
with a daily maximum air temperature o f  30.6"C on 

the day the periodic maximum water temperature 
occurred (Figure 11.20-B). At approximately 470 ni 
downstream from the USGS site. an FSP site 
measured a highest daily maximum water 
temperature of 28°C in 1996. The corresponding 
daily maximum air temperature was 38.3"C. Similar 
to the M i l l  Creek site. the water temperature 
increased with a substantial increase in air 
temperature. Also similar to the M i l l  Creek site, only 
18 periodic records were taken over four years: thus. 
the periodic maximum temperature may not be the 
true maximum daily water temperature for the 
periodic record period. The watershed area at the 
Hulls Creek site was 6840 ha and the distance from 
the watershed divide was 17 km. The downstream 
distance o f  470 m for the FSP site i s  not of sufficient 
distance to account for an II'C difference between 
the stream temperature records. The channel width at 
this watershed position is most likely capable o f  
providing stream side shade, although no canopy 
information was provided by the FSP data 
contributor. 

A USGS site located on the East Branch of the South 
Fork of the Eel River near Garberville, CA  had a 
reported periodic maximum water temperature of 
28°C in  1967 (Figure 11.20-C). The daily maximum 
air temperature on that day was 27.2'C. At about 
880 m downstream from the USGS site a FSP site 
had a highest daily maximum temperature of ?9'C in  
1996. The air temperature maximum for the day o f  
the highest daily maximum water temperature was 
I1 "C higher i n  1996 than i t  was in  1967. The 
watershed area at this site was 1169 ha and the 
distance from the watershed divide was 5 km. The 
channel width at this watershed position should be 
narrow enough to allow stream side vegetation. if 
present. to provide shade. The periodic historical 
maximum is similar to the maximum stream 
temperature seen in  1996. 
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Figure 11.20. Comparison of maximum 
stream temperatures at historical USGS 
sites and more recent Forest Science 
Project sites in the Eel River Basin. 
Nearest FSP site was located (A)  1330 m 
downstream. (B1470 m downstream. and 
It)880 m downstream from the USGS site. 

Water TcmpcralvIc Slre. E. Branch 9. rork Eel R 
ear ~arbervl:?e Water Temperature

8 ~ 5 ~ 5~ e r a o dof ~ecord :  1 9 5 6  to 1 9 6 9  Air Temperature 
lr Ten.peraruie sxre: Richardson Grove scare part 

-
g * -

a 
s 

psmdlc ~ a f v  ~nnual  0a8iy
M ~ 8 ~ r nM ~ m w r n  MU!mum Max#rnum 

July20 ,967 JuW 30.IBM 

Summary of USGS Continuous Data 

Water temperature data from USGS gaging stations 
(Blodgett. 1970)equipped with continuous monitors 
were scanned from the hardcopy report using a 
flatbed scanner. The images were convened to 
characters using optical character recognition 
software. The data were verified against the hardcopy 
repon. Corrections were made where necessary. The 
continuous data were entered into a Microsoft Access 
database for comparison to more recent FSP stream 
temperature data. The CSGS continuous data were 
reported as monthly minima. means. and maxima. 
The stream temperature data from FSP sites located 
In close proximity to USGS continuous monitoring 

sites were aggregated to monthly minima, means, and 
maxima for direct comparisons to the USGS data. 

Historical data comparisons were grouped by basin 
names as they appeared in the USGS repon 
(Blodgett. 1970) and by sites that shared the same air 
temperature site. Basins are presented with the 
northernmost basin first. Each site is represented in a 
bar chart with the height of the bar indicating the 
monthly average temperature and vertical lines 
representing the range in temperatures for each 
month. July and August are usually the hottest 
months for the year and are the only months 
presented in the figures. with exceptions where 
noted. 



Klamath River Basin 

Four USGS sites with continuous monitoring data 
.were located in the proximity o f  FSP sites in the 
Klamath River Basin. Figures 11.21. 11.21. and 
11.23 show the temporal trends in water and air  

temperature at the four sites. The bars represent the 
monthly average water and air temperature value and 
the vertical lines represent the range in the monthly 
minimum and maximum temperature values. 

A LiSGS site located on the Salmon River at Somes 
Bar had continuous water temperature data for 1966. 
1968 and 1975 through 1978 (Figure 11.21-A). A 
FSP site was located about 70 m downstream from 
the CSGS site. August 1966 was the warmest month 
in the 32-yr record. having both the highest monthly 
maximum (30.0 "C) and highest monthly average 
(22°C). The monthly average water temperature for 
more recent data ( 1997 and 1998) was slightly 
warmer (21.OoC) than most other years. However, it 
should be noted that the July and August monthly 
minima in  1997 and 1998 were higher. while the 
monthly maxima were quite similar to earlier years. 
Higher monthly minima would account for the higher 
monthly averages. August 1966 and 1977 monthly 
average air temperatures measured in  Orleans at a 
distance o f  9.8 km from the water monitoring 
location were the warmest August averages for the 
record. Summarily. there was not a noticeable change 
in stream temperature in  the Salmon River at Somes 
Bar over the 32-year record. 

The watershed area at the Salmon River site was 
194.255 ha (-750 sq mi) and the distance from the 
watershed divide was approximately 93 km (-58 mi). 
The channel width at this watershed position was 
probably quite wide. The canopy value o f  zero at this 
site provided by an FSP data contributor provides 
additional evidence that the stream may be too wide 
for riparian vegetation to provide shading. Thus. 
localized changes in  the vegetation wi l l  have little 
effect on stream temperature. 

A USGS site was located on the Klamath River at 
Orleans. CA. The river is wide at this location, with a 
watershed area of about one million ha (nearly 4000 
sq mi) and a distance from watershed divide of 306 
km (190 mi).The canopy reported in  1998 at a FSP 
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site located 470 m downstream from the USGS site 
was zero. Al l  July and August mon~hly average 
temperatures throughout the record remained 
between 20°C to 25°C (Figure 11.21-81. The air site. 
located in Orleans. was 0.4 km from the USGS site. 
The monthly iiverage air temperatures in July and 
August were also in the 20 to 25°C range (Figure 
I I.?. I-C). There were no detectable trends in stream 
temperature as a function of time. 

A USGS site was located on Hayfork Creek near 
Hyampom. CA. The watershed area i s  99,932 ha 
(386 sq mi) and the distance from watershed divide 
was 85 km (53 mi) at this location on Hayfork Creek. 
No canopy values were reported in  1990-1992 or 
1998 at a FSP site located 470 m downstream from 
the USGS site. July and August monthly averages 
ranged from 19 to 25'C (Figure I 122. top). In 1961. 
the site experienced the warmest monthly average 
water temperatures (25°C and 24°C for July and 
August, respectively). Unfortunately. air temperature 
data (collected at Big Bar at a distance of 2 1.9 km) 
for August 1991 and 1992 and July 1990 were not 
available, so a complete picture o f  air temperature 
trends i s  not possible. For the months with available 
data, it appears that 1990-1992 were warmer than 
similar months in  1961-1967 (Figure 11.22, bottom). 
Temperatures do not appear to be changing through 
time at this site. 

A USGS site was located on Blue Creek near 
Klamath. CA. Water temperatures in  the 19605 were 
very similar to those observed i n  1994 and 1995 at a 
FSP site located 1800 m downstream from the USGS 
site. Average monthly water temperatures ranged 
from 16'C to 18°C for all years (Figure 11.23. top). 
Air  temperature (measured at Prairie Creek State 
Park near Orick, 13.7 km from the water temperature 
site) was moderate, due to the close proximity to the 
coast (Figure 11.23, bottom). Thus, Blue Creek water 
temperatures may be more moderated by cooler 
coastal air temperatures than more interior Klamath 
Basin sites. The watershed area at this site was 
31.415 ha (121 sq mi) and the distance from the 
watershed divide was 39 km (24 mi). This i s  a small 
enough watershed that the stream temperature may be 
influenced by canopy; however. no canopy data for 
the site was reponed. 
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A. Salmon River at Somes Bar. Water Temperature 

Year 

B. Klamath River at Orleans, Water Temperature 
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C. Orleans Air Temperature 
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Figure 11.21. Comparison of historical USGS monthly average stream temperature and more recent FSP data for Klamath River 
Basin sites. Nearby FSP site on the Salmon River (A1 was 70 m downstream from the USGS site and on the Klamdth River (BI 
was 470 m downstream. NOAA air temperature site (CI in Orleans was 0.4 km from USGS site. Vertical lines represent the range 
in temperatures for each month. 
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Hayfork Creek Near Hyarnporn, Water Temperature 
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Figure 11.22. Compkson of historical USGS monthly average stream temperature data and more recent Forest Science Project 
data for two sites located in the Klamath River Basin. Nearest FSP site on Hayfork Creek (top) was 1500 m downstream from 
USGS site. Air temperature was measured at NOAA station at (bottom) Big Bar. CA. Vertical lines represent the range in 
temperatures for each month. 
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Figure 11.23. Cornpanson of histoncal USGS monthl) average stream temperature data and more recent Foresl Science Project 
data for a site located in the Klamach River Bssin. Neubb FSP slle on Blue Creek 1too1 was I800 m downstrewn o i  the USGS 
site. h r  temperature (bottom) was measured at NOAA station at Prairie Creek State Park near Orick. CA. Venical lines represent 
the range in temperatures for each month. 



Mad  Kiver Basin 

in  the Mad River Basin only one USGS site with 
continuous water temperature data was in close 
proximit) to a more recent FSP >ite. This site was 
located on the Xlnd R~vsrnear Arcata. CA.  The 
nearest FSP site was located 1660 m downstream 
from the USGS site. The FSP site was operated only 
in 1998. The watershed area at this location on the 
Mad River was 125.504 ha (484 sq mi) and the 
distance from the watershed divide was 169 km (105 
mi). The reponed canopy cover at this site in 1998 
uas 5%. The monthly average water temperatures for 
July and August 1998 at the FSP site were 19'C and 
at the USGS site ranged from 18°C to 22°C. Figure 
II.?4 shows the monthly and yearly temporal trends 
in air temperature for the nearest air site located at 
the National Weather Service Office (WSO) on 
Woodley Island. Eureka. CA. Monthly water 
temperatures on the Mad River near Arcata do not 
seem to indicate either a warming or cooling trend 
over about the last 37 years. 

Eel River Basin 

There were twelve USGS continuous water 
temperature monitoring sites in the Eel River Basin 
that had more recent FSP sites in close proximity for 
historical comparison purposes. Sites are grouped 
together with their nearest air temperature station. 

Figure 1 1 .?S shows a comparison between three 
matched pairs of USGS and FSP sites in  the Eel 
River Basin. A USGS site on the Eel River below 
Scott Dam exhibited monthly average water 
temperatures below ?O0C for most months. Monthly 
average temperatures gradually increased from June 
to September. September proved to be the month 
with the highest monthly average water temperature 
for both the USGS and a FSP site located 80 m 
upstream. 

Impoundment of a river alters the thermal regime. 
even in  large rivers (Allan. 1995). If the flow through 
the reservoir i s  slow. the reservoir wi l l  undergo 
thermal stratification typical of lakes (Wetzel. 1983). 
During the summer. reservoir surface water wi l l  be 
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uarmer than i s  typical for river water. and deep water 
w i l l  be quite cool. often between 6'C and iO°C. A 
dam that releases surface water from its 
impoundment wil l  usually increase the annual 
temperature range immediately dounstream. whereas 
a deep release dam wil l  lessen annuai variation. Scott 
Dam is a deep release dam. The USGS and FSP sites 
were approximately 1000 m below the dam. I f  air 
temperature and solar radiation were the primary heat 
sources at this location. one would expect to see the 
highest monthly average water temperatures in July 
and August like the majority of other FSP sites. 
Another mechanism must be responsible for the 
continual increase in water temperature until the 
highest monthly average is attained in  September. 
The delayed peak in water temperatures i s  most likely 
a result of the break up of the reservoir's thermocline 
as fall approaches, with warmer surface water mixing 
with deeper cool water. Also. the reservoir may be 
drawn down enough that warmer surface water i s  
being released through the dam. 

The watershed area at the below-Scott-Dam location 
was 74.956 ha (289 sq mi) and the distance from the 
watershed divide was 54 km (34 mi). No canopy data 
were submitted by FSP cooperators for this site. but 
given the site's watershed position, i t  i s  probably less 
than 5% and not affected by land management 
practices. While I997 was one o f  rhe warmer years 
on record, i t  was not outside the range of the 
historical record and 1996 was more similar to earlier 
years (Figure 11.25-A). The August average water 
temperature ranged from 14'C to 22'C with 
maximum values ranging between 16°C and 23°C. 
Average August water temperature was 20°C in 1997 
(over I"C cooler than the 1977 record) and 
maximum August water temperature was 23" in 
both 1977 and 1997. The September average water 
temperature ranged from 16'C to 22'C with 
maximum values ranging between 18°C and 24°C. 
Average September water temperature was 21 "C in  
1997 (almost the same as the 1977 record) and 
maximum September water temperature was 23°C in 
both 1967 and 1997(I0C cooler than the 1977 
record). There was no discernible historical trend in 
water temperature at this site. 
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Figure 11.24. Comparison of (top) historical USGS monthly average stream temperature data in the Mad River near Arcatd. CA 
and more recent Forest Science Project data for a site located 1660 m downstream from the USGS site. and (bottom) monthly 
average air temperature from nearest air site in Eureka. CA. Venical lines represent the range in temperatures for each month. 
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A. Eel River Below Scott Dam. Water Temperature 
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Figure 11.25. Comparison of historical USGS monthly average stream temperature data and more recent Forest Science Project 
data for a site located in the Eel River Basin. Nearby FSP siles were (A )  80 m upstream. IB)  210m upstream. and IC) 350 rn 
upstream from the USGS site. Air temperature ID)  was measured at the Potter Valley Pumping House. Venical lines represent 
the range in temperatures for each month. 
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A USGS site located above Van Arsdale Reservoir 
had a matching FSP site located 240 m upstream 
from the USGS site. The watershed area at this 
location was 89,343 ha (345 sq mi) and the distance 
from the watershed divide was 70 km (43 mi). No 
canopy data were submitted by FSP cooperators for 
this site, but given the site's watershed position, it is 
probably less than 5% and not affected by land 
management practices. Monthly average water 
temperatures were very stable in 1963, 1964. and 
1966. Water temperatures varied between 16°C and 
18°C (Figure 11.25-8). Monthly average water 
temperatures measured in 1997 at a FSP site located 
240 m upstream from the USGS site were about 3°C 
higher than those in 1963. 1964. and 1966. Air 
temperatures measured at an air wonitoring station at 
the Potter Valley Pumping House were incomplete. 
Only 1968 air temperature data were available, thus 
analysis with air temperature is not possible. Just as 
at the site below Scott Dam, this site had warmer 
water temperature in 1997 than in earlier years. 
Unlike the Scott Dam site, no data were available in 
the 1970's. 

Three years of data are compared in Figure 11 25-C 
for a site located on the Eel River near Hearst. CA. 
The watershed area at this location was 118.897 ha 
(459 sq mi) and the distance from the watershed 
divide was 89 km (55 mi). No canopy data were 
submitted by FSP cooperators for this site, but given 
the site's watershed position, ir is  probably less than 
5% and not affected by land management practices. 
The August monthly average water temperature in 
1966 was higher than in 1967. while for July. both 
years were the same. Monthly average water 
temperatures in 1997, measured at a FSP site located 
350 m upstream from the USGS site were higher than 
values in 1966 and 1967. Air temperatures in 1997 
(Figure I 1.25-D) did nor appear to be warmer than 
other years. The data for the Hearst site was similar 
to the site above the Van Arsdale Reservoir. The site 
had recent data for only 1997. and. as seen at the site 
below Scott Dam. 1997 was the warmest year in the 
record. 

Figures 11.26 and 11.27 show comparisons for six 
USGS and FSP matched site pairs that were within 
20 km of Covelo. CA. All six matched water sites 

use the air temperature data collected at Covelo as an 
index for the air temperature. 

A USGS water temperature site in the Eel River near 
Dos Rios in 1966 had F$P cooperator recorded 
stream temperature data 70 m downstream in 1996 
and 1998. The USGS site was approximately 19.2 km 
from the Covelo air temperature site. The July 1966 
average water temperature was 1 "C cooler than both 
the July 1996 and 1998 records (Figure 11.26-A). 
The August 1966 average water temperature was I 'C 
warmer than August 1998 and 2°C warmer than 
August 1996. Monthly maximum temperatures were 
all between 29CC: and 31 "C. Monthly average air 
temperature wai 'so quite similar, ranging from 
21.7"C to 24.6'1 The records indicate that there 
was not a substa~!i-.a1 difference at this site between 
the historical record and the two more recent records. 

USGS and an FSP cooperator both collected one year 
of data at a site on the Middle Fork of the Eel River 
below Cable Creek. The FSP site. operated in 1998. 
was 300 m downstream of the USGS site, operated in 
1959. The USGS site was 11.1 km from the Covelo 
air temperature site. The sites were similar between 
the two years with 1959 having a I OC warmer July 
monthly average and a 1 OC cooler August monthly 
average (Figure 11.26-B). The monthly maximum 
water temperatures were also similar to 1959, having 
a 3°C higher July maximum and a 3'C cooler P gust 
maximum. The air temperature was slightly higher in 
July 1959 compared to the other months. but both 
years of August air temperatures were similar. This 
site had a drainage area (-193.000 ha) strongly 
suggesting that canopy had little influence on stream 
temperature. In 1998. the FSP cooperator reported a 
canopy closure of 5%. 

At a site in the Middle Fork of the Eel River above 
Black Butte River. USGS collected stream 
temperature data in 1959, 1966. and 1968. At a site 
1400 m downstream. an FSP cooperator collected 
stream temperature data in 1996 and 1997. The 
USGS site was 16.3 km from the Covelo air 
temperature site. Average monthly stream 
temperatures for July and August ranged from ?I 'C 
to 23°C and the monthly maxima ranged from26'C 
to 29°C (Figure I 1.26-C) across all years in the 
record. With a 1400-meter difference between site 
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Figure 11.26. Compnrison of historicill USGS monthly average stream temperature data and more recent Forest Science Project 
data for four sites located in the Eel River Basin. Nearest FSP sire was A) 70 m downstream. B) 300 m downstream. C) 1400 m 
downstream, and D) 360 m upstream from the USGS site. Ai r  temperature (E) was measured at a NOAA site located in Covelo. 
CA. Venicai lines represent !he range in temperatures for each month. 
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location, these differences may be due solely to 
location differences. Thus. there is no detectable 
difference in temperatures for this site. 

The USGS collected water temperature data in the 
Nonh Fork of the Eel River "ear Mina in 1959. A 
FSP cooperator recorded stream temperature 360 m 
upstream from the USGS site in 1998. The USGS 
site was 19.0 km from the Covelo air temperature 
site. The July monthly average water temperature for 
1966 was 2°C cooler than the 1998 record (Figure 
11.26-D). The August monthly average water 
temperature for both 1996 and 1998 was 24°C. The 
July and August monthly maxima for 1996 were I OC 
cooler than those for 1998. There was not an air 
temperature record for July 1966. but August 1966 
average air temperature was warmer than the 1998 
record. A change in stream temperature at this site 
could not be perceived. 

The USGS collected water temperature data in Black 
Butte River near Covelo from 1964 through 1968. 
An FSP cooperator collected water temperature data 
for 1996 through I998 at a site 180 m downstream of 
the USGS site. The Covelo air temperature station 
was 15 km from the USGS site. For the 1996 through 
1998 records. the July average stream temperature 
ranged from 22°C to 24°C. while the 1964 through 
1968 July records ranged from 20°C to 2S°C (Figure 
11.27-A). For the 1996 through 1998 records. the 
August average stream temperature was 23°C for all 
three years, while the 1964 through 1968 August 
records ranged from 21 "C to 25'C. Similarly. the 
monthly maximum temperatures for 1996 through 
I998 also fell within the range of the 1964 through 
1968 record. 

At a site on the Middle Fork of the Eel River near 
Dos Rios. USGS collected water temperature data for 
thineen separate nonconsecutive years from 1958 
through 1980. A FSP cooperator collected data in 
1998 at a site 610 m downstream from the USGS 
site. The USGS site was 10.7 km from the Covelo air 
temperature site. July average water temperature for 
the recorded years from 1958 through 1968 ranged 
from 23°C to 27°C and for 1976 through 1980 
ranged from 23'C to 25°C (Figure 11.27-B). The 
1998 July average stream temperature was 24°C. The 
earliest three years (1958. 1959. and 1961) had the 

wannest July water temperatures. For most years 
August was slightly ( I  "C to 2°C) cooler. August 
average water temperature for the years from 1958 
through 1968 ranged from 24'C to 26'C and for 
1976 through 1980 ranged from 23°C to 25'C. The 
1998 July average stream temperature was 24°C. 
Again, the earliest three years had the warmest July 
water temperatures. The wannest water temperature 
records. 1958. 1959. and 1961. also had the warmest 
air temperatures. Canopy for this site was reponed at 
5% by a FFS data contributor for 1998. This site had 
a relatively large drainage area (193.000 ha). 
indicating that the channel is quite wide. Canopy 
probably has not played a role historically in 
influencing stream temperature at this site. 

Figure 11.28 shows the comparison for a USGS site 
and a FSP matched site on the Eel River at Fon 
Seward. The sites use the air temperature data 
collected at Richardson's Grove State Park as an 
index for the air temperature at the water temperature 

-sites. The FSP site on the Eel River at Fort Seward 
was 730 m upstream of the USGS site. July and 
August monthly average water temperatures for 1961 
to 1964 were 22°C to 23°C respectively. In 1966 
and 1968, the July average water temperatures were 
25°C and 26'C, respectively. The August 1966 
average water temperature was 26'C. The July 1975. 
1977, and 1997 average water temperatures were all 
close to 24°C. The August 1975, 1978, 1997, ~ n d  
1998 average water temperatures were all 
approximately 24'C. while the August I977 average 
was about 25°C. More recent data collected at the 
site indicated that there was no notable increase in 
stream temperature over time. 

The USGS collected water temperature data in the 
Eel River at Fembridge in 1957 and 1958. A FSP . 
cooperator collected water temperature data at a site 
230 m downstream. The matched pair uses the air 
temperature data collected about 16 km away at 
Scoria as an index for the air temperature. The July 
average water temperature for 1957. 1958. and 1997 
and all four years for August was 20°C (Figure 
I 1.29). The August 1998 average water temperature 
was 21 'C. The maximum monthly stream 
temperature ranged from 22'C to 23% except for 
August 1998 which was 24°C. The water 
temperatures at this site were similar. while the air 
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Figure 11.27. Companron o i  h~ctoncal USGS monthl) average ,Iream Iempcrature data and more recenl Fore51 Sslence Project 
. i d 3  for l u o  ,!rc, .ocated in inc Eel R ~ \ c r  FSP site was A) 180 m dounstrcm. 2nd B I  610 m dounrtrem rrom lnc ~ ~ ~~~ ~~. Basin. Neub, 
USGS site. Air temperature (C) was measured at a NOAA site located in Covelo. CA. Venical lines represent the range in 
smperamres for each month. 
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Eel River at Fort Seward, Water Temperature 
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Figure 11.28. Comparison of historical USGS monthly average sueam te'mperature data and more recent Forest Science Proiect 
daia for a sire located on the Eel River at Fork Seward ?top). From the USGS site. the nearby FSP sire was 730 rn upstream. ;\ir 
temperature (bottom) was measured at Richardson's Grove State Park.Venical lines reoresent the ranee in temoeratures for each -
month. 

temperature was somewhat variable (a range for 
average monthly air temperature of 15.9"C to 
17.7"C). 

