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EXEClITlVE SUMMARY 

The potential effects of forest practices on stream temperature were identified as a major concern 
during negotiations of the TimberIFishlWildlife Agreement of 1988. The direct effects of timber 
removal on the temperature of larger, fish-bearing streams (types 1-3) were addressed by riparian 
zone management rules that specified leave tree requirements along streams that were designed, in 
part, to preserve shading and maintain suitable water temperature. Alternative management plans 
generally specifying greater amounts of shading may be required where streams are found to be 
temperature sensitive according to a threshold temperature of approximately 600F. Vegetation 
buffers are not required for very small streams (type 4 and 5) and concerns remained that 
inadequate temperature protection measures in upstream waters could raise temperature in 
downstream reaches to adverse levels. 

TFW identified key management issues to focus for further research efforts, including: (1) criteria 
for identifying temperature sensitive streams, (2) a method for describing their geographic extent, 
and (3) a reliable method of predicting water temperature at sites where alternative prescriptions 
may be desired. The management process may be envisioned as follows. A general screening tool 
would be used to identify temperature sensitive basins or locations. Where sensitivity was not 
identified, riparian zone management rules would serve to protect stream temperature. Where 
sensitivity was identified, alternative management prescriptions would be designed with the aid of 
a temperature prediction model that had suitable capabilities to evaluate various management 
alternatives. Modeling needs could include analyzing temperature effects for both individual forest 
practice applications and basin planning, if necessary. Analytical models based on physics of 
stream heating or empirical models based on common patterns of temperature in relation to site 
characteristics would be considered. 

A temperature study was undertaken in 1988 by the Temperature Work Group (TWG) of the 
Cooperative, Monitoring, and Evaluation (CMER) Committee to develop a method to address 
temperature sensitivity on a site and basin scale. The temperature study was designed to generate 
information for two primary purposes: data was collected from forest streams extensively (92 sites) 
throughout the state to develop a temperature sensitivity screening method and intensively at a 
smaller number of sites (:33) to evaluate the predictive capabilities of existing reach and basin 
temperature models. Study sites represented type 1-3 streams located in all regions of the state 
having a variety of riparian shading conditions ranging from mature conifer forest to sites 
completely open and devoid of shade. 

The study was supported by TFW cooperators throughout Washington. Over 50 individuals 
representing 35 organizations including tribes, industrial forest managers, small tree farm owners, 
environmental groups and state, county and federal governments participated. Individuals 
contributed their time to maintain field monitoring equipment, data from ongoing studies, and 
funding. 

This report documents the results ofthe Temperature Study and recommends a method to TFW. In 
addition, a preliminary evaluation of the effectiveness of riparian management regulations is 
provided based primarily on temperature modeling. 
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Many of the 92 study sites were found to exceed water quality temperature criteria including most 
reaches with less than 50% shade but including some reaches with mature forest canopies along 
larger rivers. Where timber harvest had occurred, activities at all sites except one had been 
conducted prior to the 1FW Agreement and did not reflect riparian conditions left according to the 
regulations adopted in 1987. Of all sites, 62% were found to be temperature sensitive according to 
the Forest Practice temperature standard and 72% exceeded the DOE water quality temperature 
standard. This large number of sites exceeding biologically-determined criteria confmn that past 
riparian management practices had significantly affected temperature in forest streams. 

All basins showed general warming of water temperature in the downstream direction, which is 
consistent with theoretical relationships. Some local influence of tributary heating (primarily nearer. 
the headwaters) and cooling (primarily in lower reaches) were observed. However, there were no 
clear trends in the relationship of basin temperature to harvest patterns in tributaries as opposed to 
effects of timber removal along the mainstem of the rivers themselves, a practice common in earlier. 
decades. 

Stream and basin characteristics of sensitive sites were evaluated to identify what features could be .. 
used to recognize existing or potentially sensitive streams. Typically, a combination of local 
environmental factors including air temperature, stream width, stream depth had an important 
influence on water temperature, but no one factor alone was a good predictor of stream 
temperature. Shading from riparian vegetation was found to have an important influence on stream 
temperature but the extent of the cooling effect varied with site elevation. Temperature prediction 
models that account for local environmental conditions were found to be useful if very accurate 
estimates of site-specific temperature are required for decision-making. 

Although many characteristics were shown to correlate with stream temperature, two factors were 
of such overwhelming importance that they could be used to reliably predict temperature 
sensitivity--shading and elevation (which probably indicates air temperature regime). A simple 
graphic model (the temperature "screen") based on these characteristics correctly identified the 
temperature category according to water quality criteria of 89% of the sites. 

An appreciation of the effectiveness of riparian rules for temperature protection was an essential 
element in developing a method to recognize those sites not protected during normal administration 
of the regulations. Current riparian zone management rules specify maintenance of 50 or 75% of 
the existing shade along stream types 1,2 and 3, depending on the temperature sensitivity of the 
reach. The effects of riparian rules on stream temperature were not directly measured in this study, 
although the adequacy of the riparian rules was evaluated by analysis of stream data collected 
throughout the state and by using the temperature prediction modeL 

Shading specified by the regUlations was found to be generally inadequate for protecting 
temperature of type 1-3 waters. Based on study results, IOtal stream shading of 50-75% after 
cutting is needed to maintain water temperature in most streams within water quality standards 
(rather than the 50-75% of the existing shade as specified in current rules). However, because the 
importance of shade varies with elevation, a shading guideline based on elevation of the site is 
recommended. 