Water temperature data were collected by the USGS 
from 1961 to 1964 at the South Fork of the Van 
Duzen River near Bridgeville (South Fork of the Van 
Duzen is usually referred to as the Little Van Duzen 

River). A FSP cooperator collected water 
temperature data in 1996 through 1998 at a site 70 m 
downstream from the USGS site. However. the 1996 
data has not been presented in the figure: the monthly 
maxima were much higher than the other monthly 
maxima, and the monthly minima were much lower 
than the other monthly minima. It is believed that the 
data provided in 1996 for this site either had a 
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Figure 11.29. Comparison of historical USGS monthly average stream temperature data and more recent Forest 
Science Project data for a site located in the Eel River Basin(top). From the USGS site. the nearby FSP site was 230 
rn downstream. Air temperature (bottom) measured at a NOAA site located in Scotia, CA. Vertical lines represent 
the range in temperatures for each month. 

dewatered temperature sensor and measured air 
temperature or came from another location. The 
USGS site was 69 km from the air temperature 
station at the Weavewille Ranger Station. The July 
1961 to 1964 monthly average stream temperature 
ranged from 19'C to ? l a c .  while the 1997 and 1998 
averages were both 20°C (Figure 11.30). The August 
1961 to 1964 monthly average stream temperature 
ranged from 18'C to 21 "C, while the 1997 and 1998 

averages were both 19°C. The monthly average water 
temperature maxima for 1997 and 1998 also fell 
within the range of the 1961 to 1964 records. 
Monthly average air temperatures were also fairly 
consistent for the record, ranging from 19°C to 
23°C. There does not seem to be much change in 
historical water temperatures at this site. 
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South Fork Van Duzen River Near Bridgeviile, Water Temperature 
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Figure 11.30. Comparison of historical USGS monthly average stream temperature data and more recent Forest Science Project 
data for a site located in the Little Van Duzen River (South Fork. Van Duzen River) of the Eel River Basin (top). From the 
USGS site, the nearby FSP site was 70 m downstream. Air temperature lbottom) measured at the Weaverville Ranger Station. 
Vertical lines represent the range in temperatures for each month. 
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Ten Mi le  River Basin I33 *q mi l  and the distance from the watershed divide 
was 26 km (16 mil. Canopy closure reported in 1998 

One USGS site was located in the Ten Mi le River \va* -.30C1. A11 years o f  data were similar. with 1967 
Basin that had a matching FSP site. The site was having the warmest monthly average water 
located on the Middle Fork of Ten Mi le River near temperatures t Figure 1 1.3 1 I .  The July monthly 
Fort Bragg. CA. CSGS collected data from 1965 average ualer temperature ranged from 15°C to 
through 1968 while thy FSP cooperator collected lSCC. and August monthly average water 
data from 1993 through 1998. The USGS site was I I temperature r~nged  from 15°C to 17°C. There does 
km from the air temperature station near Fort Bragg. not appear to be any trend in stream temperature at 
The watershed area at this location was 862 1 ha this site. 
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Figure 11.31. Comparison of historical USGS monthly average stream temoerature data and more recent Forest Science Proiect . 
data for il site located on the Middle Fork of Ten Mile kiver (top). Nearest FSP site i s  1070 m downstream. Vertical lines 
represent the range in monthly minima and maxima. Air temperature (bottom) measuredat a NOAA site located in Fon Bragg. 
CA. 
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Summary 

Historical trends in water temperature appeared to be 
largely a function of air temperature. This 
relationship is probably due to the fact that most 
USGS stream temperature monitoring sites are 
located on large, mainstem rivers. Monthly average 
air and water temperatures from matched USGS-FSP 
sites were plotted in Figure 11.32. Air temperature 
sites were selected using a I?-dimensional Euclidian 
distance model. There is a definite positive 
correlation between historical air and water 
temperatures. 

At some sites, contemporary water temperatures have 
shown appreciable increases or decreases from 
historical levels. Most of these sites were on 
tributaries, where local site factors may parrially 
account for the observed trends. Large storm events 
that occurred in the historical record, such as the 
1964 flood, may have left a legacy of altered riparian 
and channel conditions that could be related to some 

10 
air I 

of the observed increases in contemporary stream 
temperatures from historical levels. Recovery of 
riparian vegetation from catastrophic natural 
disturbances and past timber harvesting practices are 
perhaps involved in the observed decrease in recent 
stream temperatures from levels seen in  the 19505 
and 1960's at some of the tributary sites. 

The large database developed by the Forest Science 
Project and other organizations throughout the state 
should be maintained to serve as historical data for 
future stream temperature monitoring efforts. 
Purposive monitoring designs must be developed to 
capitalize on the existing network of stream 
temperature monitoring sites. More site-specific 
attribute data should be collected using consistent 
protocols so that trends in stream temperature can be 
interpreted more concisely. Site-specific data should 
also include local air temperature. These data are 
essential for gaglng the effectiveness of current and 
future forest practice rules and other land 
management prescriptions. 
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Figure 11.32. Monthly average air versus water temperature for all USGS - FSP matched sites for June. July. August. and 
September. whe~ever available. Repression equation tdeshed line1 i s  water temperature = 7.995398+ 0.63657*(alr 
temperaturer. R- = 0.4436. Solid line is one-to-one correspondence. Data spans 1957 through 1998. Two outlier >ire\ are noted. 
the Eel River below Scott Dam and the Salmon River at Somea Bar. 
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Chapter 12 

CONCLUSIONS AND RECOMMENDATIONS 

The Forest Science Project's Regional Stream 
Temperature Assessment was an assessment using 
existing data, i.e.. a meta analysis. As such. there was 
no sampling design in place to dictate ( I  ) where 
stream temperature sensors sholild be located in the 
stream network. ( 2 )what habitat type (e.g.. pool 
versus riffle) sensors should be submerged. (3) what 
sampling frequency should be employed. or (41 what 
sampling window should be targeted. Each data 
contributor had their own objectives for stream 
temperature monitoring. These diverse objectives can 
be grouped into three broad categories: 

Pre- and post-timber harvest plan monitoring 
Thermal reach monitoring 
Characterization of thermal refugia 

The data collected reflected a broad spectrum of 
climatic. hydrological. topographical. and 
ecophysiographical conditions. As a consequence, an 
array of sites reflecting a range of riparian conditions 
across the region allowed for post-stratification of 
variables by hierarchical spatial scales for statistical 
analyses. The area of interest (AOI) for the regional 
assessment was defined as the range of the coho 
salmon in Northern California, the largest spatial 
scale assessed. 

site-specific and geographic attributes. The most 
data-rich year was 1998. with more sites having both 
water temperature data and site-specific anribute 
data. It was the year that was used for most of the 
analyses presented in this report. 

Methods (Chapter 2) 

A large amount of stream temperature and ancillary 
data were acquired. processed. and synthesized for 
the regional assessment. 

Conclusions 

Considerable time and effort was invested in the 
development of stream temperature data processing 
procedures. Much of the process has been automated. 
However, detection of ambient air spikes and other 
anomalous readings still required manual inspection 
of each and every thermograph. 

The salient features of stream temperature protocols 
developed by various state and federal organizations 
in Oregon. Washington, and California were 
combined to anive at the peer-reviewed protocol 
found in Appendix A. Many organizations in 
California and the Pacific Northwest have adopted 
the Forest Science Project stream temperature

Stream temperature data from over 1200 sites in protocol, in part or in its entirety.
Northem California were acquired. with 1090 sites 
meeting various physical, spatial, and temporal Regional assessments of temperature sensor data in a
criteria defined for the regional assessment. An geographic context require location information with
information management infrastructure was a known level of spatial error. Moreover, the 
developed to process and analyze over six million coordinate values of the sensors should be of the 
stream temperature records and a myriad of other same or better quality than the base data used in the 
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spatial analyses. The importance of positional 
accuracy became more evident as our regional 
analyses progressed. The early determination that 
many of the coordinates provided by data 
contributors were kilometers from their true location 
and the initial results from these misplaced sensors 
convinced us that a successful regional study relies 
heavily on known probe placement. There seems to 
exist all too often a lack of appreciation of the 
importance of place in modem ecological research. 
The likely result is a misunderstanding of the 
relationships between location and response. For this 
reason all stream temperature probe coordinates were 
validated and in many cases upgraded by confirming 
the location with the person responsible for probe 
installation. 

Once the precise location of each monitoring site was 
determined on the 1:24.000 base data, it was apparent 
that many sites were not associated with a blue line 
stream on the 1:100.000 hydrography layer 
developed from EPA Reach File 3 by Teale Data 
Center. This was due, in part, to the alignment 
differences between the layers of differing scale and 
also because many streams with temperature sensors 
were not illustrated on the 1:100,000 level data. At 
the time, this was the only readily available 
hydrography layer encompassing the region-wide 
study area. Recently. the 1:000.000 scale National 
Hydrography Dataset (NHD) has become widely 
available. This is a significantly enhanced river layer 
that includes many features necessary for network 
modeling. Unfortunately, the lack of resolution in 
1:100.000 scale hydrography data required that we 
use many manual procedures to acquire the GIs  
attributes used in this assessment. Development of 
framework 1:24,000 scale hydrography is critical to 
future monitoring and research efforts. Cumulative 
watershed or basin assessment of stream temperature 
requires a channel-routed. topologically accurate 
stream network to enable one to model the transport 
of water masses in a GIS environment. While there 
are various I :24.000 stream coverages available for 
select watersheds in California. a I :24.000 seamless 
stream coverage does not exist for the region-wide 
study area. The USGS and EPA are taking the steps 
to begin de\,elopment of the NHD at I :23.000.but 
without support from data contributors outside their 
agencies this will be a long and arduous task. To this 

end the Forest Science Project recently completed a 
1 :24.000 stream coverage for the Van Duzen River 
sub-basin following protocols developed by the 
Interorganizational Resource lnformatiqn 
Coordinating Council (IRICC) that suppons the 
Northwest Forest Plan. 

Digital Elevation Model (DEM) data of 30-meter 
resolution were compiled, edge-matched and 
validated for the entire study area. Watershed area. 
distance to divide. probe separation distance. and 
gradier:! were all calculated directly or indirectly 
from 1':s underlying elevation model. Prior to 
comp!I.ition by FSP staff. no seamless elevation data 
existed for the study area. This data set required a 
substantial investment of time. but payed large 
dividends during analyses. Recently, the USGS 
announced the completion of the National Elevation 
Dataset (NED). A 30-meter raster dataset stored in 
the latitude-longitude coordinate system and tiled by 
I degree blocks. While not available throughout the 
study area, newly created 10-meter DEMs show 
promise in enhancing the ability to derive useful 
information for regional ecological assessments. On 
the horizon are Light Detection and Ranging 
(L1DAR)DEMs of I to 3-meter resolution having 
horizontal and vertical accuracies of 2 and 1.5 
decimeters respectively. This product will give GIS 
analysts the ability to accurately map existing 
channels to the headwaters. Captured simultaneously 
and co-registered with ground elevationdata are 
vegetation heights. From these data the riparian 
conidor including fine scale gradient, topographic 
shading, above-water channel morphology, and to 
some degree riparian vegetation characteristics can 
be evaluated. 

Recommendations 

Adherence to a standardized protocol to collect 
stream temperature data across the entire region 
would greatly facilitate regional assessments. Careful 
attention to positional accuracy is needed to 
topologically place stream temperatures in proper 
geographic and watershed context. A seamless. 
channel-routed 1 :?4:000 stream co\erage should be 
developed to allow better modeling of temperature 
transpon for cumulative effects assessment. 



,Although much was learned from thir meta analysis. 
many relationships were blurred by the lack of a 
sampling design. In future work. clear and concise 
monitoring and asse$sment questions ihould be 
formulated and a sampliny design constructed to 
address these que>rionh. 

Regional Trends in Air Temperature 
(Chapter 4) 

Air temperature is considered to be one of the most 
important factors influencing stream temperatures. 
As such. i t  was imponant to develop a better 
understanding of air temperature regimes across the 
range of coho salmon in Northern California. 

Conclusions 

Northern California can be characterized as being 
climatically diverse. with cool coastal areas and 
warm interior regions. A widely accepted concept is 
that air temperature decreases w ~ t h  increasing 
elevation due to adiabatic cooling processes. In 
Northern Coastal California. air temperature was 
found to be more a function of distance from the 
coast. In the coastal areas, air temperature was 
actually found to increase with increasing elevation 
during the summer months. In fall and winter. air 
temperature trends follow normal adiabatic cooling 
patterns in both the coastal and interior portions of 
the study area. In the warmer interior portion of the 
AOI, summer air temperatures followed the more 
traditional adiabatic tendency. Stream temperature 
modelers should be cognizant of the inverse 
relationship between air temperature and elevation in 
the coastal area in the summer months. Elevation 
should not be used as a surrogate for air temperature 
until the inland extent of the maritime influence has 
been determined. 

Using 30-year PRISM air temperature data HUC- 
level air temperature regimes were developed. In 
HUCs that are oriented such that a portion lies on the 
coast and a portion lies in the interior. air temperature 
gradients up to 15°C from the headwaters to the 
coast are realized. Headwater streams that originate 
in the warm interior portions of these HUCs may 
tend to attain higher temperatures at short distances 
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from the watershed divide. Using PRISM data. the 
zone of coastal influence was delineated. 

Recommendations 

PRISM data should be acquired for individual years 
to provide better year-to-year discernment in air 
temperature trends at 4-km or finer spatial resolution 
( I - or 2-km). Acquisition of finer temporal and 
spatial air temperature data will improve our ability 
to model trends in water temperature. 

Inasmuch as air temperature greatly influences stream 
temperature. air temperature regimes in Northern 
California should be taken into account when setting 
stream temperature target values. 

Air-Water Temperature Relationships 
(Chapter 5) 

The relationship between macro- (remote) air and 
micro- (local) air temperatures was examined in this 
chapter. 

Conclusions 

Some local, stream-side air temperature stations 
correlated better than others with remote air 
temperatures. After final matching of water 
temperature sites with nearest IZdimensional 
Euclidian distance remote sites, the distance from the 
stream site did not seem to play a role in how well 
the matched remote air temperature coincided with 
stream-side air temperature. Microclimate most likely 
plays an important role in how well remote air 
temperature correlates with localized air temperature. . 
Stream temperature showed a slight to moderate 
relationship with remote air temperature. Having 
such a small number of remote air temperature sites 
to match up with a large number of stream 
temperature sites contributed to the large variability 
in the relationship. When using only a small number 
of remote air temperature sites, caution should be 
exercised when making broad generalizations about 
climatic conditions from one year to the next to 
explain trends in stream temperatures. 
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At ten sites where air temperature was monitored at 
stream-side, much better correlations between local 
air and water temperature were observed. as expected 
and documented in other studies. 

Out of 1090 sites, there were 154 sites that were 
monitored over three consecutive years (1996 -
1998). Daytime stream temperature meuics (highest 
daily maximum, seven-day moving average of the 
daily average, and seven-day moving average of the 
daily maximum) showed very little change across the 
three-year period. Daily minimum stream temperature 
showed a significant difference, with lowest daily 
minima occurring in 1996, the year with the lowest 
daily minimum air temperatures. 

Our ability to discern trends in stream temperatures 
with year-to-year variations in air temperature were 
hampered by the limited number of remote air 
temperature sites with which to match up with water 
temperature sites. 

Recommendations 

To determine the influence of air temperature on 
streams with varying levels of canopy and at various 
watershed positions. a sampling design is needed to 
specifically address this issue. More stream-side 
collection of air temperature is needed. A complete 
suite of site-specific attributes should be collected at 
each water temperature site, using consistent 
protocols. 

More sensors should be kept in the same location for 
a greater number of consecutive years to improve 
trend detection capabilities. The location of trend- 
detection sensors should cover a range of watershed 
positions and riparians conditions. A well-defined 
sampling design coupled with a consistent stream 
temperature protocol should dictate sensor 
placement. 

Geographic Position and Stream 
Temperatures (Chapter 6) 

This chapter examined the influence of broad-scale 
geographic position on stream temperatures. These 
factors included distance from the coast. 

ecoprovince. zone of coastal influence. north-south 
distribution (latitude), and elevation. Do local site 
factors completely control water temperatures or can 
some regional scale patterns be observed? The 
environmental variable that exerts its influence across 
all of these geographic factors is predominantly air 
temperature. 

Conclusions 

All of the geographic independent variables 
examined can serve as surrogates for air temperature. 
However. as described in Chapter 5, for the data set 
that was available, stream temperatures correlated 
better with microair temperatures. Micro- and macro- 
air temperatures were found to not always correlate 
very well. While macroair temperatures will have an 
influence on microair temperature. site-specific 
factors will affect the degree of correlation between 
the two. Thus, geographic trends in water 

.temperature will be obscured by localized effects on 
microair temperatures. This was manifested by the 
large variability seen in stream temperatures with 
various geographic position variables. The zone of 
coastal influence was perhaps the most useful 
geographic factor for explaining the variation in 
stream temperatures at the regional scale. ZCI was 
perhaps more effective than ecoprovince in 
explaining the variability in stream temperature. 
Separation of stream temperature sites by whether 
they fell inside or outside of the zone of coastal 
influence showed significant differences. For all sites 
combined, and at given divide distances. stream 
temperatures inside the ZCI were significantly cooler 
than those outside the ZCI. 

Recommendations 

In the formulation of stream temperature targets. 
whether narrative or numeric, ecoprovince and ZC1 
should be considered. The temperature that a stream 
can reasonably attain is dependent upon its location 
with respect to ecoprovince and ZC1. Air temperature 
may be the discriminating factor that operates at 
these two broad geographic delineations. The fog 
layer associated with the ZC1 can decrease both air 
and water temperatures. by its attenuation of 
incoming solar radiation. The spatial extent of the 
ZCI varies daily. seasonally, and yearly. PRISM data 
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for individual years hhould be acquired to map the 
areal extent of the ZCI at different temporal 
resolutions. 

Watershed Position and Stream 
Temperature (Chapter 7) 

Water temperature has a tendency to increase with 
increasing distance from the watershed divide and 
with increasing drainage area. This simple picture of  
stream temperature change over downstream distance 
can be altered by local conditions. Riparian shading 
can vary along the length of a stream course due to 
natural or human-induced causes. Air  temperature 
regimes can change from the headwaters to the 
mouth. not always in  an increasing manner, as shown 
in Chapter 4. In  Northern Coastal California air 
temperatures may decrease by as much as 15'C by 
the time a parcel.of water reaches the ocean after i t s  
journey from the headwaters, due to oceanic control 
on air temperatures near the coast. 

Conclusions 

Stream temperature was highly dependent upon 
watershed position, both in  terms of watershed area 

* *  and distance from the watershed divide. Each of the 
eighteen hydrologic units (HUC) that comprise the 
range of the coho salmon showed an increase in 
stream temperature with an increase inwatershed 
area and distance from the watershed divide. The rate 
o f  downstream increase in  stream temperature 
appeared to vary with HUC location, i.e.. whether the 
HUC was completely coastal, panly coastal and 
panly interior, or completely interior. 

The traditional temperature metrics used to assess 
thermal impacts instreams (e.g., the highest seven- 
day moving average o f  the daily average or 
maximum, the highest daily maximum) may not 
adequately portray the thermal dose experienced by 
aquatic biota. Dose is determined by concentration 
multiplied by duration. 

Stream network diagrams showed that streams can 
exhibit a decrease in stream temperature as the 
stream transitions from outside to inside the ZCI. 

Recommendations 

HUC location should be considered in setting 
realistically attainable stream temperature targets. 
When establishing stream temperature goals for 
maintenance of certain beneficial uses. watershed 
position within each HUC is an important 
consideration. A natural sradient in stream 
temperature occurs from the headwaters to the lower 
reaches. This natural gradient produces discrete 
zones with temperature regimes suitable for distinctly 
different fish communities and activities (Armour. 
19911. Stream temperature standards should be 
developed with an understanding of the natural 
temperature regimes in  HUCs throughout the range 
of the coho salmon in  Northern California. 

Using a sound sampling design. longitudinal stream 
temperature trend lines should be developed for each 
HUC. Sites with effective solar tntercepting shade 
should be used to develop these trend lines. Stream 
temperatures at various sites in  a HUC can be plotted 
and departures from the trend line can be assessed 
temporally and spatially. 

Temperature metrics that embody the concept of 
dose. such as sum degrees or mean degree day. 
should be assessed with respect to their power in  
explaining presencelabsence and abundance o f  
salmonids. To develop linkages between these 
alternative thermal stress metrics and fish response. 
integrated temperature and fish monitoring is 
required. Too often fish surveys and temperature 
monitoring are conducted indifferent Locations ina 
stream. Greater effon should be made to integrate all 
aspects of temperature and habitat characterization. 
Habitat typing data are often collected in  stream 
reaches that are different from fish survey and 
temperature monitoring. 

Site-Specific Attributes and Stream 
Temperature (Chapter 8) 

The site-specific attributes examined in  this chapter 
are channel orientation, gradient, habitat type, and 
bankfull width. 
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Conclusions 

All sites in our regional stream temperature analysis 
contained non-missing values for channel orientation 
due to our ability to derive this attribute in GIS. Out 
of 548 sites with water temperature data available for 
regional analyses in 1998, only 365 of these were 
accompanied by canopy data. There was an even 
greater paucity of canopy data in years prior to 1998. 
These data voids are a great impediment to our ability 
to discern regional status and trends in stream 
temperatures and the factors that control them. A 
statistically valid sampling design coupled with 
canopy measurements collected using a consistent 
protocol is needed to better n dress the interaction 
between channel orientatior: .anopy, and stream 
temperature. 

Comparing temperatures in d~fferent habitat types 
across broad geographic areas may be inappropriate, 
unless the sites are placed in proper geographic 
context. In any given stream, deep pools are expected 
to be cooler than riffles or runs from the same Stream. 
A misleading view of stream temperatures can result 
by having a preponderance of deep pools in a 
restricted (warmer) geographic area and in 
predominantly large stream systems. The habitat 
types used in this assessment are relative terms. A 
deep pool in a low-order stream may be similar, at 
least in terms of depth, to a riffle or run in a high- 
order stream. 

Bankfull width is an important variable in many 
process-based models. In 1998 there were 176 sites 
for which bankfull width was available. 

The power of this regional assessment would have 
been greatly increased if more site-specific attribute 
data were collected at each stream temperature site. 
Bankfull width was available at very few sites. but 
was found to be highly significant in explaining 
trends in stream temperature. GIs-derived attributes 
(e.g.. divide distance and watershed area) were used 
as surrogates for stream size. with fairly good 
success. However, localized variability in channel 
characteristics and flow rates can introduce errors in 
modeling the relationship between stream 
temperature and stream-size surrogates. 

Recommendations 

In future regional assessments a greater effort should 
be made to collect important site-specific attribute 
data that are known to be highly influential in 
controlling stream temperature. The use of consistent 
protocols and a sampling design developed to address 
well-articulated and agreed upon monitoring and 
assessment questions is critical. 

Canopy (Chapter 9) 

A diversity of methodologies were used by 
organizations who submitted canopy data to the 
Forest Science Project. Despite this diversity, some 
useful relationships were found in the data. 

Conclusions 

The amount of canopy appears to diminish with 
increasing distance from the watershed divide. A 
theoretical maximum divide distance was found to be 
approximately 70 km.At this distance. streams may 
potentially be too wide for stream-side vegetation to 
provide adequate stream shading. This distance is a 
theoretical maximum and will vary from watershed to 
watershed. HUC to HUC. and basin to basin. This 
distance may have also been influenced by past 
natural catastrophic events (e.g., the 1964 flood) and 
historical land management practice>. For three 
temperature metrics commonly used to assess thermal 
regimes in streams, canopy was found to be highly 
correlated with stream temperature. 

Recommendations 

Development and adherence to a canopy . 
measurement protocol that clearly relates to 
interception of incoming solar radiation is needed. 
Effective shade is the operative variable that 
influences stream temperature. Effective shade 
should be measured along a certain distance (thermal 
reach) upstream from the stream temperature 
monitoring device. Research should be undertaken to 
develop methods for estimating effective canopy 
cover using remote sensing imagery or hemispherical 
photography. Methods that require less subjectivity 
should be preferred. 



Empirical Modeling (Chapter 10) 

The chap\er i s  a culmination of empirical meta- 
analyses of qtream temperatures and various 
landscape-leveland site-specific variables presented 
throughout previous chapters. I t  has been illustrated 
throughout this reponthat variation in  stream 
temperature i s  not well explained by any single 
independent variable, particularly in regional 
analysis. Many factors influence the thermal regime 
of running waters. In this chapter, various models 
were developed that serve to show the interaction o f  
various independent variables that operate at 
different spatial scales. 

Conclusions 

Geographic position played a major role in  
explaining variability in steam temperature at the 
regional scale. Geographic variables are believed to 
largely serve as surrogates for air temperature. None 
o f  the air temperature metrics based on data collected 
at remote air temperature sites were useful in  
explaining stream temperature variation. In  
alternative models where geographic variables such 
as UTMX and UTMY were excluded from the 
model. PRISM 30-year August average maximum air 
temperature was found to be somewhat useful in 
predicting stream temperature. However. using either 
geographic variables or PRISM 30-year long-term 
average air temperature. the ability to detect year-to- 
year changes in  water temperature due to changing 
air temperatures is lost. 

Researchers have had a great deal o f  success 
modeling stream temperature at basin and smaller 
scales. However. i f  the desire i s  to model stream 
temperature at a coho salmon ESU scale, many 
complications not seen at the smaller scale arise. 
Namely, remote air data coupled with surrogates. 
such as elevation, may work well for developing a 
basin-scale model, but at a regional scale, a better 
estimate o f  the local air temperature is required. 

Canopy and habitat type were important site-specific 
attributes that helped explain variation in  stream 
temperature. The logs o f  divide distance and 
watershed position were retained in backward 
elimination model development. These variables 
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relate to u,atershed position and serve as surrogates 
for stream size (e.g.. bankfull width). 

Whether a site was in or out of the zone of coastal 
influence helped explain spatial trends in stream 
temperature. Inasmuch as ZCI was derived from 30-
year long-term PRISM air temperature data, annual 
variability in the areal extent o f  the ZCI i s  not 
captured. 

In  the combined eocprovince model, whether the site 
was located in the coastal or interior ecoprovince had 
some explanatory power in  stream temperature. 
Differences in  air temperature regimes probably 
account for the discriminatory power associated with 
ecoprovince. 

A l l  the fitted models indicated that air temperature, 
solar radiation. and watershed position were 
important covariates. Positional covariates entered all 
the models. While these were viewed as air 
temperature surrogates, this underscores the fact that 
location is an important factor in  stream temperature 
profiles. For example, two sites that appear to be 
identical with respect to habitat, riparian condition. 
shading, watershed area, and flow rate, but are in  
different basins wil l  more than likely have different 
temperature profiles. Stream temperature "target" 
values that may be easily achieved in  some areas 
might be impossible in others. 

Recommendations 

The placement o f  temperature probes into pools 
added additional unnecessary complexity to an 
already complex relationship. If water temperatures 
were measured only in  well- mixed riffles, then water 
temperature models would have less variability. 
making interpretation much easier and more reliable. 
We are, however, grateful that so many organizations 
were willing to provide data, regardless of habitat 
type. Without their generous contributions o f  both 
time and data, this assessment would not have been 
possible. In  future regional assessments there should 
be greater adherence to the Forest Science Project's 
stream temperature protocol that stipulates placement 
o f  probes in  well-mixed riffles. 
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In preliminary modeling exercises, when either or  
both bankfull width or depth covariates entered the 
model a good ASC score with a high R' value was 
observed. However, there was a paucity of data for 
these variables. Given the importance of stream size 
in many physical-based stream temperature models. 
greater effon should be made to measure these very 
important site-specific attributes. 

Although models were presented and statements 
made as to what variables influence water 
temperature. the lack of a sampling design made in- 
depth analyses tenuous. Questions regarding each 
covariate's contribution to explaining variation in 
stream temperature requires data collected with a 
sampling design suited for developing explanatory 
models. Such a design would require a sampling 
frame. constructed from a well-defined sampling 
universe. Then, a random probability sample of some 
type must be drawn from the sampling frame. Finally, 
air temperature, canopy. and stream-size data 
collection. and stream temperature sensor placement 
must all adhere to consistent protocols and all 
collected values must be submitted. 

Historical Perspectives (Chapter 11) 

Most of the historical data came from larger streams 
where air temperature is most likely the major factor 
influencing water temperature. Thus, this analysis 
does little to address stream temperature changes that 
may have occurred since the 1950's in smaller 
streams, where most coho salmon rearing takes place 
and where land management practices may have a 
greater influence on thermal regimes and the extent 
of potentially suitable habitat. This historical analysis 
was on a site-by-site basis and not a regional 
assessment of trends in stream temperatures across 
the range of coho salmon in Northern California. 

Conclusions 

At some sites. contemporary water temperatures have 
shown appreciable increases or decreases from 
historical levels. Most of these sites were on 
tributaries. where local site factors may partially 
account for the observed trends. Large storm events 
that occurred in the historical record. such as the 
1964 flood. may have left a legacy of altered riparian 

and channel conditions that could be related to some 
of the observed increases in contemporary stream 
temperatures from historical levels. Recovery of 
riparian vegetation from catastrophic natural 
disturbances and past timber harvesting practices are 
perhaps involved in the observed decrease in recent 
stream temperatures from levels seen in the 1950's 
and 1960's at some of the tributary sites. 

An interesting commentary on the effects of the 1964 
flood was noted in the USGS historical data in that 
many gaging stations did not have stream temperature 
data for 1965. Although the lack of data at many 
gaging stations following 1964 may have been a 
coincidence. it may more likely be a result of the 
widespread devastation that resulted from the 
flooding of many streams and rivers throughout 
Northern California. 

Recommendations 

The large database developed by the Forest Science 
Project and other organizations throughout the state 
should be maintained to serve as historical data for 
future stream temperature monitoring efforts. 
Purposive monitoring designs must be developed to 
capitalize on the existing network of stream 
temperature monitoring sites. More site-specific 
attribute data should be collected using consistent 
protocols so that trends in stream temperature can be 
interpreted more concisely. Site-specific data should 
also include local air temperature. These data are 
essential for gaging the effectiveness of current and 
future forest practice rules and other land 
management,prescriptions. 

A sad commentary is that as we worked through 
USGS water resource summary reports from the 
1970's and 1980's, many gaging stations that had 
once gathered stream temperature data in the 1960's 
began to go offline in the following two decades. The 
loss of more and more gaging stations due to 
budgetary constraints will greatly hinder research in 
many ecological and physical science d~scipiines. It 
is hoped that the value of maintaining a network of 
strategically located gages throughout drainages in 
Northern California will be realized and that more 
stations will be brought back online. 
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AML Code 

AML used to assign spatial attributes to stream temperature sensor sites. 

I* Command name: ADDALLATTRIBUTES 
I* Language: AML for ARC 
I* Pathname: e:\boilerplate\amls\custom\.. 
I* Created: Joe Krieter Feb. 1998 
I* Recoded: David W .Lamphear Dec. 1998 
/* By: 
I* Forest Science Project 
I* Humboldt State University 
I* 1 Harpst Street 
I* Arcata, CA 
I* Phone: 707-825-7350 ext 105 
/* Fax: 707-825-7350 ext 108 
/*....---.--. 2------------------------------.---------------------------
I* 

I* Purpose: ADDALLA1TRIBUTES.AML used to assign Calwater codes, HUC 

/* codes, ecoregion. USGS quadrangle info, Distance to Coast, 

I* elevation, and TMDL information. Input is a DBASE file with 

I* SITE-ID, X-COORD, Y-COORD. Output is a DBASE file with all 

I* attributes including SITE-ID, X-COORD, and Y-COORD. 


&ARGS sites 

&CALL Error-Check 
&CALL Create-Point-Cov 
&CALL Add-cpw-id 
&CALL Add-huc-id 
&CALL Add-eco-id 
&CALL Add-Quadinfo 
&CALL Dist-to-coast 
&CALL Add-elev 
&CALL Add-trndl 
&CALL Export-attributes 
&CALL Cleanup 
&CALL Exir 
&RETURN 
/* Emor-Chec Routine----.-----------------

&ROUTINE Error-Check 

&SEVERITY &ERROR &ROUTINE Bailout 



&IF [,how program] ne '.ARC'&THEK 

&RETLRN This am1 must be run from .ARC 


&IF (nu l l  C r ~ i t e s ~ ]&THEN 

&sv rites = [GETFILE ::'.dbf -file 'select input file'-none] 


&IF [exists \itecov -cover] &THEK &DO 
&TYPE 
&TYPE Coverage sitecov already exists. please wait while i t  is killed. 
kill sitecov all 

&END 

&IF [exists allsite\.in -info] &THEN &DO 
&TYPE 
&TYPE Info file allsites.in already exists. please wait while it is deleted. 
[delete allsites.in -info] 

&END 

&IF [exists sitecoord -file] &THEN &DO 
&TYPE 
&TYPE File sitecoord already exists. please wait while it is deleted. 
[delete sitecoord -file] 

&END 

/* .------------------------Routine Create-Point-Cov--------------------
&ROUTINE Create-Point-Cov 

dbaseinfo %sites% allsites.in 
tables 
sel allsites.in 
unload sitecoord site-id x-coord y-coord 
'l 

I* Receives error message because there is no "end" 
I* statement at the end of sitecoord 

&SEVERITY &ERROR &IGNORE 
generate sitecov 
input sitecoord 
points 

&SEVERITY &ERROR &ROUTINE Bailout 

build sitecov point 

&describe sitecov 
&IF %DSC$POINTS% gt 0 &THEN &DO 

9 
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&TYPE 

&TYPE 

&TYPE Sitecov has %DSC$POINTS% points 

&TYPE 

&TYPE 


&EKD 
&ELSE &DO 

&TYPE Sitecov has no points. bailing out ... 
&CALL Bailout 

&END 

additem sitecov.pat sitecov.pat site-id 4 5 b 

tables 
sel sitecov.pat 
calr site-id = sitecov-id 
'I 

joinitem sitecov.pat allsites.in sitecov.pat site-id site-id 

&IF [exists capwsadded -cover] &THEN &DO 
&TYPE 
&TYPE Coverage capwsadded already exists. please wait while it is killed. 
kill capwsadded all 

&END 

&TYPE Identity of sitecov with califOOcapws undenvay.. 

identity sitecov e:\archivesUithosphere\watershed\noca1~apwscapwsadded -
point ,001 join 
kill sitecov all 

&RETURN 

I* -------.-.-----------------End of Add-cpw-id ------.-----------------. 

&IF [exists mostadded -cover] &THEN &DO 



Appendix .I. \lethods 

&TYPE 

&TYPE Coverape mostadded already exists. please wait while it is killed 

kill mostadded 311 


&END 

&TYPE ldenlll) uith c.1l1t00hucs undenvay. 

identity capwsadded e:\archivesUithosphere\warershed\calif00hucsmostadded -
point ,001 join 
kill capwsadded all 

&IF [exists nalladded -cover] &THEN &DO 
&TYPE 
&TYPE Coverage nalladded already exists. please wait while it is killed. 
kill  nalladded all 

&END 

&TYPE Identity with califOOecoreg underway ... 

identity mostadded e:\archivesUithosphere\boundaries\calif0g nalladded -
point ,001 join 
kill mostadded all 

I* .---------.----------------Routine Add-Quadinfo ...................... 


&ROUTINE Add-Quadinfo 

&IF [exists alladded -cover] &THEN &DO 
&TYPE 
&TYPE Coverage alladded already exists. please wait while it is killed 
kill alladded all 

&END 

&TYPE Identity with quadsutm undenvay.. 

identity nalladded z:\misccovs\quadsutm alladded point ,001 join 
kill nalladded all 
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&IF [exists dist2coast -cover] &THEN &DO 
&TYPE 
&TYPE Coverage dist2coast already exists. please wait while it is killed. 
kill dist2coast all 

&END 

&SV coastcov = e:\archivesUithosphere\boundaries\calif0oast 
near alladded %coastcov% line IOOOOOOOO dist2coast nolo?ation 
build dist2coast point 
kill alladded all 

&RETURN 

&IF [exists sitestuff -cover] &THEN &DO 
&TYPE 
&TYPE Coverage sitestuff already exists. please wait while it is killed. 

kill sitestuff all 
&END 

&SV elevlat = e:\archivesUithosphere\dem\calif3Ommlat 
latticespot %elevlat% dist2coast z-coord 
build dist2coast point 
rename dist2coast sitestuff 

&IF [exists sitestuff? -cover] &THEN &DO 
&TYPE 
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&TYPE Coverage sitestuff? already exists. please wait while it is killed 
kill sitestuff2 all 

&END 
&SV tmdlcov = z:/tmdlltmdlname 

identity sitcstuff (ictmdlcov(ic sitestuff2 point ,001 join 

kill sitestuff all 


tables 
sel sitestuff2,pat 
alter 
idnum 
cpw-id-

-
pwsname 
calname -

rnapname 
toponame-

distance 
coast-distance ---
-
basin 
tmdlname -
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---
q 

pullitems sitestuff2.pat sitestufE.out 
site-id 
x-coord 
y-coord 
z-coord 
coast-distance 
huc-id 
cuname 
rbuaspw 
cpw-id 
calname 
subsection 
toponarne 
tmdlnarne 
c o h ~ p r o \ ~  
steelprov 
cutprov 
chinprov 
end 

&IF [exists sitedata.dbf -file] &THEN &DO 
&TYPE 
&TYPE File sitedata.dbf already exists. please wait while it is deleted 
[delete sitedata.dbf -file] 

&END 

&TYPE Creating output database file sitedatadbf 
infodbase sitestuffl-.out sitedata.dbf 

&ROCTINE Cleanup 

I* Clean up coverages: 

&IF [exists sitecov -cover] &THEh' 
kill sitecov all 

&IF [exists capwsadded -cover] &THEN 
kill capwsadded all 



&IF [exists mostadded -cover1 &THEN 
kill mostadded all 

&IF [exists nalladded -cover1 &THEN 
kill nalladded 311 

&IF [exists alladded -cover1 &THEN 
kill alladded all 

&IF [exists distZcoast -cover] &THEN 
kill distZcoast all 

&IF [exists sitestuff -cover] &THEN 
kill sitestuff all 

&IF [exists sitestuff2 -cover1 &THEN 
kill sitestuff2 all 

I* Clean up info: 

&IF [exists allsites.in -info] &THEN 
[delete allsites.in -info] 

I* Clean up files 

&IF [exists sitecoord -file] &THEN 
[delete sitecoord -file] 

&IF [exists covsite.dbf -file] &THEN 
[delete covsite.dbf -file] 

/* -----------------------------Routine Exit............................ 

I* 

&ROUTINE Exit 

&SV close$stat [close -all] 


I* ---------------*-----.----Routine Bailout 

&ROUTINE Bailout 

&SEVERITY &ERROR &IGNOdE 

&CALL Exit 

&RETURN; &RETURN &ERROR. Bailing out of aaa.aml 
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Avenue Script 
.................................................................... 

'Stream Channel Gradient and Azimuth, v.2c 
Written by Scott Webb, April 1999 

'the script accepts a user input and uses that point to select a 
'stream temperature site; next attribute values are returned from 
'selected features database; these values are used to return a cell 
'from an elevation grid; uses these values to calculate azimuth and 
*gradient of stream channel between these points 

'script call MinElev script 
.................................................................... 


'set view info 
cumview = av.GetActiveDoc 
aDisplay = currView.getdisp1ay 

'unselects all themes 
currTHMs = currview.getactivethemes 
if (cunTHMs.count > 0)then 

for each thm in currThms 
thm.setactive(fa1se) 

end 
end 

'set theme info 
elevThm = currView.findtheme("Calif00391at") 
elevGrid = elevThm.GetGrid 
elevTab = elevGrid.getVTab 
elevFld = elevTab.findfield("Va1ue") 

rchThm = currView.findtheme("StreamReach") 
rchTab = rchThrn.getFTab 
rchTab.SetEditable(true) 

shpFld = rchTab.findfield("ShapeW) 

idFld = rchTab.findfield("ID") 

dateFld = rchTab.findfield("DateAddedU) 


rchtbl = av.getproject.finddoc("Attributesof Stream Reach") 

rchVTAb = rchtbl.getvtab 




FSP Regional Stream Temperature Assessment Report 

reachFld = siteTab.findfield("NewReach") 
end 

urlXFld = siteTab.findfield("URL_X") 
if (urlXFld = nil) then 

field4 = field.make ("URL-X", #FIELD-LONG, 10, 0)  
fieldlist = (field4J 
sitetab.addfields(fieldList) 
urlXFld = siteTab.findfield("URLLXX') 

end 

urlYFld = siteTab.findfield("URL_Ym) 
if (urlYFld = nil) then 
field5 = field.make ("URL-Y", #FIELD-LONG, 10.0) 
fieldlist = [ field5 I 
sitetab.addfields(fieldList) 
urlYFld = siteTab.findfield("URL-YYY) 

end 

urlZFld = siteTab.findfield("URLLZZZ) 
if (urlZFld = nil) then 
field6 = field.make ("URL-2. #FIELD-LONG, 10.0) 
fieldlist = (field6J 
sitetab.addfields(fieldList) 
urlZFld = siteTab.findfield("URL-ZZ') 

end 

lrlXFld = siteTab.findfield("LRL_XV) 
if (IrlXFld = nil) then 
field7 = field.make ("LRL-X", #FIELD-LONG, 10,O) 
fieldList = (field71 
sitetab.addfields(fieldList) 
IrlXFld = siteTab.findfield("LRI-X") 

end 

lrlYFld = siteTab.findfield("LRL_Y") 
if (1rlYFld = nil) then 
field8 = field.make ("LRL-Y", #FIELD-LONG, 10,O) 
fieldList = (field81 
sitetab.addfieIds(fieldList) 
IrlYFld = siteTab.findfield("LRLLYY') 

A - I ?  
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'check for field and creates it if it does not exist 
gradFld = siteTab.findfield("NewGrad") 
if (gradFLD = nil) then 
field1 = field.make ("NewGrad". #FIELD-FLOAT. 6.4) 

fieldlist = (field1) 

sitetab.addfields(fie1dList) 
gradFld = siteTab.findfield("NewGrad") 

end 

azFld = siteTab.findfield("NewAzimuth") 
if (azFld = nil) then 
field2 = fieldmake ("NewAzimuth", #FIELRSHORT, 4.0) 
fieldlist = (field:!) 
sitetab.addfields(fie1dList) 
azFld = siteTab.findfield("NewAzimuth") 

end 

sinFld =siteTab.findfield("Sinuosity") 
if (sinFld = nil) then 
field10 = field.make ("Sinuosity", #FIELD-FLOAT, 6.3) 
fieldlist = (fieldlo),  
sitetab.addfields(fie1dList) 

sinFld = siteTab.hdfield("Sinuosityu) 

end 

reachFld = siteTab.findfield("NewReach) 
if (reachFld = nil) then 
field3 = field.make ("NewReach", #FIELD-FLOAT, 6.2) 
fieldlist = (field3] 
sitetab.addfields(fie1dList) 
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IrlZFld = hitrTab.findfirld("LRL-Z") 
i f  tlrlZFld = n i l )  then 
field9 = field.rnaks r "LRL-Z". #FIELD-LONG. 10. 0 )  
fieldlist = (Field91 
sitetab.addfields(fieldList) 
IrlZFld = siteTab.findfield("LRL-Z") 

end 

begin user input 
userPt = currView.getdisplay.RetumUserPoint 

'checks if point is selected or if multiple points selected 
if (theBitmap.count = 0) then 

msgbox.info ("No point selected. Please try again.", "Warning!") 
exit 

elseif (theBitmap.count > I) then 
msgbox.info ("More than one point selected. Please get help.", "Warning!") 
exit 

else 
'its ok so do nothing 

end 

'uses measure tool 
p = currView.ReturnUserPo1yLine 
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'checks direction of streaduser input 

sLineZ = elevThm.ReturnValueString(elevFld.GetName,startLinePt) 
if ((sLineZ = nil) or (sLineZ = "")) then 
msgbox.info("Wrong elevation grid. Please change code IN BOTH SCRIPTS to correct 

theme.","Waming") 
exit 

end 

if (eLineZ < sLineZ) then 
msgbox.info("Second point is below first point. Please go other direction!", "Warning") 
exit 

end 


'extract line segments coordinates from polyline 

mp = p.asmultipoint 

mptxt = mp.asstring 

numsegs = mptxt.extract(1) 

numsegs = numsegs.asnumber 


'snap reach polyline to coords of site pt 

.p.Snap (stanLinePt, 10) 


'get coords pt2 of first seg 

Pt2 = mptxt.extract(4) 

txtlen = Pt2.count 

txtmid = Pt2.indexof(",") 

Pt2X = pt?.left(6) 

Pt2Y = pt2.right(txtlen - txtmid - 1) 


$et coords pt3 of last seg 

Pt3 = mptxt.extract(numsegs - 1) 

txtlen = Pt3.count 

txtmid = Pt3.indexof(".") 

Pt3X = pt3.left(6) 

Pt3Y = pt3.right(txtlen - txtmid - 1 )  
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'calc az~rnuth first seg 

Zpt I = pointZ.make(currx. curry. 0)  

Zpt2 = pointZ.makc(Pt2X.asnumber.Pt2Y.asnumber. 0)  

\ rcSrp 1 = vrctor.differencr(Zpt 1. Zpt?) 

azl = ~ r c S e g l  .getazinluth 


Zpt3 = pointZ.make(Pt3X.asnumber. Pt3Y.asnumber. 0) 

Zpt4 = pointZ.make(endLinePt.getx. endLinePt.gety. 0)  

vecSeg2 = vector.difference(Zpt3, Zpt4) 

az2 = vecSrg2.getazimuth - 180 

if (a22 > 360) then 

a22 = az? - 360 

end 

coordsl = list.make 
coords I .add(startLinePt) 
coordsl .add(azl) 

coords? = 1ist.make 
coords2.add(endLinePt) 
coords?.add(az2) 

startPt = av.run( "MinElev", coordsl) 
startX = startPt.getX 
starty = startPt.gety 
startZ = elevThm.RetumValueString(elevFld.GetName,stanPt).asnumber 

endPt = av.run( "MinElev", coords2) 
endX = endPt.getX 
endY = endPt.getY 
endZ = elevThm.RetumValueString(elevFld.GetNarne,endPt).asnumber 

delta-x = (rchendX - currX) 
delta-y = (rchendY - curry) 
delta,z = (end2 - startZ) 

'calc straight line distance between pts 
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'return length of rubberband line 

reachlgth = p.returnlength 


talc percent gradient 

grad = (delta-zIreachLgth) 


'cal azimuth 

ZptS = pointZ.make(currx. curry, 0) 

ZptE = pointZ.make(rchEndx, rchEndy, 0) 

vecl = vector.difference(ZptS, ZptE) 

azimuth = vecl .getazimuth 


'write values to database 

siteTab.SetValueNumber (upgradeFld, selSite. 2) 

siteTab.SetValueNumber (gradFld, selSite, grad) 

siteTab.SetValueNumber (azFld, selSite, azimuth) 

siteTab.SetValueNumber (reachFld, selSite, reachlgth) 

siteTab.SetValueNumber (IrlXFld, selSite, startx) 

siteTab.SetValueNumber (IrlYFld, selSite, startY) 

siteTab.SetValueNumber (IrlZFld. selSite, startZ) 

siteTab.SetValueNumber (urlXFld, selSite, endX) 

siteTab.SetValueNumber (urlYFld, selSite, endY) 

siteTab.SetValueNumber (urlZFld, selSite, endZ) 

siteTab.SetVa1ueNumber (sinFld, selSite. sinRatio) 


expr = "[ID] = " ++ currJD 'creates logical expression for selection 

rchBitmap = rchvTab.GetSelection 'creates variable for selection results 

rchvTAB.Query(expr.rchBitmap.#VTAB-SELTYPE-NEW) 

rchvtab.setselection (rchbitmap) 
delRch = rchBitmap.getnextset ( - I  ) 

if (rchBitmap.count > 0) then 
'delete old reach before adding new reach 
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end 


'adds polyline as stream reach 

newRch = rchTab.AddRecord 

rchTab.SetValue(shpFLD.newRch.p) 

rchTab.SetValue(idFLD.newRch,currD) 

rchTab.SetValue(dateFLD,newRch,currDate) 


currView.inva1idate 

msgbox.info ("All done. Go to next point!". "Thank You!") 
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.................................................................... 

'Stream klin Elevation, v.1 
Written by Scott Webb. April 1999 

the  script accepts a point and searches surrounding cells for 
'minimum elevation: returns point with min elev 

'script called by Slope-and-Az script 

'set view and theme info 
currview = av.GetActiveDoc 
aDisplay = currView.getdisplay 

'finds min elevation from surrounding points, starts with B2 
'A1  B1 C1 
'A2  B2 C2 
'A3 B3 C3 

'calc A1 
if ((az> 20) and (az < 250))then 

A I X z s t a r t X  - 30 
A1Y = starty + 30 



newPt = point.rnake(AIX. A1Y) 
A IZ = elevThrn.ReturnValueStriq(elevFIddGetName.newPt).asnumber 
if (AIZ < startZ) then 
currx = ,AlX 

curry = r\lY 

currZ = AIZ 


end 
end 

'calc B I 
if ((az> 70) and (az < 190)) then 

BIX=star tX+O 
B IY = starty + 30 
newPt = point.rnake(B IX, BIY) 
B 1Z = elevThm.RetumValueString(elevF1d.GetName.newPt).asnumber 
if ((BIZ < startZ) AND (B 1Z < currZ))then 

currX = B 1X 

curry = B 1Y 

currZ = B 1Z 


end 
end 

'calc C I 
if ((az > 110) and (az < 340)) then 
CLX = startx + 30 
C1Y = starty + 30 
newPt = point.make(ClX, ClY)  
C1Z = elevThm.RetumValueString(elevFld.GetName,newPt).asnumber 
if ((C 1 Z < startZ) AND (C1Z < currZ))then 

currx = C l X  

curry = C1Y 

currz = CIZ 


end 
end 

'calc A2 
if (((az > 340) and (az < 360)) or ((az >= 0) and (az < 200)))then 

A2X = startX - 30 
A2Y = starty + 0 
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newPt = point.make(A2X. A2Y) 
A2Z = elevThm.RetumValueString(elevFld.CetNarne.newPt).asnurnber 
if ((A2Z< startZ) AND (A2Z < currZ))then 
currX = A2X 

curry = A2Y 

c u r 2  = A2Z 


end 
end 

'started with 8 2  

talc C2 
if (((az >= 0)and (az < 20)) or ((az > 160) and (az < 360))) then 

C2X = startX + 30 
C2Y = starty + 0 
newPt = point.make(C2X. C2Y) 
C2Z = elevThm.RetumVaiueString(elevFld.GetNarne,newPt).asnumber 
if ((C2Z c st&) AND (C2Z < currZ))then 

currx = C2X 

curry = C2Y 

currz = C2Z 


end 
end 

'calc A3 
if (((az > 290) and (az < 360)) or ((az >= 0) and (az < 160))) then 

A3X = startX - 30 
A3Y = starty - 30 
newPt = point.make(A3X, A3Y) 
A3Z = elevThm.RetumValueString(elevFld.GetName,newh).asnumber 
if ((A3Z < st&) AND (A3Z < currZ))then 
cunX = A3X 

curry = A3Y 

currZ = A3Z 


end 
end 

'calc B3 
if (((az >= 0) and (az < 110)) or ((az > 250) and (az < 360))) then 



B3X = startX + 0 

B3Y = starty - 30 

newPt = point.make(B3X. B3Y) 

B3Z = elevThm.ReturnValueString(elevFIddGetName.
newPt).asnumber 
if ( (832< stanZ) AND (B3Z < currZ))then 


currX = B3X 

curry = B3Y 

currZ = B3Z 


end 
end 

kalc C3 
if (((az > 200) and (az < 360)) or ((az >= 0) and (az < 70))) then 
C3X = startX + 30 
C3Y = starty - 30 
newPt = point.make(C3X. C3Y) 
C3Z = elevThm.ReturnValueString(elevFld.GetName,newPt).asnumber 
if ((C3Z< startZ) AND (C3Z < currZ))then 
currx = C3X 

curry = C3Y 

currZ = C3Z 


end 
end 

startx = currx 
starty = curry 
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Measurement Techniques 

Monitoring Devices 

A diversity of continuous sensor technology was used by the many panies that collected and submitted stream 
temperature data for inclusion in the assessment. Table A-I shows the types of devices and the frequency of [heir 
use. Not all data contributors provided information on the type of monitoring device. The unknown category of 
device type represents the case where the data contributor did not provide the information. Based on the information 
received. the most commonly used device was the Hobo Temperature Data Logger, also known as the Hobo 
TempT"'. Mention of trade names should not be construed as endorsement by the Forest Science Project or its 
cooperators. 

Table A-1.Tvpes of Monitoring Devices Used by Data Contributon. 
Device ~  ~ ~ e1990 '1991 1992 1993 1994 1995 19% 1997 1998 Total 

HOBO 62 104 97 77 ??I 35 1 912~ -

MENTOR 9 I I 9 4 8 10 2 I I 55 
OSTOW 5 6 7 6 10 3 50 103 113 303 
STOWTID 17 17 
STOWXTl I I I 6 I 2 4 2 18 
UNKNOWN 4 43 85 37 1 300 64 867 
'HOBO = Onset ~ o b o "  Temp or ~ o b o @  Ryan Temp Mentor: OSTOW =XT: MENTOR = Onset Optic 
~ t o w ~ w a ~ @  ~idbiT'@: XTI:STOWTID =Onset ~ t o w ~ w a ~ "  STOWXTI =Onset ~ t o w ~ w a ~ @  
NOTE: Mention of trade names does not denote endorsement by the Forest Science Project or its cooperators. 

Sampling Frequency 

There was a broad range in sample frequencies used to collect stream temperatures (Table A-2). Frequencies ranged 
from 6.4 minutes to 206 minutes (-3.5 hours). Most of the monitoring devices were set to record stream 
temperatures at two-hour or more frequent intervals. Appendix A presents a Forest Science Project Technical Notes 
issue paper that discusses the effects of sampling frequency on the measurement of chronic and acute temperature 
statistics. It was found that as sampling intervals exceed 120 minute (2 hour) intervals, there was a significant 
decrease in the observed daily maximum temperature (Appendix A). The sampling frequency (from 6 minufes up to 
2 hours) did not have a significant effect on the observed 7-day moving average. 



Table .A-2. Sampling Frequent! C\ed st Each Sile b! Yrar (1990 - 19981. 

Year Frea. rminl Yo. Sites ' Year Frea. Iminl No. Sites ' Year Frea. Imin l  Yo. Sites 
hO 18 36 4 6.4 I

1990 To~al S~tsb = 18 48 18 I5 h 
h0 17 60 26 24 26 

1991 
Tural Site, = 17 ' 72 I8 : 30 47 

1992 
60. 17 1995 96 I5 36 29 

T o t ~ lSires = 17 I20 48 17
l5 1997

36 I I44 95 	 60 I I 
48 2 ' 180 4 1 72 55 
60 10 ; 205.7 I 96 223 

1993 72 62 ! Total Sites = 196 , I20 78 
96 I : 6.4 I j I44 I I 6  

Tolal Site* = 76 10 I I Tola1 Sites = 629 
30 I : 15 8 6.4 I 
36 I 24 21 1 8 17 
48 16 

! 
rn 30 15 16 -7 


60 23 36 	 24 4 

I20 15 

144 55 

205.7 3 

' 	 Total Sires = 171 

Total Sites = 502 


Calibration 

In most cases. cooperators followed calibration procedures furnished by the manufacturer of the monitoring device 
or those specified in Fish. Farm, and Forest Communities Forum protocols (FFFC.1996). If a device did not meet 
the accuracy and precision specifications for a particular device. the device was not deployed in the field. Table A-3 
shows accuracy and precision specifications for the various devices listed in Table A-1. 
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Table A-3. Accuracv and Resolution of \':aious Continuous Temperature bfonilorin$ De\.iceh 

Tempera ture  Range Accuracy Range Resolution
Unit 

("C) ("C) ( " C )  

Hobo' Temp -20 to c70  0.6 to 1.3 0.4 to 0.9 

H o b o  XT -5 to c37  0.5 to 0.7 0.2 to 0.4 

~ t o w A w a ~ @XTI -5 to c37  0.3 to 0.4 0.2 to 0.3 

Optic ~ towAway@ -5 to +37 0.2 to 0.23 -. 

@ . . @StowAway T ~ d b l T  -5 to +37 0.2 to 0.23 --
Note: Accuracy and resolution are interpolated from graphs found in Onset Computer Corporation's product infarrnsilon. 

Resolution is [he difference between tempcrature steps that the logger can record. Mention of lrndr names 
does not denote endorsement by the Forest Science Proiect or its cooperators. 

Data Verification and Validation 

The Forest Science Project received sueam temperature data from a multitude of sources. These data were collected 
using several types of monitoring devices (Table A-I). The data were received in a variety of formats. including: 
*.dtf (direct downloads from the data loggers). *.XIS(EXCELM worksheets), and *.txt (text files). The data were 
converted to a common format in preparation for data verification and validation. Data required verification and 
validation because in many cases the data files contained ambient air temperature spikes (most often occurring 
immediately prior to field deployment and immediately after retrieval from the sueam), and any other anomalous 
data (such as unit malfunctions). A more detailed discussion is presented below. Data files that were intentionally 
and exclusively air temperatures were processed separately and maintained in a separate database. 

Impom'ng and Converting Data Files 

The first step in the process of data verification was imponing or convening data files into a common format. Data 
transfer format (DTF) files, the file format produced by the HOBO* data-loggers, were convened into text files 
using Logbookw 3.0.2 software (OnsetComputer Corporation, PocasseL MA ). Microsoft EXCELM was used for 
data verification. A set of customized macros (EXCELTM programs) was used to process and verify each data file. 
The macros processed the data in the following sequence: 

assign site identification (site ID) numbers. 
format the datehime and tmp2raNre fields, 
plot temperature vs. date on a line graph, . remove spurious and anomalous data points, 
re-plot the temperature graph, showing the data points removed (shaded gray), and . copy and save verified data to a comma-delimited text file. 

All changes made to data files were recorded in a discrepancy log, which was sent to the data contributor for 
validation. This process is discussed below in greater detail. Only the validated data were imported into the 
database. 
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Data l'erification 

Each incorning data file nas processed and verified. Verification o f  the data file insured that only water 
temperatures for a riven hite were included in the database. I t  was necessary to remove all temperatures that were : 

not valid \cater temperature*. There were four basic types o f  errors and anomalies that were removed: 

Ambient air temperatures prior to Zauge placement. and after gauge removal: (and also i f  the cooperator 
checked the unit at some point during mid-season) 

. Sensor de-watering 

Dead or dying batteries 

In the verification process. all original data were retained. Temperature values were never changed. even i f  the 
observation appeared to be incorrect. Rather. data points that were verified and validated by the data contributor as 
anomalous were removed from the data set. Spurious or anomalous observations were deleted prior to impon into 
the database. The original data with spurious and anomalous observations were retained in  the Forest Science 
Project (FSP) archives for post-verification and chain-of-custody documentation. 

Ambient A i r  Temperatures 

Air temperature sp~keswere the most common types of errors that were encountered. To find where these errors 
occurred. (as with all other error types), time versus temperature graphs were generated in  EXCELTu for each site 
and visually inspected. Stream temperatures, in  general. do not fluctuate by more than 10°C diurnally. However. 
daily fluctuations in  air temperature by this amount and greater are common. Figure A - I  i s  an example o f  air 
temperature readings occuning in the middle of a data &t. 

Air temperature spikes prior to sensor placement andlor after sensor removal were also detected by visually 
inspecting the temperature graphs (Figure A-2). Most often the time o f  occurrence o f  ambient air spikes was 
identified by a rapid change in  temperature, more rapid than generally occurs in  water temperature data. This is 
typically several degrees Celsius in  one or two hours. 
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Figure A-I. Example thennograph with an ambient alr spike. In this case, the device was removed from the water to determine 
its opevilting status. 

Figure A-2. Example thermograph with air temperature spikes occurring prior to gauge placement and after gauge removal. 
These anomalous ;ur spikes were removed from the water temperature data set. 



This condition occurred when the \Later levels gradually dropped below the sensor as the summer progressed. The 
[empermre sensor was graduall! exposed to the air. On the temperature graph. these areas typically had diurnal 
temperature tluctuation% Sreater than 15°C: often the daily maximum temperature was above ?8'C (Figure A-31.In 
Figure .A-3. note that Jurin: the hottest pan of the summer. thediurnal temperature fluctuations were greatest: and 
that during the month of July. anomalous spikes appear in the daily maximum temperature. These are indicators of a 
sensor that will soon be de-uatered. 

Figure A-3. Example themlograph where the sensing device was de-watered for about 10-days during the summer (August I ro 
August 10). 

Dead or Dying Batteries 

When the charge on temperature sensing device batteries is waning, the unit will begin to record erroneous values. 
Typically there will be several consecutive readings (more than 5 in a row) that will be exactly the same down to the 
hundredths of a degree. These readings were removed from the data set. Typically, these themnographs displayed 4 
'stair-stepping' of values (many readings at the same value, then a sudden jump to another level of readings). Note 
that the diurnal temperature fluctuations gradually decayed (Figure A-4). until there was a flat line (i.e., no change 
in temperature value). Occasionally, there were sensors placed in deep pools that may have been influenced by 
significant summer-time, groundwater influx. These sites appeared as if a dying battery was the cause of the 
apparent anomalous readings (Figure A-5). The data were reported to the data contributor as possibly erroneous. 
However. the contributor confirmed that the data were valid, and represented a ground-water influenced, stratified 
deep pool. 
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Probablv Dead 77; 

1 I8/24 8/28 8131 914 918 9/12 911 5 9/19 9123 9/27 9/30 1014 1018 

1 Date i 
Figure A-4. Example thennograph where the sensing device had a dying battery. 

Figure A-5. Example thermograph that exhibits behavior similar to a dying battery, but is actually a deep, thermally-stratified 
pool. with groundwater as the primary source of water influx. 

Unfortunately, many of the sensors used by data contributors do not have the capacity to determine battery charge 
prior to deployment in the field. The FSP has had an ongoing dialogue with engineers at one major manufacturer of 



continuous temperature sensors about the lack of batter) charge checking prior to deployment. Sewer model\ that 
are now available on the market allow the user to check batter! charge. 

Unit .l.lalfunctions 

Unit malfunctions are difficult to detect and diagnose. This category of error can apply to any anomalous data sets 
that cannot be explained by any other error category. Typically. when this type of error occurred. the entire data set 
was discarded. However. before discarding the data. the data contributor was contacted to confirm a possible unit 
malfunction. Figure A-6 illustrates significant down-spikes at regular intervals. The readings were not actual water 
temperatures. but were unexplainable malfunctions with the sensor. 

Figure A-6. Example thermograph where the sensing device was probably malfunctioning. In this case. the device recorded 
significant, instenteneous down-spikes that were not water temperatures. 

In Figure A-7. the down-spike wasclearly a unit malfunction. The abnormal fluctuations following the down-spike 
were problematic. The flattened tops and bottoms indicate either a unit malfunction or a dying battery. However, it 
is possible that this unit was placed in a deep pool with significant temperature stratification (diurnal temperature 
fluctuations are smaller than the resolution on the recording device; or the unit is strongly influenced by 
groundwater input). Where a unit malfunction is suspected, the data contributor was contacted to determine the most 
probable source of the problem, or if there was no problem with the device. If there was no confirmed problem with 
the device, but the thermograph indicated severe problems with the sensor, all anomalous readings were deleted 
with the permission of the data contributor. 
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Figure A-7. Example thermograph with a significant unit malfunction. and indications of a dying battery (but probably 
asrociared with the unit malfunctionl. 

General Rules for Data Removal 

During the data verification and validation process the following guidelines were used when removing anomalous 
data. When conditions warranted. these guidelines were modified to retain as much data as possible. 

I .  	 Remove two ( 2 )observations before and after the air temperature spike 

2. 	 Remove I? hours of observations before and after gauge .-watering spikes. 

3. 	 Remove two (2)  days of observations before the point where a dying battery is indicated. 

4. 	 Remove two ( 2 )observations before and after a single unit malfunction 

5 .  	 If there are several obvious malfunctions (e.g., Figure A-6). remove two (2) observations before the first error 
two ( 2 )observations after the last error, and all observations in between. 

Discrepancy Logs 

All changes made to temperature data files were recorded in a discrepancy log. This log was sent to the data 
contributor for validation of changes. The discrepancy log served as a chain-of-custody document for tracking and 
validating changes made to data files. For every changed file (even if only one datum point was removed), all 
changes were explicitly detailed in the discrepancy log. A discrepancy entry included the following: 



. FSP site id number 
cooperator acronym (assigned by FSPl 
original file name (as asignrd by the coop&;ltor, 
the peci f ic items affected (cither by row numbers. or by date and time ranges] 

number of items affected 
the action taken 
the explanation/reason for the discrepancy 
and the name of the recorder who made the changes 

As mentioned previously. no data point value was changed to a different value. I f  i t  was considered anomalous and 
confirmed as such by the data contributor. the data point was removed from the data base. The original values were 
retained in the raw data set. 

Data Import 

Prior to importing temperature data into the FSP database. all changes were confirmed with the data contributor. I f  
there were no anomalies in a particular data file. the data were imported directly into the database. However, there 
were usually minor changes made to each data file. A list of all changes made was sent to the data contributor, who 
reviewed the changes. If all changes were correct. the data contributor signed the list, and the validated data were 
imported into the database. If the changes were incorrect, the appropriate changes were made to the data files as per 
the data contributor's instructions. A new list of changes was sent to the contributor for verification. This process 
was reiterated until final reconciliation o f  discrepancies was reached. Usually. no more than two iterations were 
necessary to resolve most data discrepancies. 

Data Structure 

Once the verification and validation process was completed. the stream temperature data and associated attributes 
were appended to Microsoft (MS) Access relational database tables for each data contributing organization and 
uploaded to ORACLE tables. Although the local databases were created using MS ACCESS and the regional 
database was maintained in  ORACLE, both utilized the exact same table structure (Figure A-8). 



FSP Regional Stream Temperature Assessment Report 

I t  was necessary to use A M L  to assign appropriate California planning watershed. ecological subregion. and USGS 
cataloging tHUC) numbers to each stream temperature monitoring site. A M L  was also used to calculate site 
elevation and drainage area from DEMs. Other values such as the nearest straight line distance to the coast and 
distance from the watershed divide were derived using GIs AMLs (Appendix A). These values were appended to 
and mainmined in the databasz. 

Custom queries were created using structured query language ISQL). Summary tables and views were output to 
\.arious software packages. including SAS. S-Plus. and ArcAnfo for further analysis and display. Figure A-9 
illustrates the tlow of data and the general procedures used for incorporation o f  stream temperature and 
accompanying data into the database. 
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Figure A-8. A simplified stream temperature database diagram 
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Regional Stream Temperature Assessment 

1 Overview 

1.1 Background 

Stream temperature is one of the most important environmental factors affecting aquatic ecosystems. 
The vast majority of aquatic organisms are poikiiothermic -- their body temperatures and hence their 
metabolicdemands are determined by temperature. Temperature has a significant effect on cold-water 
fish, both from a physiologicaland behavioral standpoint. Below is a brief list of the physiologicaland 
behavioral processes affected by temperature (Spence et al., 1996). 

Metabolism . Food requirements, appetite, and digestion rates 
Growth rates . Developmentalrates of embryos and alevins 
Timing of life-histolyevents, includingadult migrations, fry emergence, and smoltification 
Competitor and predator-preyinteractions 
Disease-hostand parasite-host relationships 

There has been a heightenedawareness of the effects of increased stream temperatures on salmon, 
trout, and other aquaticlriparian species. Several regulatory measures have been promulgatedto 
mitigate impacts of increased water temperatures on aquatic biota. Restorationactivities have been 
initiated, conservationmeasures developed, and land use practices altered in an attempt to counteract a 
perceived but undocumentedincrease in stream temperatures throughout the state of Caiifomia. One of 
the goals of the Forest Science Project's temperature monitoring protocol to obtain the consistent and 
representativedata necessary to document thermal regimes in streams across Northern California. 

With the onset of continuous temperature sensor technology, large volumes of stream temperature data 
are now being collected. Despite the wealth of knowledge regarding the effects of temperature on 
aquatic organisms, particularly fish, there seems to be a lack of a regional understandingof temperature 
regimes across Northern California. This protocol sets forth a sampling approach that will provide 
consistent data that can be used to address stream temperature issues at broad regional scales, i.e., 
watershed, basins, and regions. 

1.2 Scope and Application 

The field methods described in this protocolare for obtaining representativestream temperatures from 
perennial streams for regional monitoring. The field methods are specifically applicable for the 
deployment of continuous monitoringtemperature sensors (e.g., Hobo Temps, Temp Mentors, 
Stowaways, etc.). Possible interferences in the accurate and precise measurementof stream 
temperature include: 1) exposureof the sensor to ambient air, 2) improper calibration procedures, 
including date and time settings, 3) improper placement of the sensor in the stream, 4) low battery, 5) 
inherent malfunctionsin the sensor or data logger, and 6) vandalism. 
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1.3 Summary of Method 

All continuous stream temperature monitoring sensors should be calibrated against a National Institute 
of Standards and Technology (NIST) traceable thermometer. Sensors not meeting precision and 
accuracy data quality objectives should not be used. Sensors should be placed in a well-mixed zone, 
e.g., at the end of a rlffle or cascade. Monitoring location should represent average conditions -not 
pockets of cold water refugia or isolated hot spots. Location of sampling points should either avoid or 
account for confounding factors that influence stream temperatures such as: 

confluence of tributaries 
groundwater inflows . channel morphology (particularly conditions that create isolated pools or segments) 
springs, wetlands, water withdrawals, effluent discharges, and other hydrologic factors 
beaver ponds and other impoundments 

The sensor should be placed toward the thread or thalweg of the channel. Keep in mind that flow will 
decrease throughout the summer resulting in an exposed sensor. The thermistor portion of the device 
should not be in contact with the bottom substrate or other substrate that may serve as a heat sink (e.g., 
br~dgeabutment or boulder). Secure the sensor unit to the bottom of the channel with aircraft cable, 
surgical tubing, rebar, or diver's weights. The sensor should be set to record temperatures at sampling 
intervals that should not exceed 1.6 hours (96 minutes). 

2 Equipment and Supplies 

2.1 Calibration and Standardization 

Prior to deployment of sensors, calibration of each sensor must be performed. The following is a list of 
equipment and supplies for calibration: 

NIST traceable thermometer - resolution of 0.2% or better, an accuracy of &.2"C or better. 

controlled-temperaturewater bath, or water-filledthermos or 
ice chest 

. laboratory notebook 

ice 

2.2 Field Measurements 

There are several useful materialsand pieces of equipment that should be taken to the field to install or 
service temperature sensors. These include: 

securing material such as zip ties, bailing wire, aircraft cable, surgical rubber tubing, locks, 
rebar, cinder blocks, large rocks with drilled holes, diver's weights 

A-37 
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.surveyors marking tape or flagging 

. sledge hammer (e.g., two-pound) 

wire cutters andior pocket knife 

.thermistor equipment items (silicone rings, submersible cases, silicone grease, silica packets) 
portable computer or interface for data downloading and launching 

.backup batteries and thermistors 

timepieceiwatch 

. Rite in the Rain field book 

NIST-traceableauditing thermometer 

waders 

camera and film 

brush removal equipment (e.g., safety axe) 

.maps and aerial photos 

spray paint 

.metal stakes or spikes, rebar 

3 Pre- and Post-Deployment Calibration and Standardization 

1. A NIST-traceable thermometer must be used to test the accuracy and-precisionof the temperature 
sensors. The NiST-traceablethermometer should be calibrated annually, with at least two 
calibration points between 1O0C(50PF)and 25°C (77°F). Calibrations should be performed using 
a thermally stable mass of water, such as a controlled-temperaturewater bath, or water-filled 
thermos or ice chest. The stable temperature of the insulated water mass allows direct comparison 
of the unit's readout with that of the NIST-traceablethermometer. Accuracy of the NIST-traceable 
thermometer must be within i0.5"C. 

2. Prior to use, all continuous monitoringdevices should be calibrated at room temperature (-25% 
77°F) and in an ice water bath to insure that they are operating within the accuracy over the 
manufacture's specified temperature range. Calibrate all continuous monitoring devices with a 
NIST-traceablelaboratory thermometer at two temperatures, room temperature (i.e., -77"F, 25°C) 
and near the freezing point of water as follows: 
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A.  	 When calibrating and prior to deployment, set all units to the same current date and 
synchronize all devices using an accurate watch/clock that will be used to time the recording 
lntewals of the reference thermometer. Call for the correct time. 

B. 	 Set the record interval of each thermograph to a short period, six to 30 seconds. 

C. 	 Record the date, sensor serial number, data logger serial number, and analyst's name in a 
laboratory notebook. Table 1 is an example of a format that can be used for data collection. 
The same sensor and same data logger should be deployed in the field as they were paired 
together during calibration. 

D. 	 Place the reference thermometer and the continuous monitoring devices in a five-gallon pail 
filled with about three gallons of water that has reached room temperature overnight or in a 
controlled-temperature water bath that has reached room temperature (-77"F, 25%). Make 
sure the casings of all continuous monitoring devices are completely submerged. Stir the 
water, just prior to, and during the calibration period to prevent any thermal stratification. 

E. 	 After allowing 10 minutes for the continuous monitoring devices to stabilize, begin recording 
data for a 10-minute interval. Record the time, the reference thermometer temperature, and 
the continuous monitoring device temperatures measured at the predetermined sampling 
frequency (e.g.. 6 second, 10 second) used during the 10-minute interval. After all readings 
are completed, calculate the difference between the reference thermometer and each of the 
continuous monitoring devices for each reading and calculate the mean difference. Record 
the data using a format similar to that shown in Table 1. 

Table 1. Example of Calibration Data Collection Table 

Reference 
4'12198 	

Sensor Serial Number = 10043 Analyst: Thermometer No. Data logger S.N. = 2S256S Joe Celsius 41 2 

Time NIST Thermometer Reading Device Reading Difference 

(sec) ("C) ("C) ("C) 

0 25.0 	 24.8 -0.2 
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F. Any continuous monitoring devices not operating within their specified accuracy range should 
be thoroughly scrutinized. If a particular dev~ce returns readings that are outside of the 
manufacturer's accuracy limits, but is still precise, then a correction factor (addition and/or 
multiplication) can be applied to the data. Precision should be within 0.2 standard deviations 
(S.D.) of the mean. Acceptable precision should be observed over the range of temperatures 
that will be experienced in the field. The correction factor, when applied over the calibration 
range, should give temperature values that are within the accuracy limits of the device. If units 
are inaccurate and imprecise they should not be used. 

G. 	 Us~ngthe same water bath, add enough ice to nearly fill the bucket and bring the temperature 
down to nearly freezing. Stir the ice bath to achieve and maintain a constant water 
temperature. Place the reference thermometer and the continuous monitoring devices in the 
water bath or five gallon pail. Again, make sure that the casings are completely submerged. 

H. 	 Repeat steps 2B-D with ice water bath. 

I. 	 Also confirm that thermograph batteries have sufficient charges for the entire monitoring 
period (will the length of the upcoming field season fit into the life expectancy of the unit's 
lithium batteries?). 

J. 	 Calibration should also be repeated when sensors are retrieved at the end of the sampling 
season (post-deployment calibration). Repeat steps 2A-F. 

Quality Assurance and Quality Control 

4.1 Laboratory 

Precision and accuracy should be 0.2 SD and &I.~"c,respectively for each continuous monitoring 
device. 

Monitoring equipment with detachable sensors must be marked in order to match the sensor with the 
data logger. This allows instrument and sensor to be calibrated and tested prior to deployment, and also 
makes malfunctions easier to diagnose and correct. A logbook must be kept that documents each unit's 
serial number, calibration date, test results, and the reference thermometer used (Table 1). 

4.2 Field 

In addition to laboratory quality control checks, temperature monitoring equipment should be audited 
during the field season. A field audit is a comparison between the field sensor and a hand-held NIST- 
traceable reference thermometer. The purpose of a field audit is to insure the accuracy of the data and 
provide an occasion for corrective action, if needed. A minimum of two field temperature audits should 
be taken during the sampling period -one after deployment when the instrument has reached thermal 
equilibrium with the environment, and ideally one prior to recovery of the device from the field. 
Reference thermometers used for field audits must meet the same specifications as those used for 
laboratory calibrations: accuracy of &.5"C,resolution of 0.1 "C. 



A field audit is performed as follows: 

1. 	 Place the reference thermometer in close proximity to the continuous monitoring device, 

Record the reference thermometer 
temperature and the sensor temperature in Response time (time constant) IS the time 

a field notebook. A stable reading is usually required by a sensor to reach 63.2% of a step 

obtained within 10 thermal response units change in temperature under a specific set of 

or time constants. For example, a conditions. Response time values should be 

reference thermometer with a ten-second provided by the manufacturer. Five time 

time constant should give a stable reading constants are required for the sensor to 

in 100 seconds. 	 stabilize at 100% of the step change value. Ten 
time constants are recommended to insure that 

3. 	 Most general purpose data loggers allow the reference thermometer has reached 

the user to connect a computer in the field equ~librium with the stream temperature. Iand view "real-time" temperature data 
wlthout disrupting the data logger's 
scheduled sampling schedule. Thls feature allows immediate comparison of the data logger's 
reading with the reference thermometer's reading. Real-time audit accuracy must be within 
*1 .O". 

4. 	 Conversely, most brands of miniature data loggers interrupt data collection when the unit is 
connected to a computer. With this type of unit, field audit data can only be applied by "post- 
processing", i.e., the stored data are downloaded and later compared to audit values. This does 
not permit on-site corrective action if the sensor is not within accuracy specifications. For this type 
of data logger, auditing times should be scheduled reasonably close to the data loggers download 
time. Otherwise, the sensorldata logger equipment may fail the audit criteria due to rapidly 
changing water temperatures. Post-processing audit accuracy must be within d.5"C . 

5. 	 Data loggers typically set date and time based on the set-up computer's clock. It is important that 
field personnel synchronize their watches to the computer clock's time. Prior to the field audit the 
computer clock should be set to the correct date and time by calling for the correct time. 

5 	 Procedures 

Water temperatures vary through time and space. The temporal and spatial aspects of deploying stream 
temperature monitoring devices is discussed in the following sections. 

5.1 	Temporal Considerations of Sensor Deployment 

5.1.1 Sampling Window 

Launch sensors to capture the hottest period of the field season, which will vary with watershed location. 
Coastal streams in Humboldt and Del Norte Counties require deployment at least during July, August, 
and September; whereas Mendocino County and more inland streams may require longer recording 
periods (June-October) (FFFC, 1996). For consistency it is recommended that the sampling window 
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be from June 1to October 1. This sampiing window will ensure that the highest temperatures during 
the summer will be captured in the data set (see FSP March Technical Note in Appendix A). 

5.1.2 Sampling Frequency 

The time interval between successive temperature readings can be adjusted from every few seconds, to 
every few hours, to every few days, for most continuous monitoring devices. Table 2 shows some of the 
typical sampling frequencies and the number of days the device can be left in the field prior to data 
downloading. In most monitoring activities, the primary objective is to determine the highest 
temperatures attained during the year. Thus, one of the deciding factors in setting the sampiing 
frequency on a device will be to ensure that the daily maximum temperature is not missed. 

Table 2. Tvpical Samplina Freauencies and Storage Capacity of a Hob& Data Logger Used for Stream . . 	 .. 
~emperature ~onitoring -
2K Memory / 1800 Meas. 8K Memory / 7944 Meas. 32K Memory/ 32.520 Meas. Sample Frequency 

37.5 davs 
45 day; 
60 days 
75 days 
90 days 
120 days 
150 days 
180 days 
240 days 
360 days 

165 davs 
198 d&s 
264 days 
331 days 
397 days 
529 days 
662 days 
799 days 
1050 days 
1590 days 

677 days 
813 days 
1084 days 
1355 days 
1626 days 
2165 days 
2710 days 
3270 days 
4300 days 
6540 days 

30 min 
36 min 
48 min 

1 Hr 
1.2 Hr 
1.6 Hr 
2 Hr 

2.4 Hr 
3.2 Hr 
4.8 Hr 

Not.: 	 Boxcar ano LogBook sonware s launcn menu allows tne user to cnwse from 42 InteNals ranglngfrom 0.5 sec6nas to 4 8 
noxs Tne table snows the most .rey Senlngs that may be ~ s e dfor stream 1emperatLre rnon8tor,ng. Ment~on of traae 
names does not denote endorsement by the Fish. Farm, and ForestsCommunity Forum, the Forest Science Proiect, or any 
of their coooerators. 

The sampling frequency will depend on the monitoring question and the statistic to be calculated from 
the data. If the 7-day moving average of the daily average is to be calculated then a less frequent 
sampling frequency can be used (e.g., 1.2, 1.6,2.0 hr) (FSP, 1998). However, if the 7-day moving 
average of the daily maximum is to calculated, then the daily maximum temperature should be captured. 
If monitoring data is collected infrequently, the daily maximum temperature is likely to be missed. The 
sensor should be set to record temperatures at least every 1.6 hours (96 minutes). 

The more frequent the monitoring, the more precisely the duration of daily maximum temperature can be 
characterized. The disadvantage of frequent data collection is reduced number of days of data storage ' 
and increased number of data points to be analyzed. Some agencies and other groups have found that 
an 80-minute sampling interval still captures the daily maximum stream temperatures for sites (OCSRI, 
1996). If a less frequent sampling interval is desired, then a pilot study must be performed with 
monitoring at 30-minute intervals over a one to two week period during the honest time of the year to 
determine how rapidly stream temperatures change. Pilot study information can provide information on 
the time interval most appropriate for capturing the daily maximum. 

Selection of appropriate sites for monitoring is dependent upon the purpose and monitoring questions 
being asked. There are two scales of consideration for the appropriate monitoring site: selection of a 
sample point or location in the stream which provides representative data and the broader strategy of 
selecting sites that can provide useful information to answer the questions being asked. 



5.1.3Data Downloading 

It is preferableto have the data cover the entire monitoringwlthout interruptions.However, if data must 
be downloaded during the monitoringperiod due to insufficient data logger memory, record the date and 
time the sensor was removed from the stream and the date and time when it was returned to the stream. 
Some models may allow for downloading of data without interruption or removal of the sensor from the 
stream. Be sure to return the sensor to the same approximate location and depth after downloading. 
During a field visit for data downloading or auditing, record in the field notebook whether the sensor was 
exposed to the air due to low flow, discontinued flow, or vandalism. This information will be valuable for 
verification and validation of the data in the office. 

5.1.4 Mid-Season Field AudIffCalibration Check 

If data downloading is performed in mid-season,an opportunity for a mid-seasonfield audit and 
calibration check presents itself. See Section 4.2 for mid-seasonfield audit and calibration procedures. 

5.2 Spatial Considerations of Sensor Deployment 

5.2.1 Stream Sample Point Location 

The simplest and most specific scale is a sampling point on a stream. Here, the focus is on sample 
collection methods that will reduce variability and maximize representativeness. 

Monitoring must record daily maxima at locations which represent average conditions - - not pockets of 
cold water refugia or isolated hot spots. Measurements should be made using a sampling protocol 
appropriate to indicate impact to beneficial uses (OCSRI, 1996). Thus, location of sampling locations 
should be done in a manner that is representativeof the waterbody or stream segment of interest. In 
order to collect representativetemperature data, sampling site selection must minimize the influence of 
confounding factors, unless the factor is a variable of interest. Some confoundingfactors include: 

confluence of tributaries 
groundwater inflows 
channel morphology (particularly conditions that create isolated pools or segments) 
springs, wetlands, water withdrawals, effluentdischarges, and other hydrologic factors 
beaver ponds and other impoundments 

5.2.2 Site Installation 

1 .  All sensors should be placed in the thalweg of riffles to insure a complete mixing of the water and 
to maintain sufficient water depth for the duration of the sampling window. Alternatively, if riffles 
are too shallow place the sensor in a pool or glide that exhibits well-mixed conditions. DO NOT 
place the sensor in a deep pool that may stratify during the summer, unless this is the objective of 
your study. This measure Insures that sensors are not selectively placed in cooler areas such as 
stratified pools, springs, or seeps or in warm, stagnant locations (hot spots) that would 
misrepresent a stream reach's temperature signature. A hand-heldthermometer can be used to 
document sufficient mixing by making frequent measurementshorizontally and vertically across 
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the stream cross section. If stream temperatures are relatively homogenous (*I -2°C) throughout 
the cross section during summer low-flow conditions, then sufficient mixing exists. 

2. 	 Monitoring devices should be installed such that the temperature sensor is completely submerged, 
but not in contact with the bottom. Place the sensor near the bottom of the stream by attaching it to 
a rock, large piece of woody debris, or a stake. Use zip ties, surgical tubing, or aircraft cable to 
attach the sensor to the bottom substrate. Rebar or diver's weights can be used if no suitable 
fastening' substrate is available. For non-wadeable streams, the sensor should be placed one 
meter below the surface, but not in contact with a large thermal mass, such as a bridge abutment 
or boulder (ODF, 1994). If the monitoring site is not in a heavily visited area, mark the location of 
the sensor by attaching flagging marked with the gauge number or site ID number to nearby 
vegetation. 

Precautions against vandalism, theft, and accidental disturbance should be considered when 
installing equipment. In areas frequented by the public, it is advisable to secure or camouflage 
equipment. Visible tethers are not recommended because they attract attention. When equipment 
cannot be protected from disturbance, an alternative monitoring site should be considered. For 
external data loggers that are not waterproof, place them above the mean high water line to 
prevent loss during a freshet. Some data loggers must be housed in a waterproof metal or plastic 
box that should be locked and chained to a tree. Data logger boxes and cables should be covered 
with rocks, moss, and wood to hide equipment from passers by. 

3. 	 Install the sensor in a shaded location; shade can be provided by canopy cover or some other 
feature such as large woody debris. If no shaded locations areavailable, then it may be necessary 
to construct a shade cover for the sensor (e.g., using a section of large diameter plastic pipe.) The 
intention for this measure is to avoid direct solar warming of the sensor. The intent Is not to 
suggest that sensors should be placed only in shaded thermal reaches. 

Sensors should be located at the 
downstream end of a thermal reach, so as A thermal reachis a reach with similar 

to characterize the entire thermal reach, as (relatively homogenous) riparian and channel 

opposed to local conditions. Protocols for conditions for a sufficient distance to allow the 

characterizing thermal refugia can be found stream to reach equilibrium with those 

in FFFC (1996). 	 conditions. The length of reach required to 
reach equilibrium will depend on stream size 

The number of thermograph units deployed (especially water depth) and morphology (TFW, 

will vary with 1) drainage area of the 1993).A deep. slow moving stream responds 

watershed, 2) numbers and sizes of inflow more slowly to heat inputs and requires a 

tributaries or other transitions in riparian longer thermal reach, while a shallow, faster 

condition, 3) changes in elevation, and 4) moving stream will generally respond faster to 

proximity to coastal fog zone. In all changing riparian conditions, indicating a 

circumstances, a continuous monitoring shorter thermal reach. Generally, it takes about 

device should be located as far 300 meters (or 1000 feet) of similar riparian and 

downstream as surface water flows during channel conditions to establish equilibrium with 

the summer. In watersheds with multiple those conditions in fish-bearing streams. 

sensors locate them in a lowerlupper or 
lower/middle/upper distribution. 

Mark all monitoring site locations on a USGS 1:24,000 topographic map, aerial photo, or GIs map. 
Clearly show the location of the site with respect to other tributaries entering the stream, e.g., 
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above or below the confluence. Record measured distance to a uniquely distinguishable map 
feature (i.e., road crossing, specific tributary, etc.) Draw a diagram of the monitoring area. Include 
details such as: harvest unit boundaries, sensor location and thermal reach length, tributaries with 
summer flow, description of riparian stand characteristics for each bank, areas where portions of . ,  

the stream flow become subsurface, beaver pond complexes, roads near the stream, other 
disturbances to the channel or riparian vegetation (heavy grazing, gold dredging, gravel mining. 
water withdrawals). 

7. 	 Record the serial number of each sensorfdata logger combination at each monitoring site. Make 
an effort to deploy the same sensor/data logger combination at the same site each year. 

8. 	 Once a sensorldata logger combination has been deployed at a site, DO NOT move the 
equipment to another location. Adjustments in sensor location may be necessary if the initial 
location ran dry, and the sensor must be moved to the active, flowing channel. This will 
necessitate a unique site-id for spatial statistical analysis. Make notes of such relocations in the 
field notebook. 

9. 	 If sensors are used to collect long-term baseline or trend data in specific watersheds, establish 
fixed-location monitoring stations so that data sets will be comparable. 

5.3 	Site-Specific Data Collection 

Other site-specific data should be collected at the time of sensor deployment or retrieval. These 
additional attributes will greatly assist in post-stratification and interpretation of status and trends in 
stream temperatures. 

5.3.1 Length of Thermal Reach or StnSam Segment 

The thermal reach extends 300-600 meters above the site, depending on stream size (TFW. 1993). With 
a h ~ p  chain or measuring tape, measure the length of thermal reach or stream segment (in feet). If the 
stream has more than one channel, measure along the channel that carries most of the summer flow. 

5.3.2 Canopy Closure 

Use a spherical densiometer at evenly spaced intervals to determine average canopy closure for the 
thermal reach above the monitoring site. Take canopy closure measurements at 50-meter intervals 
along the thermal reach. If the percent canopy cover varies by more than 20% between measurements, 
then take additional measurements at 25-meter intervals to more accurately determine the average 
percent canopy closure for the reach. In order to save time, it may be advantageous to determine 
canopy closure at 25-meter intervals from the start, thus avoiding the need to back-track in cases where 
the variability exceeds 20%. In addition to calculating the average canopy closure, keep a record in a 
field notebook of the percent canopy closure at each sampling interval and note the locations on a map 
or sketch of the reach to document how the shade level varies through the reach. At each 25- or 50- 
meter interval, stand in the center of the channel and measure canopy closure four times: facing 
upstream, downstream, right bank, and left bank. Average these four values to obtain canopy closure for 
the location. 
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5.3.3 Elevation 

Determine the elevation at the midpoint of the thermal reach from a USGS topographic map, or altimeter 
and record on data sheet to nearest feet. 

5.3.4 Average Bankfuli Width and Depth 

The width and depth of a channel reflect the discharge and sediment load the channel receives, and 
must convey, from its drainage area. Channels are formed during peak flow events, and channel 
dimensions typically reflect hydraulic conditions during bankfull (channel-forming) flows. 

Bankfull width and depth refer to the width and average depth at bankfull flow. These dimensions are 
related to discharge at the channel-forming flow, and can be used to characterize the relative size of the 
stream channel. This characterization will be useful for later post-stratification and assessment of stream 
temperature data. In addition, the ratio of bankfull width to depth (width:depth ratio) of a stream charlnel 
provides information on channel morphology. Width:depth ratio is related to bankfull discharge, sediment 
load, and resistance to bank erosion (Richards, 1982). For example, channels with large amounts of 
bedload and sandy, cohesionless banks are typically wide and shallow, while channels with suspended 
sediment loads and silty erosion-resistant banks are usually deep and narrow. Changes in width:depth 
ratio indicate morphologic adjustments in response to alteration of one of the controlling factors 
(Schumm, 1977). 

Refer to TFW Ambient Monitoring Manual (1993) for step-by-step procedures for estimating bankfull 
width and depth. 

5.3.5 Average Wetted Width 

Measure the wetted channel width at the location where the sensor is placed. This measurement should 
be collected at the time of deployment and at the time of retrieval. Change in wetted width over the field 
season will provide information on the change in flow during the monitoring period. Follow the method 
outlined in Flosi (1998). Figure 3 shows a comparison of wetted width and bankfull channel width 
dimensions. 
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Figure 3. Comparison of wetted width and bankfull width dimensions. Taken from Rosi et a1 
11998). 

5.3.6 Habitat Type 

Record the habitat type in which the sensor was placed. Use the following codes for the habitat types: 

riffle Shallow reaches with swiftly flowing, turbulent water 
run Relatively uniform flowing reaches w~th little surface agitation 
spoolShallow pools less than 2 feet in depth with good flow (no thernial strata) 
rnpool Mid-sized pools 2 to 4 feet in depth with good flow (no thermal strata) 
dpool Deep pools greater than 4 feet in depth or pools suspected of maintaining 

thermal strata (possible thermal strata) 

5.3.7 Stream Class 

Record the stream classification as defined by the California Forest Practice Rules. 

I - Class I Watercourse: Domestic supplies, including springs, on site and/or within 100 feet 
downstream of the operations area and/or 2) Fish always or seasonally present onsite, includes habitat 
to sustain fish migration and spawning. 

2 .Class11 Watercourse: a) Fish always or seasonally bresent offsite within 1000 feet 
downstream andlor 2) Aquatic habitat for nontish aquatic species. 3) Excludes Class Illwaters that are 
tributary to Class I waters. 
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3 - Class 111 Watercourse: No aquatic life present. watercourse showing evidence of being 
capable of sediment transport to Class I and II waters under normal high water flow conditions after 
completion of timber operations. 

4 - Class IV Watercourse: Man-made watercourses, usually downstream, established domestic. 
agricultural, hydroelectric supply or other benefic~aluse. 

For Class I watercourses make a concerted effort to collect fish presencelabsence andlor abundance 
data in the same thermal reaches or stream segments where stream temperature data is being 
gathered. Conduct fish surveys during the period when stream temperatures are highest (July-August). 

6 Data Field Form 

To assist in the collection and organizationthe site-specific information described in Sections 5.3.1 
through 5.3.7 a field data form has been developed by the Forest Science Project. The form can be 
found in Appendix A. Please reduce and photocopy the form onto Write-in-the-Rain paper for data 
collection activities. Please use a No. 2 pencil. 

7 Calculations 

It is recommended that only data that meets quality control requirements be used for statistical analyses. 
Data are considered valid if the instrument's pre- and post-deployment calibration checks are within 
M.5"C of the NIST-traceable reference thermometer, as described in Section 4, and the data are 
bracketed by field audits which meet the *1 .O"C accuracy criterion (Section 4). 

7.1 Maximum Weekly Average Temperature (M WA T) 

The seven-day moving average of the daily average and the daily maximum can be calculated with most 
spreadsheet, database, and statistical software. The seven-day moving average of the daily average is 
simply the sum of seven consecutive daily average temperatures divided by seven. For consistency, it is 
recommended that the first day's daily average can be used as the first seven-day moving average, the 
second day's moving average would be the average of day one and day hvp daily averages, etc. The 
seven-day moving average of the daily maximum is the sum of seven consecutive daily maximum 
temperatures divided by seven. 

After all the seven-day moving averages have been calculated, the highest of all the moving averages is 
referred to as the Maximum Weekly Average Temperature (MWAT) for a given site. Different agencies 
and groups are comparing either the seven-day moving average of the daily average or the seven-day 
moving average of the daily maximum to various MWAT criteria. The MWAT threshold can be calculated 
using the following equation: 

MWAT = OT + 
(UILT - on 

3 

where 
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OT = a reported optimal temperature for the particular life stage or function, and 
UUlLT = the upper temperature that tolerance does not increase with increasing acclimation 

temperature. 

If the OT is not known. Armour (1991) recommended using the midpoint of a preferred range. The 
MWAT is interpreted as the upper temperature limit that should not be exceeded during a one-week 
period in order to prevent chronic lethal effects. 

Thus, according to Armour, the MWAT is the threshold against which weekly temperatures are 
compared. The weekly temperatures are not MWATs. 
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FSP Stream Temperature Field Data Form 


Site-ID: File Name: I

I Stream Name: I 


X Coordinate: Y Coordinate: 

Prqjection tCT3I Zone 10SAD 27 preferred): 

IBasin Name: I USGS Quadrangle: I 
-

Describe Placement: 


Surveyor: Organization: 


Device ID (serial #I: Device Type: 


Calibration Date: Mid-Season Calibration Date: 

-

Date Launched: Date Retrieved: 


Depth Launched (ft.): Depth Retrieved (ft.): 


Wetted Width Launched (ft.): Wetted Width Retrieved (ft.): 


Bankfull Width (ft.): Diagram o r  Photo 


Bankfull Depth (ft.): (optional) 


Reach Length (ft.): 


Mean Canopy Closure (%): 


Avg. Gradient (%)': 


Avg. Channel Aspect (degrees)': 


Habitat Type*: 


Channel Type (Flosi et al., 1998): 


Stream Class (I,11, etc.): 


Elevation (ft.)*: 


Drainage Area (acres)': 


Comments: 


*Habitat Types: 	 riffle rhallow reaches with swiftly flowing. lurbulcnt water 
run relatively uniform flowing reaches with little surface agitation 3' 

spool shallow pools less than ? feet in depth with good water now (no thermal strata) 
mpool mid-sized pool 2 to 4 feet in depth with good watn now (nothermal strata) 
dpool deep pools greater than 4 feet in depth or pools suspect of maintaining thermal strata (possible thermal strata) 

'OFTIONAL: This is a FSP CIS-derived variable. Supplying a value will assist with FSP accuracy assessment 



I I
K E Y  TO CLASSIFICATION OF STREAMS 
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ENTRENCHMENT 
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Figure Al .  Chamel type descriptions. Taken from Flosi et al. (1998). 

Photwapy the Channel T>pe descnptlon on lhns page to the back of the Eeld Data Form. 



Data Submission to Forest Science Project 
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The following attribute and their descriptions are useful to those that would like to submit their stream temperature 
data to the Forest Science Project for verification and validation and inclusion in stream temperature assessments. 
Refer to Section 7.2 in the FSP Stream Temperature Protocol for more details. 

Fields- Attributes 

SITEID FSP Site ID (leave blank if you do not know what your FSP id numbers are. These are assigned 
b? the FSP for all new sites.) 

SlTE Specific monitoring site descriptor as assigned by the cooperator. 

CSXAklE Cooperators Site Name as assigned by the cooperator 

FILENAME Data file name as assigned by the cooperator. 

SURVEYOR Name of field personnel responsible for monitoring device deployment 

ORCID Cooperator identification code as assigned by FSP 

UTMX UTM Easting. Zone 10. NAD 27 (horizontal datum). 

UTMY UTM Northing. Zone 10, NAD 27 (vertical datum) 

UTMZ UTM Elevation. NGVD29 (venical datum). Optional. This is FSP GIs derived 

ELEV Elevation of monitoring station in feet from USGS 7.5 min quadrangle. 

CAZIMUTH Average aspect channel aspect of thermal reach in degrees from true nonh. Optional. This is 
FSP GIS derived. 

ACRES Acres of watershed contributing stream flow to the monitoring station (if available). Optional. 
This is FSP GIs derived. 

BASIN Major drainage basin that monitoring device is located within e.g. N. F. Eel. S. F. Eel. S. F. 
Trinity, etc. Optional. This is FSP GIS Derived. 

WAAREA Watershed area above monitoring station in hectares. Optional. This is FSP GIS derived. 

HUCID USGS fourth-field eight-digit hyrologic unit code. Optional. This is FSP GIS derived. 

HUCNAME Fonh field hydrologic basin name as recorded by USGS. HUC ArcInfo coverage (available 
from the FSP-FlT site).Optional. This is FSP GIS derived. 

CALWAID California Planning Watersheds identification number. Optional. This is FSP GIS derived. 

RBUASPW California Planning Watersheds unique hierarchical identification number. Optional. This is 
FSP GIS derived. 

C ALN AME Watershed name as recorded by CDF in the California Planning Watersheds ArcInfo coverage 
(available from the FSP-FTP site). Optional. This is FSP GIS derived. 



STRl lSA3lE  

SITETYPE 

DATE 

TIME 

TEXIPC 

STRCLASS 

HABITAT 

CHANTYPE 

DEVICE 

DEVICEID 

ppendis  i - \lethods 

Stream name as recorded by CSGS on 7.5 mln. quadr~nele 

water - rticter temperature monitoring 
air - air temperxure monitoring. 
l~umidity.humidity temperature monitoring 

Date of record (mmlddlyy) 

Time of record (hh:mm:ssl 

Water temperature in Celsius. 

Stream classification as defined by the California Forest Practice Rules. 
1- Class 1 Watercourse 
2 - Class I1 Watercourse 
3 -Class Ill Watercourse 
4 - Class IV Watercourse 

Habitat classification 

rime - Shallow reaches with swiftly flowing, turbulent water 
run - Relatively uniform flowing reaches with little surface agitation 
spool - Shallow pools less than 2 feet in depth (no thermal strata) 
mpool - Mid-sized pools 2 to 2 feet in depth (no thermal strata) 
dpool - Deep pools greater that J'feet in depth (possible thermal strata) 

Channel Type from Flosi et al. 1998 (see Appendix A) 

Make and model of temperature recording device 

hobo - Onset HOBO Temperature Data Logger 
hoboxt - Onset HOBO XT Temperature Data Logger 
stowxti - Onset stowaway XTI Temperature Data Logger 
ostow -Onset Optic stowaway Temperature Logger 
stowtid - Onset stowaway tidbit Temperature Data Logger 
stowawaytxt - Onset stowaway tidbit XT Temp Data Logget 
omnidata - Omnidata Temperature Data Logger 
mentor - Ryan Temperature Mentor 
other - hourly finger method, etc. 

Serial number of the monitoring device. 



FSP Regional Stream Temperature Assessment Report 

SETTING 

CALDATE 

CANOPY 

CCMETHOD 

TRLENGTH 

CLENGTH 

BASEFLOW 

LWWIDTH 

RWWIDTH 

BFWIDTH 

BFDEPTH 

LDEPTH 

RDEPTH 

LDATE 

RDATE 

COMMENTS 

Device set to collect temperature data instantaneously or using some method of integration 
la\.eraging between readin~s) .  


instant - e t  to collect instantaneous readings (most common). 

integrated - set ro average hetueen readings. 

multimax - set to collect rnax between readings. 


Calibration Date Date of device calibration. 

Avg. Canopy Closure Average canopy closure in percent for the thermal reach or stream 

segment above the stream monitoring station. 


Methodology used for canopy cover estimation 


optical -single optical estimate taken at site. 

sdens - single spherical densiometer measurement taken at site. 

mdens - multiple spherical densiometer measurement taken along thermal reach.. 

none - no measurements take. 


Reach Length Length of thermal reach upstream of the site measured in feet 


Reach Length Length of the stream segment in meters for which canopy closure was 

estimated. 


Average summer baseflow lcfs) at monitoring site. 


Wetted Width Launched Width of the wetted channel (feet) at sensor deployment 


Wetted Width Retrieved Width of the wetted channel (feet) at sensor retrieval. 


Bank Full Width Width of the channel (feet) at bankfull flow. 


Bank Full depth Depth of the channel (feet) at bankfull flow 


Depth Launched Depth from water surface to monitoring device (feet) at launch. 


Depth Retrieved Depth from water surface to monitoring device (feet) at retrieval. 


Launch Date Date and time of monitoring device launch. 


Retrieval Date Date and time of monitoring device retrieval. 


Comments on site location and placement. To include reference distance from site to well 

defined 7.5 min quadrangle map location i.e. tributary confluence, road crossing, etc. 




is an example of relational tables produced in EXCEL developed to prepare stream temperature data for submission to the Forest Sclence Project. This method 
duce data processing time, reduce transcription errors, and provide consistency. Please call (707) 826-3273if you need assistance. 

4496535125821 ~ ~ ~ ~ ~ L O W E R - E E L  1 111.1102101 GreenRiver lslle6 1 3 lrllfle lstowlidx llnlcgrat 1 95 / 600 1 270 1I la)118010105 1Allon 

4166201 45287401 1263 1486531 IMAD-REDWOODI18010102 l~owers Creek 1 109.1001001 Yellow River lsile7 1 4 run lomnldata insfant 1 90 1 400 90 120 I_ 
Due lo space limitations not all site-specific variables are shorn in the table. Refer lo the attributes in the previous sections for a complcte lislirly. 
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Typical sampling frequencies and storage capacity of a Hob& data logger used for stream .. 
temperature monitoring 

2K Memory I 1800Meas. 8K Memory :7944Meas. 32K Memory / 32.520Meas. Sample Frequency 
37 5 davs. .~-,-
45 days 
60days 
75 days 
90days 
120 days 

165 davs 
198dabs 
264 days 
331 days 
397 days 
529 days 

677davs 
813 dabs 
1084 days 
1355 days 
1626 days 
2165 days 

30min 
36 min 
48mln 
1 Hr 
1.2Hr 
1.6Hr 

150 days 662days 2710 days 2 Hr 
180 days 799 days 3270 days 2.4Hr 
240 days 1050 days 4300 days 3.2Hr 
360 days 1590 days 6540days 4.8Hr 

Note: Boxcar and LogBook software's launch menu allows the user to choose from 42 intervals ranging from 0.5 
seconds to 4.8hours. The table shows the most likely settings that may be used lor stream temperature 
monitoring. Mention of trade names does not denote endorsement by the Forest Science Project. 

the memory of the data logger wi l l  intervals. which would simulate stream temperatures. The savings in 
allow the unit to be leh in the field ha\.ing instantaneous readings terms of data processing time and 
longer. The sampling frequency taken by the data logger at less the amount of computer resources 
may vary depending on data frequent sampling frequencies. The for data storage are obvious to 
management resources and first- influence o f  increasing sampling anyone who has had to process a 
hand knowledge about the rate of frequency on the 7-day moving large amount of stream temperature 
change in stream temperatures at a average i s  shown in  the table data. 
given site. below. Changes on the order of a In  our next FSP Technical Note 

A data set was received from a few hundredths of a degree Celsius we wi l l  examine the influence of 
FSP cooperator that had the were noted. I t  i s  unlikely that this sampling frequency on our ability 
sampling frequency set to record an difference is o f  biological to capture the daily maximum and 
instantaneous reading every 6 significance or greater than the the length o f  time o f  excursions 
minutes. Using SAS. the data set measurement emor of the into acute thermal stress zones. 
was subsampled at increasing time monitoring device. For additional information please 

Sampling frequencies between contact the Forest Science Project 
one and two hours can most likely at (707) 825-7350. 
be used with no discemable 
influence on 7-day moving average 

Influence of Sampilng Frequency on 7-Day Moving Average Stream Temperature ("C) 
Sampling Frequency (minutes) 

-Date 6 12 16 24 30 60 110 120 
1-Jun-97 14.55 14.55 14.58 14.58 14.58 14.64 14.79 14.65 
8-Jun-97 11.68 11.68 11.68 11.67 1 1.67 11.67 11.68 11.69 
15-Jun-97 13.79 13.79 13.79 13.79 13.79 13.80 13.80 13.79 

22-Jun-97 14.10 14.10 14.10 14.1 1 14.11 14.1 14.09 14.1 

29-Jun-97 12.51 12.51 12.51 12.50 12.50 12.50 12.50 12.53 

6-Jul-97 14.16 14.16 14.15 14.16 14.16 14.15 14.11 14.16 
1 3-JuI-97 16.51 16.51 16.52 16.51 16.51 16.52 16.51 16.53 
20-JuI-97 17.35 17.35 17.35 17.36 17.36 17.35 17.34 17 33 
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Stream Temperature Sampling 

Frequencies Explored 


In the Last 
Issue 
rn  the ~~~~h issueFSP ~,,f ~~ ~ ~~ ~ 

l ~ o t e swe examined the effects o f  
sampling frequency on the 7-day 
moving average. We found that for 
sampling frequencies up to two hours. 
there was no discemable influence on 
the 7-day moving average. The 7-day 
moving averages varied by a few 
hundredths of a degree Celsius for 
each o f  the sampling frequencies (6. 
18.24. 30. 60.72.96. and I20 
minutes). This i s  most likely of no 
biological significance and within the 
measurement error of the monitoring 
device. We have continued our 
exploration of a stream temperature 
data set collected on Paralyse Creek, a 
third-order stream in  the South Fork 
Eel River drainage basin. Data were 
collected at six-minute intervals. 

How Often 
Should I Take a 
Reading? 

The next logical question is: Whaf 
effect does sampling frequency 

have on our ability to caplure the 
daily maximum temperature? There 
have been various recommendations 

I put forth in different stream 
temperature protocols. but none of 
these recommendarions have been 
based on a statistically rigorous 
experiment. The Pamlyse Creek data ~ h ~ i 
set provides an excellent opportunity 
to determine the effect o f  sampling 
frequency on the daily maximum 
temperature experienced at a given 
site. Paralyse Creek may be 
considered a worst case scenario. 
During July. the diurnal fluctuation in 
this stream was on the order o f  about 
15°C within a 8-hour period or about 
2"Cihour (Figure 1). This rate of 
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change i s  dramatic and provides 
sharp peaks in  the thermooraph that I - .  
may be missed at greater sampling 
intervals. 
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Experimental 

Design to 

Answer the 

Question 


The 6-mtnute data set was 
considered the control treatment 
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Figure 1. Diurnal fluctuations in Paralyse Creek during July 1997. The 6-minute 
and 120-minute sampling frequencies are plotted. 



against which all other sampling 
frequencies were compared. n'ot only 
was sampling frequency a 
considemtion in this experiment. but 

the  ,tan time of the data logger. 
This is a random variable that 
introduces error into the 

measurement system. There is no o 

wny ofknouing a t  what 
the daily peak will occur. Field crews 

activate the data logger so that 
an instantaneous reading is taken at 
just the right time to coincide with the 
daily peak. The randomness in this 
variable must be introduced into the 
experiment in addition to different 
sampling frequencies 

Start  Time 
Considering that a field crew activates 
a data logger in the office or in the 
field at the the time of deployment 
during normal work hours, we have 
defined the start-time window from 8 
am to 5 pm. We truncated the data in 
the beginning of the data set so that 
the first observation was 
approximately 8 am on 31 May 1997 
(actually it was 8:02 am). With 6- 
minute sampling intervals between 8 
am and 5 pm there were 85 possible 
start times. Using a random number 
generator we obtained 20 random start 
times. Each stan time was 
incremented at each of the 20 random 
stan times. The 8:0? am stan time 
was the zero-incremented start time. 
This procedure produced ?I data sets 
with 21 different stan times (Table I). 

Table 1. Experimental Design. 

Days StsR Sampling 
TI- Froqueneia 

51 ?I 8 

May 3 1  am. 6, 30, 12, 
through 20 random 60. 72.96. 
July 21 stons and 120 

minutes 

Sampling Frequency 
Eight different sampling frequencies 
were used to subsample each of the 
21 stan-time data sets. Using the 

PROC ?vIEAKS procedure i n  the 
Statistical Analysis System ISAS1 
daily maxima were calculated at each 
of the eight sampling frequencies for 
each of the 2 I start-time data sets. 
The time period in each data set was 
from 31 May 1997 to20  July 1997. 
Thus. 5 1 daily maxima were 
calculated for each sampling 
frequency and each lime, 

yielding 85-58 daily maximum 
observations151 

Results of 
ANOVA 
A:n 

gas performed on the data using 
analysis of variance (ANOVA) 

sampling frequency and stan time as 
the main-effects variables. The means 
across all' start times for each 
sampling frequency were compared 
for each day in the ANOVA. The 
results of  the ANOVA are shown in 
Table 2. There was a significant effect 
from the sampling frequency term in 
the ANOVA. 

Figure 2 illustiates the change in 
means of the daily maxima for each of 
the eight sampling frequencies. At 
increasing sampling frequencies the 
daily maximum that is observed 
decreases. 

To determine at what point 
significant differences occurred 
between the 6-minute and each of the 
other seven sampling frequencies, 
four multi-comparison methods were 
employed. Fisher's LSD,Student 
Newman-Keuls (SNK), Scheffe's, 
and Tukey-fiamer. 

Each multi-comparison test 
revealed that there was a significant 
difference between the 6-minute 
(control) sampling frequency and the 
96- and 120-minute sampling 
frequencies. In the Fisher's LSD and 
Scheffe's tests, the 72- and 60-minute 
sampling frequencies also revealed a 
significant difference from the 6-
minute sampling frequency. me 
results indicate that somewhere 

2 

around the 60-minute sampline 
frequency the daily maximum that is 
~..iptured stans to diverge from the 6- 
minute interval. in a decreasing 
direction. 

Table 3 shows the groupings of the 
sampling frequency means for each 
of the four multi-comparison tests. 

What Does it AII 
Mean?
There is a significant difftrence 

between the 6-minute sampling 
interval and sampling intervals over 
60 minutes. However. one must 
consider the magnitude of these 
differences. As shown in Figure 2. 
these mean differences are within a 
few tenths of a degree. We must keep 
in mind the measurement error of the 
sensor and we must also consider 
whether these differences are of 
biological significance. A statistical 
difference does not always directly 
translate into a biological 
significance. 

The duration of time spent above 
some acute thermal stress threshold 
can have a direct biological effect on 
salmonids. We calculated the 
proportion of the total time spent 
above a hypothetical threshold value 
of 22°C for each of the eight 
sampling frequencies across the 21 
start times. Table 4 shows that there 
was very little change in the 
proportion of time spent above 22°C 
for each of the sampling frequencies. 
The proportion of the total time above 
22°C varies by a few tenths of an 
hour at each of the sampling 
frequencies. 



Table 2. Resuits of i r a ~ y s ~ s  Var:arce (ANOVA) sf Stan T m e  aPd Samp~icgFrequenci..GI 

source term degrees of freedom - sum of squares mean square F.ratio probability level 

A lsarnplmg irequencyr 343 5583 29 07975 3 53 3 000866. 

B lslan time) 20 5.299744 0 2649872 0 02 000000 

A'B ~nteraction 5 40 28 06271 0 2004a79 0 01 1.000000 

S 8400 !16820.5 13 90721 

Total iadlusfeal 8567 117197.5 

Total 8568 
Term s~gn~ficanl at alpha = O 05 

2 . 3 0 +  . . - - - - - - - . - - - - - - - . - - - - - - . - - - - - - . - . - . . - . .  
! 

2. .o ; 
-
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-" I
20 70 I- ', 

-

-


5f 20 50 .-
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-
-

f 
P ,,,,.. .- - - ..- .- - - - .r- - - .- - - - - -' 
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Sampltng Frequency

19 90 Points 

1950  J 
0 20 40 60 80 100 120 

Sampling Frequency (rnlnuts*) 

Figure 2. P 01 of Sampl~ng Frequency vs Mean of Dally Mamma wllh 21 stanaard aev allon error bars 
hole Cpper ana lower lnstrurnent reso Jtlon control ltmnls are est matea from Onset Itteratdre a1 approximately ine lemperaldre 
range observed in this study 

Table 3. Results of Multl-Compar~son Tests of Sampllng Frequency Means. 

Sampling Frequency(minutes) 

Test - 18 30 A42 60 72 96 -120A6 - A - -
Fisher's LSD 

SNK 

Tukey-Kram 
hole Samplmg freg~ency means connecteo by tne same ,one are not s~gn~flcant,y olIIeren1 at alpha = 005 



Table 4. Propotlion of Total Time Above 22% at Each Sampling Frequency. 

Sampl ing Frequency (minutes) 

6 18 30 J? 60 72 96 I20 

Average 
Proportion 6,24 6.22 6.23 6.22 6.21 6.16 6.35 6.23of Total 

Time (%) 


The biological rele\.ancr of a These analyses were performed on that this rate of change is extra- 
variation of a few tenths of an hour one stream. These data were readily ordinary. Futhermore. we have not 
exposure to temperatures above an available and the 6-minute sampling found a data set from any other 
acute thermal stress tlueshold at the frequency of the data set made i t  an stream where the sampling interval 
eight sampling frequencies examined ideal candidate for such a study. We was as short as that for Paralyse 
here i s  questionable. would like to perform analyses on Creek. 

We wil l  provide this data set to other data sets from streams that I f  you would like to discuss these 
anyone that would like to explore experience diurnal fluctuations greater issues please do not hesitate to call 
other sampling frequency issues or to than ?"C/hour. However. from Tim Lewis at (707) 825-7350 or send 
anyone that would like to corroborate examining stream temperature data an e-mail to the address shown on 
our findings. from over 91)0 sites. we feel confident Page I. 
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A Fish-Eye View of Riparian 


Stream 
Temperature
and Canopy 

ncoming solar radiation is an 
I i m p o n  ant source of heat input into 
streams and rivers. Canopy retention 
i n  riparian corridors has been 
considered an important land 
management treatment for mitigating 
solar-induced stream heating. There 
are other riparian characteristics that 
are intermingled with the desire to 
maintain "good" canopy cover over 
streams. such as large wood 
recruitment. sediment retention. 
streambank stabilization. instream 
and riparian habitat availability. and 
aesthetics. 

Riparian canopy measurement is 
often pan of habitat characterization 
to prioritize stream protection effons 
[I] .  The underlying rationale behind 
collecting riparian canopy closure 
data is related to the general concern 
over increasing stream temperature. 
Canopy closure, however, is simply 
the proponion of an area, given a 
particular view angle (zenith). 
blocked by the vertical projection of 
vegetation crowns onto the ground 
or water surface [I].Direct solar 
radiation cannot be calculated from 
common spherical densiometer 
measurement techniques. 

There are numerous methods for 
estimating canopy. Each method 
measures different aspects of 

Canopy 

canop! . Canopy i \  measured in 
vilriou\ locations. some adjacent to 
the channel and some directly in the 
channel. Where you measure canopy 
depends on u,hat question you are 
trying to answer. 

We uzre interested in how 
canopy intluences stream 
temperature. Thus. measuring canopy 
from the middle of the stream seems 
intuitive. 

Methods 
0pherical densiometers are 
3 ~ o m m o n l yused to measure 
riparian canopy in Northern 
California. Although several 
published journal articles have noted 
that these instruments may be subject 
to high observer bias and 
unpredictable variances [3.4.5], they 
remain the tool of choice because of a 
lack of other cost effective 
measurement devices. Optical 
estimates of canopy have been used 
in some monitoring programs 161. 
Hemispherical (fisheye) canopy 
photography can be used to 
accurately determine canopy 
geometry and potential light 
penetration [7]. However. this type of 
canopy analysis requires specialized 
camera equipment and software. 

The greatest differences among 
canopy closure measurement 
techniques involve the instrument's 
angle of view. Those instruments 
with wide angles of view generally 

increase the likelihood of detectins 
patchiness and spaces in Lxnop) [i), 
When measuring canopy closure. an 
appropriate and consistent angle of 
view should be used to assure 
analytical consistency. 

Comparison of 
Methods 

he Forest Science Project T.. .
rnrtrated a study in late Sprinz of 

1998 that was designed to compare 
the variability in two commonly used 
methods of canopy measurement. i.e.. 
optical assessment versus spherical 
densiometer. Assessing what is the 
best method for quantifying the 
amount of canopy closure along 
streams, with mitigation of solar- 
induced stream heating as the primary 
consideration, requires an 
understanding of the variability in 
both the natural system and the 
measurement system. The long-term 
objective of our on-going study is to 
determine the most appropriate 
canopy method for assessing 
effective sols-radiation-intercepting 
shade over a stream. Stream 
temperature at any given location'is a 
function of environmental conditions 
and effective shade upstream for 
some given distance, this distance 
often referred to as a thermal reach. 
An ancillary objective of our study 
was to determine the optimal 
sampling frequency for collecting 
densiometer and optical canopy 



closure estimates along a thermal systematica11~alone each stream Percent canopy closure was 
reach. using hemirpherical reach t Fieure I I .  calculated from the densiometer 
photography canopy closure observations by adding all canopy 
estimates 3s the "true" value. A reach leneth of 360 meters was covered points at each of the four 

used. staning with the downstream directions then multiplying by 1.5 

Study Sites 
r o u r  stream reaches were *elected 

plot at a known stream temperature 
monitoring s i v .  Dominant overstory 
and understory vegetation. average 

percent. A correction was applied to 

r in various Konhem California bankfull width. channel gradient. 

locations for rivariancano~y 
analysis: ~ r a d k o o d  creek ;DC). 

I channel type. and weather conditions 
were also recorded. e-1-

Canyon Creek tCC). Grahm Gulch 
(GG). and Bear Creek tBC). A l l  
were in Humboldt County. except 
DC which was in  Trinity County. 
The site selections were based on 
professional knowledge of each 
site's vegetation and channel size. 

h."-.,mss"<-, 
I,.ni"eUI-

personnel resources. landowner 
permission, and accessibility. Sites 
were also selected because o f  the 
existence of stream temperature data 
in the Forest Science Project 
database. The downstream sampling 
point was located at the point where 
a temperature sensor was located the 
previous year ( 1997). However. GG 
site was misidentified as having a 
stream temperature sensor when. in  
fact, i t  did not. Rather. an arbitrary 
staning point on GG was chosen 

#-@-

Figure 1. Systematic sampling schematic 
(not to scale) for hemispherical 
photography and densiometer riparian 
canopy measurements. June 1998. 

account for the complete coverage o f  
102 percent density. One percent was 
subtracted from averaees between 30 

subtracted from 

-
and two percent was 
Iaverages over 66 I percent. 

I A t  each densiometer measurement 
location an optical canopy estimate 
was recorded. A canopy closure 
computer-generated card (Figure 2 )  
was used to obtain an ocular estimate 
o f  riparian canopy. 

about 500 meters upstream from the 
confluence with Freshwater Creek. Densiometer measurements were 

Sites were sampled after leaf out recorded every five meters upstream 
in Northern California in mid-May from the temperature monitoring site 
through early June o f  1998. An  at each o f  the four stream reaches. 
attempt was made to select stream Consistent with other organizations 
reaches demonstrating a broad range currently collecting thes; types of 
of canopy conditions. Three broad data in  Northern California, our staff 
vegetation types were sampled: one used a modified technique developed 
site in predominantly deciduous 
(DC), two sites in mixed 
deciduous/conifer (BC and GG).and 

by Strickler in  1959 (81. 
Densiometers were mechanically 
modified such that only a wedge- 

Figure 2. Example of computer-generated 
card used to estimate canopy closure at 
four stream sites. 

one site in predominantly conifer shaped area showing 17 observation 
iCC). 

Study Design 
r remisoherical ~hotos. n~ ~.~~~r~~~ ~~, 

densiometer measurements,and 
optical estimates were taken 

points could be used. Holding the 
densiometer in  hand, four 
observations were made over each 
plot center, rotating 90 degrees 
between observations. The modified 
technique minimizes bias due to point 
duplication [8].A l l  measurements 
were taken at breast height (4.5 ft.). 

The card served to calibrate the 
eye to different canopy levels. The 
card presented canopy closure in  10% 
increments, in three different crown 
geometries. The field person visually 
matched the canopy closure observed 
overhead to the nearest canopy 



closure image on the card. The card 
is an adaptation of one used by the 
National Forest Health Monitoring 
Program [61. 

Every fifteen meters upstream 
from the temperature monitoring site 
hemispherical photos were taken at 
breast height (4.5 ft). 

Hemispherical
Photography 

am Chan at the USDA Forest sServtce's Pacific Northwest 
Forest Sciences Laboratory in 
Corvallis. OR provided invaluable 
assistance in the conduct of this 
study. A photo-graphic system for 
collecting fish-eye photos was 
provided by Dr. Chan as well as the 
use of his laboratory for processing 
the images. Equipment included the 
following: Canon AE-I camera. 
Canon 7.5-mm i'isheye lens (F  5.6 -
F16). Sekonic Auto-Lumi light meter 
(I-15S), Kodak Tmax I00 black and 
white film, tripod with leveling 
bubble, and a compass. 

Black 21nd white negatives were 
scanned and images processed using 
CANOPY [7], a software program 
for estimating direct and diffuse 
sunlight. It is a DOS-based program. 
However, a newer version for 
Windows is now available, called 
Hemiview. 

The solar path across the stream 
is known because each photo is 
taken with magnetic north at the top 
of the image. Thus, CANOPY can 
calculate diffuse and direct sunlight 
for anytime of the day and time of 
the year. After leaf out and prior to 
onset of senescence is our temporal 
window of interest. 

Hemispherical photos provide a 
permanent archive of the geometry 
of sky visibility and obstruction. The 
images can be stored as negatives or 

transparencies, andlor as digital 
images. We chose both, permanent 
archival of TIF images on CD-ROM 
and cataloguing of negatives. Since 
images are permanently archived 
reanalysis can be performed at a later 
time. Moreover, images collected in 
future years can be directly compared 
to historical canopy geometries in a 
quantitative manner. 

Variability: It's 
Out There 
There was considerable variability 

in. the densiometer and optical 
estimates of riparian canopy cover 
compared to the fisheye canopy 
values. Figure 3 shows the canopy 
cover measured at each 15-meter 
sampling interval along DC and CC. 

d o 0 *  .,-
% ; r * *  

0 .  "."* * * 
x x *  

** 

* I 
x 

100 200 300 4 0 ~  

20 


location 
(meters) 

Fi ure 3. Variability in canopy cover on 
(A? Delidwood and (B) Canyon Creeks as 
measured b three different methods: 
square = tisxeye, circle = densiometer. 
"'"'=OPtica'. 

GG and BC showed variability 
similar to that seen in DC. 
Uncorrected indirect (diffuse) canopy 
from the CANOPY program was 
compared to the two other methods. 
The software-derived form of canopy 
is considered to be more similar to 
densiometer and optical estimates. 

The fisheye canopy values were 
less variable than the other two 
methods. It is unclear why the three 
methods were better correlated at the 
CC site than at the other three sites. 
Canopy geometry and orientation 
and differences in field of view are 
believed to be involved in whether 
there is good agreement or large 
disagreement in the three canopy 
methods. The fisheye method takes 
into account the sun's path over the 
stream, and adjusts the amount of 
incoming solar radiation by the time 
of day, time of year, and latitude. The 
other two methods do not have such 
capabilities. Figure 4 shows a fish- 
eye photo taken at the 30-m interval 
on DC. 

Figure 4. Fish-eye photo taken at 30-m 
interval on Deadwood Creek. 

The optical and densiometer 
readings were about 45% and 55% 
shading respectively, whereas the 
estimated uncorrected diffuse shading 
estimate from the CANOPY program 
was about 85%. The photo is oriented 
with north at the top and east to the 
right. 



While there appears to be a large 
sky view, the opening is oriented 
such that the trajectory of the sun 
would only allow direct solar heat 
input during a narrow temporal 
window. Thus, we believe the fish- 
eye canopy estimate provides a more 
realistic indication of the effective 
shade capable of intercepting direct 
solar radiation given the orientation 
and geometry of the riparian canopy. 

Another source of variability 
contributing to the total variability i n  
the measurement system is within- 
and between-observer variability. 
Figure 5 compares the optical 
canopy estimates for observer # I  and 
observer #2. Both measured canopy 
at the same locations in DC. Values 
tend to come into better agreement at 
the higher ciinopy values, but at the 
middle and lowet range, 50% to 
100% variability was observed. 

Deadwood Creek 

P 


U 0 0 0 0 

0 0 
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'0 20 40 Bo 80 1w 
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Figure 5. Between-observer variability at 
Deedwood Crcek using canopy cxrd. 

Future research will deal with 

inputting various canopy estimates 

derived using different protocols into 

stream temperature prediction 

models. Model validation of observed 

versus predicted stream temperature 

using 


If your organization is interested in 
learning more about how io measure 
canopy please contact the Forest 
Science Project at 707-825-7350. I 

different canopy estimates will be a 
good test of which method provides 
canopy information that best accounts 
for solar radiation interception. 
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Appendix B -Summary Statistics 

...-------------.---.-----.------YEAR .1990 ----------.----.-------....--.--. 

Variable: TEMP-C (TEMPC) 


Moments 

N 
Mean 
Std Deviation 
Skewness 
Uncorrected SS 
Coeff Variation 

4 3 9 2 0  
1 5 . 2 6 3 7 9 6  

3 . 5 1 4 1 3 2 1 2  
0 . 5 4 5 9 8 2 3 9  
1 0 7 7 4 9 9 5 . 1  
2 3 . 0 2 2 6 6 1 7  

Sum Weights 
Sum Observations 
Variance 
Kurtosis 
Corrected SS 
Std Error Mean 

43920  
6 7 0 3 8 5 . 9 2  

1 2 . 3 4 9 1 2 4 5  
0 . 1 8 2 5 2 4 0 9  
5 4 2 3 6 1 . 2 0 1  
0 .01676822  

Basic Statistical Measures 

Location Variability 

Mean 
Median 
Mode 

1 5 . 2
1 4 . 7
1 4 . 3

6 3 8 0  
8 0 0 0  
9 0 0 0  

Std Deviation 
Variance 
Range 
Interquarcile Range 

3 . 5 1 4 1 3  
1 2 . 3 4 9 1 2  
2 2 . 7 8 0 0 0  

4 . 6 7 0 0 0  

Quantiles 
Quantile Estimate 

1 0 0 %  Max 
99% 
95% 

29 .28  
2 4 . 7 2  
2 1 . 6 1  
-~ -- 

7 5 %  Q3 
5 0 %  Median 
25% Q1 
1 0 %  
5% 
1% 
0 %  Min 

1 7 . 3 9  
1 4 . 7 8  
1 2 . 7 2  
11.11 
1 0 . 2 8  

8 . 5 0  
6 . 5 0  

Extreme Observations 
..---..---.Lowes~.--..----. ..--..---..Highest.----.--.. 


Value DATE Obs Value DATE Obs 




FSP Regional Stream Temperature Assessment Report 

Variable: TEMP-C (TEMPCI 


Momen t s 

N 
Mean 
Std Deviation 
Skewness 
Uncorrected SS 
CoeffVariation 

49982 
15.7395398 
3 ,50514798 
0.58674062 
12996266.2 
22.2696979 

Sum Weights 
Sum Observations 
Variance 
Kurtosis 
Corrected SS 
Std Error Mean 

49982 
786693.68 

12.2860623 
0.00469558 
614069.681 
0.01567832 

Basic Statistical Measures 

Location Variability 

Mean 
Median 
Mode 

15.73954 
15.22000 
15.28000 

Std Deviation 
Variance 
Range 
Incerquartile Range 

3.50515 
12.28606 
21.39000 
4.61000 

Quantilea 
Quantile Estimate 

100% Max 
99% 
95% 
90% 

28.11 
24.89 
22.39 
20.72 

Extreme Observations 

..----.--.-~OweSt---.--.--. .----.-----Highest-----.----


Value DATE Obs Value DATE Obs 




Appendix B -Summary Statistics 

----------------------.----------YEAR - 1992 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  


Variable: TEMP-C (TEMPC) 


Moments..--.-...-
N 49776 Sum Weights 49776 

Mean 15.9403333 SumObservations 793446.03 

Std Deviation 3.40594725 Variance 11.6004767 

Skewness 0.64209888 Kurtosis 0.30093062 

Uncorrected SS 13225207.9 Corrected SS 577413.728 

Coeff Varlation 21.3668509 Std Error Mean 0.01526609 


Basic Statistical Measuree 


Location Variability 


Mean 15.94033 Std Deviation 

Median 15.39000 Variance 

Mode 14.72000 Range 


Interquartile Range 4.50000 


Quantiles 

Quantile Estimate 


100% Max 29.11 

99% 25.28 

95% 22.39 

90% 20.61 

75% Q3 18.00 

50% Median 15.39 


~ ~--
10% 12.11 
5% 11.28 
1% 9.39 
0% Min 6.39 

Extreme Obaervatione 

.--.-.-.--.Lo"est--.-.----. ----------.Highest--------.. 


Value DATE Obs Value DATE Obs 




FSP Reglonal Stream Temperature AEsessment Report 

---.-------YEAR = 1993 - - - - - - - - - - .  

Variable: TEMP-C (TEMPC) 


. 
N 148410 Sum Weights 
Mean 14.126924 Sum Observations 
Std Deviation 7 11742237 Variance 
Skewness 01596 Kurtosis 
Uncorrected SS 283569.4 Corrected SS 
Coeff Variation .9885593 Std Error Mean 

Basic Statistical Measures 


Location Variability 

Mean 
Median 
Mode 

14.12692 
13.89000 
13.890GO 

Std Deviation 
Variance 
Range 
Interquartile Range 

2.11742 
4.48348 
18.04000 
2.33000 

Quantiles 
Quant ile Estimate 

100% Max 
99% 
95% 
90% 
75% Q3 
50% Median 

24.32 
20.28 
18.00 
16.78 
15.15 
13.89 

. 
10% 
5% 
1% 
0% Min 

11.72 
10.93 
9.22 
6.28 

Extreme Observations 
---.--.---.LO"eSf------.--. -----------Highest.--.--.---


Value DATE Obs 




Appendix B -Summary Statistics 

.-------------------------------= 1994  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Variable: TEMP-C (TEMPC) 


----.--.--

N 278277 Sum Weights 278277 

Mean 14.2265028 Sum Observations 3958908.53 

Std Deviation 2.46447573 Variance 6.07364061 

Skewness 1.27484567 Kurtosis 2.18433885 

Uncorrected SS 58011571.8 Corrected SS 1690148.41 

Coeff Variation 17.323131 Std Error Mean 0.00467182 


Basic Statistical Measures 


Location 	 Variability 


~ e a n  14.22650 -~ 	 2.46448..- Std Deviation -~ 	 ~ ~ ~ 

Median 13.71000 	 Variance 6.07364 

Mode 14.02000 	 Range 20.75000 


Interquartile Range 2.69000 


Quantiles 

Quantile Estimate 


100% Max 28.86 
99% 22.39 
95% 19.11 
90% 17.61 
755 Q3 15.30 
50% Median 13.71 

5% 11.27 
1% 10.28 
0% Min 8.11 

Extreme Observations 

.---..---..io"eSt.---....--	 .--..---...Highest.-----...-. 


Value DATE Obs value DATE Obs 




FSP Reglonal Stream Temperature Assessment Report 


Variable: TEMP-C (TEMPC) 


Moments 

N 301484 Sum Weights 301484 

Mean 14.6348509 Sum Observations 4412173.4 

Std Deviation 2.45412936 Variance 6.02275093 

Skewness 0.79105646 Kurtosis 1.38444559 

Uncoryecced SS 66387257 Corrected SS 1815757.02 

Coeff Variation 16.7690766 Std Error Mean 0.00446957 


Basic Statistical Measures 


Location Variability 


Mean 14.63485 Std Deviation 

Median 14.30000 Varlance 

Mode 14.80000 Range 23.04000 


Interquartile Range 2.70000 


Quantiles 

Quantile Estimate 


75% Q3 15.80 
50% Median 14.30 
25% Q1 13.10 
10% 12.00 
5% 11.11 
1% 9.50 
0% Min 5.34 

Extreme Observations 

..-----.--.iowest-..--.---. --.--..--.-HighesC..--------

Value DATE Obs Value DATE Obs 




Appendix B -Summary Statistics 

..----------.--------------------YEAR .1996 -------------.------------------. 

Variable: TEMP-C (TEMPC) 


Moments 

N 930534 Sum Weights 
Mean 16.2080775 Sum Observations 
Std Deviation 3.52098233 Variance 
Skewness 0.74364826 Kurtosis 
Uncorrected SS 255989047 Corrected SS 
Coeff Variation 21.7236272 Std Error Mean 

Basic Statistical Measures 

Location Variability 

Mean 16.20808 Std Deviation 

Median 15.57000 Variance 

Mode 14.80000 Range 


930534 

15082167.2 

12.3973166 

0.23520079 

11536112.2 

0.00365004 


1nt;rquartile Range 4.73000 


Quantiles 

Quantile Estimate 


100% Max 34.18 

99% 25.76 

95% 22.88 


25% Q1 13.57 
10% 12.25 
5% 11.54 
1% 10.31 
0% Min 4.89 

Extreme Observations 

---..---...Lo west------.--- - - - - - - - - . - -" ighest - - . - . - - . . -

Value DATE Obs Value DATE Obs 
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Variable: TEMP-C (TEMPCI 


Moments 

N 

Mean 

Std Deviacion 

Skewness 

Uncorrected SS 

Coeff Variacion 


Locat ion 


1223699 

16.4836544 

3.31064147 

0.70835186 

345904466 

20.0843902 


Sum Weights 1223699 

sum Observations 20171031.4 

Variance 10.9603469 

Kurtosis 0.31154281 

Corrected SS 13412154.6 

Std Error Mean 0.00299278 


Basic Statistical Measures 


Variability 


Mean 
Median 
Mode 

16.48365 
15.81000 
14.80000 

Scd Deviation 
Variance 
Range 
Interquartile Range 

3.31064 
10.96035 
28.24000 
4.23000 

Quantiles 
Quantlle Estimate 

100% Max 

99% 


90% 

75% 03 

50% Median 

25% Q1 

10% 

5% 

1% 

0% Min 


32.52 

25.34 

- - ~-

21.38 

18.40 

15.81 

14.17 

12.92 

12.16 

10.24 

4.28 


Extreme Observations 

...--......Lowest-..------- ---..-..---Highest.--..--..-


Value DATE Obs Value DATE Obs 
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Variable: TEMP-C (TEMPC) 


Moments 

N 
Mean 
Std Devlat~on 
Skewness 
Uncorrected SS 
Coeff Variation 

1327892 
15.4922418 
3.30583099 
0.98801436 
333218650 

23.3386225 

Sum Weights 
Sum Observations 
Variance 
Kurtosis 
Corrected SS 
Std Error Mean 

1327892 
20572023.9 
10.9285185 
1.22242058 
14511881.4 
0.00286819 

Basic Statistical Measures 

Location Variability 

Mean 
Median 
Mode 

15.49224 
14.67000 
14.80000 

Std Deviation 
Variance 
Range 
Interquarcile Range 3.80000 

Quantiles 
Quantile Estimate 

25% Q1 13.29 
10% 12.22 
5% 11.57 
1% 9.61 
0% Min 3.14 

Extreme Observations 

-..----..--Lowest..--.--..- -.--.--.-..Highest-.-.--.--. 


Value DATE Obs Value DATE Obs 


B-I I 
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Daily and Weekly Summary Statistics 

Years 1990 - 1998 
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Daily Summary Statistics 

Years 1990 - 1998 
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Table B-I. Abbreviated Summary Statistics for 1990 Daily Temperature Metrics in "C. 
Daily 

No. Sites No. Obs. Metric Lowest Ave. Hiehesr Ranee Variance SD Mode Median 
minimum 6.5 13.9 23.2 16.7 10.1 3.2 14.4 13.7 

15 1830 mean 7.5 15.3 25.8 18.2 11.1 3.3 13.1 11.9 
mnximum 8.5 16.9 29.3 20.8 13.9 3.7 17.1 16.5 

Table 8-2. Abbreviated Summary Statistics for 1991 Daily Temperature Metrics in "C. 
Dailv 

No. Sites No. Obs. ~ e t h c  Lowest Ave. Hiehest Ranee Variance SD Mode Median 
minimum 6.7 14.1 22.1 15.4 8.4 2.9 12.8 13.7 

18 2079 mean 8.8 15.7 24.8 16.1 10.6 3.3 14.7 15.2 
maximum 9.2 17.6 28.1 18.9 15.2 3.9 16.2 16.6 

Table 8-3. Abbreviated Summary Statistics for 1992 Daily Temperature Metrics in OC. 
nail". 

No. Sites No. Obs. Metric Lowest Ave. Highest Ranee Variance SD Mode Median 
minimum 6.4 14.3 22.8 16.4 7.4 2.7 13.6 13.9 

17 2074 mean 7.8 15.9 25.0 17.2 9.9 3.2 13.8 15.5 
mnximum 8.6 17.8 29. I 20.5 14.4 3.8 15.3 17.1 

Table 8-4. Abbreviated Summary Statistics for 1993 Daily Temperature Metrics in " C .  
Daily 

No. Sites No. Ohs. Metric Lowest Ave. Hiehest Range Variance SD >lode Median 
min 6.3 13.1 21.4 15.2 3.2 1.8 13.0 13.0 

mean 7.0 14.1 22.8 15.8 3.6 1.9 14.0 14.076 7109 ma% 7.8 15.4 24.3 16.3 5.0 7 ,  15.0 15.2 

Table B-5. Abbreviated Summary Statistics for 1994 Daily Temperature Metrics in " C .  
Dailv 

No. Sites No. Obs. 4lettk Lowest Ave. Hiehest Ranae Variance SD Mode lledian 
minimum 8.1 13.1 23.9 15.8 3.4 1 .8 12.5 12.8 

171 16739 mean 8.9 14.1 26.0 17.1 4.5 1.1 13.1 I7 h.~~ ~ ~~ 

maximum 9.4 15.4 28.9 19.5 7.3 2.7 14.5 14.7 

Table 8.6. Abbreviated Summary Statistics for 1995 Daily Temperature Metrics in "C.  
Daily 

Uo. Sites No. Obs. Metric Lowest Ave. Hiehest Ranee Variance SD >lode Xledian 
minimum 5.3 13.7 23.1 17.8 3.6 I.Y 13.6 13.5 

I96 19694 mean 7.1 14.8 24.2 17.0 5 0  2.2 1J.l 14.4 
maximum 7.7 16.1 28.4 20.7 8.2 2.9 14.8 15.5 
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Table B-7. Abbreviated Summary Statistics for 1996 Daily Temperature Metrics i n  "C. 
Daiiv 

No. Sites No. Obs. ~ e i c  Lowest Avs. Hiehest Ranee Variance SD Mode Median 
minimum 4.9 14.4 25.8 20.9 7.4 2.7 13.4 13.9 

502 48242 mean 7.7 15.9 27.9 20.2 10.0 3.2 13.7 15.3 
maximum 8.0 17.8 34.2 26.2 16.1 4.0 148 17.0 

Table B-8. Abbreviated Summary Statistics for 1997 Daily Temperature Metrics in "C. 
nail" 

No. Sites No. Obs. Metric Lowest Ave. Highest Ranee Variance SD 'Mode Median 
minimum 4.3 15.0 25.2 20.9 7.0 2.6 14.8 11.5 

629 59712 mean 7.6 16.4 27.3 19.7 8.8 3.0 14.4 15.9 
maximum 8.8 18.2 32.1 23.3 11.0 3.7 14.8 17.5 

Table B-9. Abbreviated Summary Statistics for 1998 Daily Temperature Metrics in "C. 
nailv--..J 

No. Sites No. Obs. Metric Lowest Ave. Hiehest Ranee Variance SD Mode Median 
m~nimum 3.1 14.5 26.5 23.1 8.3 2.9 14 8 14.0 

548 54396 mean 4.5 15.9 27.9 23.4 10.4 3.2 13.9 15.2 
maximum 5.8 17.5 32.6 16.8 15.2 3.9 14.8 I6.7 
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Weekly Summary Statistics 

Years 1990 - 1998 
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Table B.10. Abbreviated Summary Statistics for 1990 Seven-Day Moving Average Stream Temperature Metrics in 
"C. 

Seven-
Dav 

No. Sites No. Obs. Metric Lowest Ave. Highest Ranee Variance SD Mode Medlan 
minimum 7.3 14.0 22.8 15.5 9.4 3.1 13.9 13.8 

15 1830 mean 8.6 15.4 25.0 16.4 10.4 3.2 17.8 15.1 
maximum 9.9 17.1 28.8 18.9 12.9 3.6 13.7 16.7 

Table B-11. Abbreviated Summary Statistics for 199 1 Seven-Day Moving Average Stream Temperature Metrics in 
0-

Seven-
Day 

No. Sites No. Obs. Metric Lowest Ave. Highest Ranee Variance SD Mode Median 
minimum 8.2 14.2 21.5 13.3 7.8 2.8 13.0 13.8 

18 2079 mean 9.3 15.9 23.8 14.5 10.0 3.2 13.9 15.2 
maximum 10.1 17.8 27.3 17.1 14.4 3.8 16.3 16.8 

Table B-12. Abbreviated Summary Statistics for 1992 Seven-Day Moving Average Stream Temperature Metrics in 
"C. 

Seven-
Day 

No. Sites No. Obs. Metric Lowest Ave. Hiehest Ranee Variance SD Mode Median 
m~nimum 8.0 14.4 21.9 13.9 6.9 2.6 12.8 14.0 

17 2074 mean 9.2 16.0 24.6 15.1 9.5 3.1 12.6 15.5 
maximu~n 10.0 17.9 28.8 18.8 13 7 3 7 I5  3 17.2 

Table 8-13. Abbreviated Summary Statistics for 1993 Seven-Day Moving Average Stream Temperature Metrics in 
"C, 

Seven-
Dav 

No. Sites No. Obs. &let& Lowest Ave. Hiehest Ranee Variance SD .Mode Median 
minimum 6.8 13.1 20.3 13.6 2.9 1.7 12.8 13.1 

76 7109 mean 7.8 14.2 21.5 13.7 3.3 1.8 13.7 14.0 
maximum 8.9 15.5 23.2 14.3 4.5 2. I 14.9 15 ? 

Table B-14. Abbreviated Summary Statistics for 1994 Seven-Day Moving Avenge Stream Temperature Metrics in 
"C-. 

Seven-
Dav 

No. Sites No. Obs. ~ e t i i c  Lowest Ave. Hiehest Ranee Variance SD Mode Median 
rnin~mum 8.9 13.1 22.7 13.8 3.1 l.8 12.5 12.8 

171 16739 mean 9.6 14.2 25.3 15.8 4.4 2.1 13.1 13.6 
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Table 8-15. Abbreviated Summary Statistics for 1995 Seven-Day Moving Average Stream Temperature Metrics in "-
--, 

No. Sites No. Obs. Metric Lowest Ave. Hiehest Ranee Variance SD Mode Median 
minimum 6.1 13.7 23.1 16.1 3.3 1.8 12.9 13.5 

196 19694 mean 8.0 14.8 23.5 15.5 4.7 2.2 14.2 14.5 
meximum 8.8 16.2 26.4 17.6 7.6 2.8 14.3 15.6 

Table 8-16. Abbreviated Summary Statistics for 1996 Seven-Day Moving Average Stream Temperarure Metrics in 
"C. 

Seven. 

Dav
~ ~ 

No. Sites No. Obs. Metric Lowest hve. Hiehest Ranee Variance SD Mode Median 
minimum 7.2 l,'.4 25.3 18.1 6.9 2.6 12.7 I-1.0 

502 482.12 mean 8.1 16.0 27.4 19.3 9.6 3.1 13.8 15.4 
msrimum 8.6 17.8 32.7 24.0 15.6 3.9 14.5 17.2' 

Table 8-17. Abbreviated Summary Statistics for 1997 Seven-Day Moving Average Stream Temperature Metrics in 
0'-

-".. 
Yo. Sites No. Obs. .Cletric Lowest Avn. Hiehest Ranee Variance SD %lode Median 

minimum 6.5 15.0 24.2 17.7 6.7 2.6 13.5 14.6 
629 59712 mean 8.7 16.5 26.6 18.0 8.5 2.9 14.4 15.9 

maximum 9.5 18.3 31.0 21.5 13.5 3.7 15.4 17.6 

Table 8-18. Abbreviated Summary Statistics for 1998 Seven-Day Moving Average Stream Temperature Metrics. 
Seven-

Dav 
Vo. Sites No. Obs. \let& Lowest Ave. Hiehest Ranee Variance SD Mode Median 

mlnlmum 3.5 14.6 26.0 22.5 8.0 2.8 13.0 14.1 
548 54396 mean 4.7 16.0 27.5 22.7 10.1 3 .2 14.1 15.3 

meximum 6.9 17.6 32.1 25.2 14.6 3.8 15.8 16.8 
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Highest Seven-Dav Moving Average of the Dailv Maximum (XYA7DA) 

Table B-19, Methematically Determined Cumulative Propoflions for XYA7DA Above and Below Two Reference Temperature 
Value, ( 16.R°C and 18.3"CI for 1990. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

i 16.8 0.42138 

1990 15 
L 16.8 0.64528 

1 18.3 0.53509 

~ 1 8 . 3  0.53158 
' ~ o t a l  number of sites used in  analyses after CDF filter procedure applied. 

Table 6-20. Muthematically Determined Cumulative Proportions for XYA7DA Above and Below Two Reference Temperature 
Values 1 16.X°C and 18.3"Cl for 1991. 

Year Total Number Reference Cumulative 
of sites1 Value Proportion 

:16.8 0.46229 

L 16.8 0.59653
I991 17 

5 18.3 0.65789 

2 18.3 0.40092 
'Total number of sites used in  analyses after CDF filter procedure applied. 
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Year =1 Sample 
1990 

Size = I5 


0.0 b 

12 14 16 18 20 22 24 26 


Temperature ("C) 


0.0 -
12 14 16 18 20 22 24 26 


Temperature (OC) 


Figure B-1. 1990 and 1991 cumulative distribution of the highest 7-day moving average of the daily mean I X Y A ~ D A Istream 
tempereture. Vrnical  reference lines are drawn at 168°C and 18.3'C. Curves are based on 15 and 17 sites. respectively. 
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Table 0-21. Mathematically Determined Cumulative Proponions for XYA7DA Above and Below Two Reference Temperature 
Values (16.8'C and 18.3"C) for 1992. 

Year Total Number Reference Cumulative 
of sitest Value Proportion 

i 16.8 0.32699 

1992 17 2 16.8 0.73184 

i18.3 0.53611 

2 18.3 0.5227 1 
' ~ o t n l  number of sites used in  analyses after CDF filter procedure applied. 

Table 6-22. Mathematicall? Determined Cumulative Proponions for XYA7DA Above and Below Two Reference Temperature 
Value5 ( 16.XQCand IR.3'Cl for 1993. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

r 16.8 0.56591 

2 16.8 0.438561993 66 
118.3 0.85903 

r 18.3 0.14545 
' ~ o t a l  number of  sites used in  analyses after CDF filter procedure applied. 
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Year = 1992 

'O 1 Sample Size = 17 


12 14 16 18 20 22 24 26 


Temperature ("C) 


I-
Year = 1993 


"O 


12 14 16 18 20 22 24 26 


Temperature ("C) 


Figure B-2. 1992 and 1993 cumulative distribution of the highest 7-day moving average of the daily mean lXYA7DA) stream 
temperature. Venical reference lines me drawn at 16.8"C and 18.3'C. Curves are based on 17 and 66 sires. respectively. 
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Table B-23. Mathematically Determined Cumulattve Proponions for XYA7DA Above and Below Two Reference Temperature 
Value* (16.8'C snd 18.3'C) for 1991. 

Year Total Number Reference Cumulative 
of Sitest Value Proportion 

5 16.8 0.72667 

r 18.3 0.15940 
'l'otal number of sites used in  analyses after CDF filter procedure applied. 

Table B-24.Mathematically Determined Cumulative Proportions for X'.'A7DA Above and Below Two Reference Temperature 
Value*116.8'C and I8.3Tl for 1995. 

Year Total Number Reference Cumulative 
of sitest Value Proportion 

i 16.8 0.64670 

2 16.8 0.36096
I995 182 

z 18.3 0.81629 

2 18.3 0.19137 
'fotal number of sites used in  analyses after CDF filter procedure applied. 
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12 14 16 18 20 22 24 26 

Temperature ("C) 

12 14 16 18 20 22 24 26 

Temperature ("C) 

Figure 8-3. 1994 and 1995 cumulative distribution of the highest 7-day movinp average of the daily mean lXYA7DAI 5trearn 
temperature. Vertical reierence lines are drawn st 16.8-C and 18.3'C. Curves are based on 17 and 66 sites. respectively. 
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Table B-25. Mathematically Delermined Cumulative Proponions for XYA7DA Above and Below Two Reference Temperature 
Values I 16.8"C and 18.3"C) for 1996. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

5 16.8 0.34837 

1996 460 
2 16.8 0.65374 

i 18.3 0.50265 

> 18.3 0.19985 

'Total number of sites used i n  analyses after CDF filter procedure applied. 

Table B-26. Mathematically Determined Cumulative Proponions for XYA7DA Above and Below Two Reference Temperature 
Value5 r 16.8"C md 18.3"C) for 1097. 

Year Total Number Reference Cumulative 
d sites' Value Proportion 

r 16.8 0.38858 

r 16.8 0.61336
I997 565 

r 18.3 0.5824 1 

2 18.3 0.41953 

'Total number o f  sites used i n  analyses after CDF filter procedure applied. 
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Year = 1996
1 Sample Size = 460 


12 14 16 18 20 22 24 26 


Temperature ("C) 


? 
Year = I997 

Sample Size .: 565 


12 14 16 18 20 22 24 26 


Temperature ("C) 


Figure B--1. 1996 and 1997 cumulative distribution of the highest 7-day moving average of the daily mean (XYA7DAl htream 
temperature. Vrnical reference lines are drawn at I6.8"C and 18.3"C. Curves are based on 17 and 66 sites. respectivrly. 
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Table 8-27, Mathematically Determined Cumulative Proponions for XYA7DA '%hove and Below Two Reference Temperature 
Value5 ( 16.8'C and 18.3'C) for 1998. 

Year Total Number Reference Cumulative 
of Sites' Value Proportion 

i 16.8 0.45982 

2 18.3 0.37373 
' ~ o t a l  number of sites used in analyses after CDF filter procedure applied. 

Year = 19981 Sample Size = 520 

12 14 16 18 20 22 24  26 

Temperature ("G) 

Figure B.5. 1998 cumulative distribution of the highest 7-day moviny average of the daily mean 1XY47DA) stream 
Icmperorure. Venical reference lines are drawn at 16.SaC and 18.3"C. Curve i s  based on 520 sites. 
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Hiehest Seven-Dav Moving Average of the Dailv Maximum (XYA7DX) 


Table 8-28. Mathematically Determined Cumulative Proportions for the XYA7DX Above and Below Two 

Reference Temperature Values (16.8"C and 18.3 "C) for 1990. 


Year Total Number Reference Cumulative 
of sites' Value Proportion 

r 16.8 <0.10 

1990 15 
2 16.8 > 0.90 

1 18.3 0.36193 

r 18.3 0.70474 
' ~ o t a l  number of sites used in analyses after CDF filter procedure applied. 

Table B-29. Mathematically Determined Cumulative Proportions for theXYA7DX Above and Below Two 
Reference Temperature Values ( 16.8"C and 18.3"C) for 1991. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

116.8 	 0.23192 

1991 	 17 > 16.8 0.82690 

~ 1 8 . 3  0.36 193 
2 18.3 0.63519 

' ~ o t a l  number of sites used i n  analyses after CDF filter procedure applied. 
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I
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Year = I 991 

Sample Size = 17 


12 14 16 18 20 22 24 26 28 30 32 


Temperature ("C) 

Figure 8.6. 1990 and 199 1 cumulative distribution of [he highest seven-day moving average of the daily maximum 
lXYA7DX) stream temperature. Venical reference lines are drawn at 16.8'C and 18.3"C. Curves are based on I 5  
and 17 sites. respectively. 
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Table B.30. Mathematically Determined Cumulative Proportions for the XYA7DX Above and Below Two 
Reference Temperature Values (16.S0C and 18.3OC) for 1992. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

r 16.8 ~ 0 . 1 0  

z 18.3 0 74535 
l ~ o t a lnumber of sites used in analyses after CDF-filter procedure appl~ed. 

Table 8-31. Mathematically Determined Cumulative Proportions for the XYA7DX Above and Below Two 
Reference Temperature Values 116.8"C and 18.3'C) for 1993. 

Year Total Number Reference Cumulative 
of sites' Value Prowrtion 

2 18.3 0.445I?  

' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 
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Year = 1992 
Sample Size = 17 

Temperature ("C) 
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Figure 8.7. 1992 and 199.1 cumulative distribution of the highest seven-day moving average o f  the highest seven-day 
moving average o f  the daily maximum (XYA7DX) stream temperature. Vertical reference lines are drnwn at 16.8'C and 
18.3'C. Curves are bared on 17 and 66 sites. respecrively. 

, , 
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Table B-32.Mathematically Determined Cumulative Proportions for the XYA7DX Above and Below Two 
Reference Temperature Values (16.8'C and 18.3"C) for 1994. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

116.8 0.55694 

r 18.3 0.3 1304 

' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 

Table 8-33. Mathematically Determined Cumulat~ve Proportions for the XYA7DX Above and Below TWO 
Reference Temperature Values I16.8"C and 18.3"C) for 1995. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

s 16.8 041863 

2 18.3 042.178 

'~ota l  number of sites used in  analyses after CDF-filter procedure applied. 
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- Year = 1994 

Sample Size = I51 
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Figure 8-8. 199-1 and 1995 cumulative distribution of the highest seven-day moving averqe of the daily maximum 

(XYA7DX) stream temperature. Vertical reference linen are drawn at 16.X°C and 18.3'C. Curves are baed on 151 and 182 

\itrs. respectively. 
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Table 8-34. Mathematically Determined Cumulative Proportions for the Highest Seven-Day Moving Average of 
the Daily Maximum Above and Below Two Reference Temperature Values 1I6.SoC and 18.3"C) for 1996. 

Year Toml Number Reference Cumulative 
of sites' Value Proportion 

1 16.8 0.22290 

1996 160 
2 16.8 0.77863 

s 18.3 0.32964 

> 18.3 067189 

' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 

Table 8-35. Mathematically Determined Cumulative Proportions for the Highest Seven-Day Moving Average of 
the Daily Maximum Above and Below Two Reference Temperature Values ( 16.S0C and 18.3"C) for 1997. 

Year Total Number Reference Cumulative 
of Sites' Value Proportion 

i 16.8 O?IYhZ 

2 16.8 0.78171
1997 565 

s 18.3 0.25156 

2 18.3 064860 

' ~o t a l  number of sites used in analyses after CDF-filter procedure applied. 
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Figure B-9. 1996 and 1997 cumulative disrriburion of the highest seven-day moving average of the daily maximum 
lXYA7DX) stream temperature. Vertical reference lines are drawn at 16.8"C and 18.3"C. Curves ace based on -160 and 565 
rite,. re,pectively. 
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Table B-36. Mathematically Determined Cumulative Proportions for the Highest Seven-Day Moving Average of 
the Daily Maximum Above and Below Two Reference Temperature Values (16.8"C and 18.3"C) for 1998. 

Year Total Number Reference Cumulatfve 
of sltesl Value Proportion 

i 16.8 0.27484 

1998 520 
2 16.8 0.72728 

i 18.3 0.42918 

2 18.3 0,57294 
' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 

,0 - Year = 1998 
Sample Size = 520 

0 
P 

? 0.6 -
a 


12 14 16 18 20 22 24 26 28 30 32 

Temperature ("C) 

Figure B-10. 1998 cumulative distribution of the highest seven-day moving average of the daily maximum (XYA7DX) 
stream temperature. Vertical reference lines are drawn at 16.8'C and 18.3"C. Curve is baaed on 520 sires. 
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Highest Dailv Maximum (XYlDX) 

Table 8-37. Mathematically Determined Cumulative Proponions for the XY IDX Above and Below Two 
Reference Temperature Values (24°C and 26°C) for 1990. 

Year Total Number Reference Cumulative 
of Sites' Value Proportion 

524.0 > 0.90 

1990 15 
~ 2 4 . 0  0.20OM) 

526.0 > 0.90 

226.0 0.12914 

' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 

Table 8-38. Mathematically Determined Cumulative Proportions for the XY IDX Above and Below Two 
Reference Temperature Values ('24°C and 26°C) for 1991. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

r 21.0 0.68596 

224.0 0.37286
1991 17 

~ 2 6 . 0  0.791 I ?  

226.0 0.2617 1 

' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 
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Figure 6-11. 1990 and 1991 cumulative distribution ofthe hiehest daily maximum ( X Y IDXt stream temperature. Vrnical 
reference lines are drawn at 24'C and 26'C. Curves are based on I5 and 17 rites. respectively. 
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Table 8-39. Mathematically Determined Cumulative Proponions for the X Y  I D X  Above and Below Two 
Reference Temperature Values (24°C and 26°C) for 1992. 

Year Total Number Reference Cumulative 
olSitesl Value Proportion 

$740 079176 

1992 17 
.?4.0 0 26707 

r26.0 0.82038 

>26.0 0.23844 

' ~ o t n l  number of sites used i n  analyses after CDF-filter procedure applied. 

Table B-40.Mathematically Determined Cumulative Propon~onc tor the X Y  I D X  Above and Below Two 
Reference Temperature Valuec (24°C and 26°C) for 1993 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

r?4O >OYO 

2 26.0 <O.IO 

' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 
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Figure 6-11. 1992 and 1992 cumulative distribution of the highest daily maximum (XYIDXIstream temperature. Venical 
reference line* arc drawn at 24°C and 26'C. Curves are based on 17 and 66 sites. respectively. 
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Table 8-41.Mathematically Determined Cumulative Proportions for the XY I DX Above and Below Two 
Reference Temperature Values (24°Cand 26°C) for 1994. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

524.0 > 0.90 

1994 151 
224.0 <0.10 

<?6.0 > 0.90 

226.0 ~ 0 . 1 0  
' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 

Table B-42.Mathematically Determined Cumulative Proportions for the XY IDX Above and Below Two 
Reference Temperature Values (24°C and 26°C) for 1995. 

Year Total Number Reference Cumulative 
of sites' Value Prowrtinn 

226.0 <0.10 
' ~ o t a lnumber of sites used in analyses after CDF-filter procedure applied. 
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Figure 8-13, 199-1and 1995 cumulative distribution of highest daily marimurn I X Y I D X )stream temperature. Venlcal 

reference liner are drawn at 24'C and 26'C. Curve, are based on 151 and 182 sites. respectively. 
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Table B-43. Mathematically Determined Cumulative Proportions for the XY IDX Above and Below Two 
Reference Temperature Values 124°C and 26°C) for 1996. 

Year Total Number Reference cumulative 
of sites' Value Proportion 

r24.0 0.70623 

1996 462 
rZ1.0 0.29732 

526.0 0.82577 

226.0 0.17672 
' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 

Table B-44. Marhematically Determined Cumulative Proportions for the XY IDX Above and elo ow Two 
Reference Temperature Values ( X 0 Cand 26°C) for 1997. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

226.0 0.15683 
' ~ o t a l  number of $!tea used in  analyses after CDF-filter procedure applied. 
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Figure 8-14 I996 and 1997 cumulative distribution of the highebt daily maximum rXY IDXI  stream temperature. Venlcal 
reference ilne, arc draun 21 21'C and 26°C. Curves are bs*ed on 460 and 565 rite,. respectively. 
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Table 8-45. Mathematically Determined Cumulative Proportions for the XY IDX Above and Below Two 
Reference Temperature Values (24°C and 26°C) for 1998. 

Year Total Number Reference Cumulative 
of sites' Value Proportion 

216.0 0.12978 
' ~ o t a l  number of sites used in analyses after CDF-filter procedure applied. 
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Figure 6-15. 1998 cumulative distribution of the highest daily maximum (XYIDX)stream temperature. Vmical reference lines 
are draun at 24°C and 26°C. Curve is bused on 520 sites. respectively. 
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Figure C-I. Daily mean ileftl. minimum (middle). and maximum (right) temperatures for water and microair sites located on 
Hall Creek and a1 a macroair station located 17 km to the southwest. 

Figure C-2. Deily mean ileftl. minimum (middle). and maximum triehtl temperatures for water and microair sites located on 
Redwood Creek above Lupton Creek and a macroair station located 16 km to east. 
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Figure C-3. Daily mean llefr). minimum Imiddlel. and maximum (right) temperatures for water and microair bite5 located on 
Redwoud Creek above Lacks Creek and a mecroair station located 2.1 k m  to southeast. 
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Figure C-4. Daily mean (left). minimum (middle). and maximum (right) temperatures for water and microair Gtes located on 
blinor Creek and a macroair svation located 17 km to east. 
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Figure C-5. Daily mean (left). minimum lmiddlel. and maximum (right) temperatures for water and microair sites located un 
l l i nur  Creek. a triburar, to Redwood Creek. and a macroair station located I7 km to east. 

Figure C-6. Daily mean ileftl. minimum imiddiel. and maximum (right) temperatures for water and micro- air sites lo~.atrd on 
Eel Riser hrlou Corbet Creek and a mcroair sration located I5  km to the southeast. 
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~ a e  	 Dale 

Figure C-7. Daily mean (left). minimum (middle). and maximum (right) temperatures for water and micro- air bites located on 
Rattlesnake Creek. a tributary of the South Fork Eel River. and a macro- air station located 26 km to nonheast. 
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Figure C.8. Daily mean ileft). minimum (middle). and maximum (right) temperatures for water and micro- air sites located on 
Cedar Creek. a tributary of the South Fork Eel River. and a macro air station locilred 18 km lo nonheast. 
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Figure C-9. Daily mean lleft). minimum [middle). and maximum (riehtl temperatures for water and micro- alr site* located on 
Rock Creek. a triburar? of the South Fork Eel River. and a macroair sration locnted 17 km to nonh. Note that this hire had two 
microoir lrmprraturer recorded at thi, location. 
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Figure C-10. Doily w a n  tleftl. minimum (middle). and maximum (right) temperetures for weter and micro- air sires located on 
Sprowl Creek. a tributary of the South Fork Eel River. and a macro air station located 6 km to southeast. 
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Figure D-1. (continuedl 
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Figure D.2. (continued) 
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Figure D-4. The arerape 1998 diurnal htream temperature (AFLUXI versuh lo:,,, watershed area for HUCs comprisinp the r;tnxe 
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Figure D-4. (continued) 
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Figure D-4. (continued) 
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Figure D-5. Iconrinued, 
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South FwkTtinny I, 

Figure D-5. (continued) 
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Outlet Creek at Eel River -~ ~ i b ~ t a ~  
I----Uostc~am -..-.. DOY"l,l.lrn 

Figure W.6. Diurnal trendr in water temperature for Outlet Creek. upstream o f  the confluence on the Eel River. downstream of 
the contluence on the'Eel River. and the predicted 1Brown's equation) temperature downrtream of the contluence. Temperatures 
were measured during the week o f  August 8. 1997. 

VanDuzen River at  Eel River 

284 

'i , , 

Figure D-7. Diurml amdh in water rumpermure for the Van Duzen River. upstream of the contluence on the Eel Ri\.er. 
dounytream of the contluence on the Eel River. and the predicted (Brown', equation) temperature downstrea~n o f  the contluencc. 
Temperatures were mea>ured durtng the week o f  .August 8. 1997. 
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- TlibYUr"Dry Creek a t  North Fork Gualala River 
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Figure D-8. Diurnal trends in water temperature for Dry Creek. upstream ofthe confluence on the Xonh Fork Gualala River. 
downstream o f  the contluence on the Nonh Fork Gualala River. and the predicted (Brown's equation, temperature downstream 
o f  the contluence. Temperatures were measured during the week of July 8. 1997. 
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Figure D-9. Diurnal trends in water temperature for Honethief Canyon. upstream of the confluence on Rockpile Creek. 
downstream of the contluence on Rockpile Creek. and the predicted (Brown's equation) temperature downstream of the 
oontlucnce. Temperatures were measured during the week of July 8. 1997. 
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Figure D-LO.Diurnal trends in water temperature for Wheatfield Fork. upstream o f  the confluence on South Fork Gualala River. 
down>trrarn of the contluence on the South Fork Gualala River. and the predicted IBrown's equation) temperature downrtream 
of the contluence. Temperatures were measured during the week of July 8. 1997. 
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Figure D-11.Diurnal trends i n  water temperature for Grasshopper Creek itribut'wy #I). Franchini Creek ( t r ibuvq  #?). upbtream 
c,f the confluence on Buckeye Creek. downstream of the contluence on Buckeye Creek. and the predicted (Brown'* equation1 
remprrature ilou.n\tream of the contluence. Temperetures were measured during the week o f  August 8. 1997. 
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"I - TV~PYI.WLittle N o n h  Fork Ten Mi le River ----- UP1.11.at North Fork Ten Mile River -..-..Do*n.tr..m 
N Rdlctd 

20 

Figure D.12. Diurnal trends in water temperature for Little Nonh Fork Ten Mile River. upstream of the contluence on thc Nonh 
Fork Ten Mile River. downrtream of the contluence on the Nonh Fork Ten Mile River. and the predicted (Brown'r equation1 
temperature downstream of the contluence. Temperatures were measured during the week o f  August 4. 1998. 

221 N Tdbu1.w
! Church Creek at  South Fork Ten Mile River +-..- ,,,,,., 
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Figure D-13. Diurnal trends in water temperature for Church Creek. upstream o f  the contluence on the South Fork Ten Mile 
River. doun5tream o f  the contluence on the SF Ten Mi le River. and the predicted (Brown's equation) temperature downstrram 
of thr contluencc.. Trmprraturer were measured during the week o f  August 4. 1997. 
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Figure E-I. (continuedl 
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Figure E-2. Highest 7-ddy moving average of the daily mean ~ ' . C I  with respect to c h n e l  orientirtion tdegreesl for \;ear\ 1990 -
I Y Y X .  Orientation x a *  derived in GIS over the reach -600 meters upstream from the stream temperature mon~lorinp location. 
Orientation u;r\ determined in a downstream direction along the 600-111 reach. 



Appendix E - Site Attributes 

151Sites 

300 


'. 
210 120 


210 110 


s 

S S 

Figure E-2. loonrinucd, 



FSP Reglonal Stream Temperature Assessment Report 

Figure E-2. (continued) 