Surveys of riparian buffer zones left under the 1FW rules indicate that forest managers are tending 
to leave more shade in riparian zones than required in the current regulations and that shading 
generally meets the recommendations of this study. As expected, riparian zones along large 
streams (type 1) tend to have less shading, especially on the eastside of the state, although sample 
sizes were small. 
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The temperature sensitivity screen based on site elevation and shading folIDS the basis for the 
recommended 1FW temperature method. The screen can be used to estimate temperature 
conditions of a reach before and after timber harvest based on an easy to measure shading 
parameter with good reliability. Where greater precision may be needed, a temperature prediction 
model requiring more carefully conducted field measurement may be used. 

The effectiveness of temperature prediction models was analyzed to identify models that could be 
used where needed. Four reach temperature prediction models (Brown's Model, TEMP-86, U.S. 
Fish &Wildlife Service SSTEMP, and TEMPESn were rigorously evaluated for prediction 
accuracy and practicality of use. A sensitivity analysis was performed to detennine each model's 
sensitivity to key input parameters of importance to stream temperature (for example, shading, air 
temperature, solar radiation, and stream depth). Several of the models were found to predict water 
temperature with reasonable reliability, even when input data is estimated, although models varied 
in predictive capability and practicality. One reach model was selected that satisfied both prediction 
accuracy and practicality criteria developed with 1FW field managers in mind. The computer model 
is simple to use by anyone. 

Three basin, or multi-site, models were tested (EPA QUAL2E, USF&WS SNTEMP, and 
MODEL-Y). on sites grouped in three river basins,(Coweeman River, the Deschutes River and the 
Little Natches River). The basin models were very cumbersome to use than reach models. Data 
requirements were intense to the extent that general forest managers could not be expected to 
routinely commit the time or resources required to run a basin model on a widespread basis.The 
models were also not very reliable temperature predictors when used in a manner that could be 
expected in routine 1FW use. None of the basin models performed well enough, were sufficiently 
practical and reliable, or had appropriate gaming capabilities to recommend their use. 

Prior to the study, it was perceived that dispersing harvest units throughout a watershed guided by 
a basin temperature prediction model might be a feasible approach to addressing downstream 
temperature concerns related to type 4 waters. However, study results suggest that a basin 
approach introduces unnecessary complexity and difficulty into the management process without 
improving temperature protection. Primarily, study results also showed that a large number of 
streams should be adequately protected under forest practice regulations administered on a site-by­
site basis. 

Instead of trying to use basin temperature model in harvest planning, the Temperature Work Group 
recommends that temperature sensitivity of water types 1-3 be addressed by the 1FW temperature 
method and that the need for alternative methods for determining temperature protection needs for 
type 4 waters be established after a carefully designed field study. A suggested approach is 
provided. 

The recommended method includes an easy to apply temperature screen based on elevation and 
shade of a site. From this, the amount of shade needed to maintain temperamre within water quality 
standards can be detennined. This temperature screen can adequately predict temperature of most 
sites. It: some cases, more careful design of riparian leave trees with shade in mind may be 
warranted. The computer model may be used at sites where unusual situations suggest that 
screening results may be inaccurate or to verify predictions made with the screen. Widespread need 
for the computer model is not foreseen. (It is likely that a temperature sensitive type 4 streams can 
be identified in a manner similar to that of the temperature screen for type 1-3 waters.) 
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This report provides a detailed documentation of data and analysis used to draw study 
conclusions. Chapters are written to stand alone for the most part. Readers may refer directly to the 
following chapters for discussion of elements of the study of interest to them: 

• TFW framework, literature review and project overview (Chapter 1) 

• Study design, sites and methods (Chapter 2) 

• Background information on stream and basin characteristics (Chapter 3) 

• Reach model-testing (Chapter 4) 

• Basin model-testing (Chapter 5) 

• Temperature characteristics of forest streams in Washington (Chapter 6) 

• Temperature sensitivity and forest practice regulations (including description of the 
recommended TFW temperature method) (Chapter 7) 

• Summary of study conclusions and recommendations for future monitoring and research 
needs (Chapter 8) 

A separate TFW "user's" manual will be provided that describes how to use the temperature 
method agreed on through the TFW process. Field measurement techniques, decision steps and 
model applications are described. 
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CONVERSION TABLES 

Multiply BY 
Metric Units 

Meters (m) 3.28 

Kilometers (Ian) 0.621 

Sq. Kilometers (Ian 2) 0.386 

CMS (m 3/s) 35.314 
(cubic meters per second) 

Final Report 

To Obtain 
English Units 
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(cubic feet per second) 
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Timber/Fish/Wildlife Temperature Stud" Project Scope and Rationale 

CHAPTER 1 
PROJECT SCOPE AND RATIONALE 

TIMBER/FISH/WILDLIFE 
TEMPERATURE ISSUE 

Stream temperature is imponantto aquatic life, 
affecting fish directly and indirectly tltrough all pans 
of the ecosystem (Hynes 1970). Local and 
downstream changes in temperature with timber 
harvest is an imponantland use consideration. Many 
studies throughout the United States have 
documented the effeelS of riparianvegetation and ilS 
removal on swnmer stream temperatures with 
consistent resullS (reviewed by Beschta and others 
1987.) Removal of riparian vegetation can 
significantly increase daily mean and maximum 
temperatures during the summer months (Brown and 
Krygier 1970) although the effeclS during the winter 
months, if any, have not generally been studied. 
The summertime effeclS are most pronounced in 
smaller streams. Because timber harvest patterns 
create a mosaic of vegetation conditions within 
watersheds, and because heat can move downstream 
with flow, there are also concerns that inadequate 
temperature protection measures in upsueam waters 
may have adverse downstream impaclS. 

Prior to the TimberlFishlWildlife (1FW) Agreement, 
In 1988, temperature has been an often volatile and 
sometimes misunderstood issue. The potential effeclS 
of forest practices on stream temperature were 

. identified as a major concern during negotiations of 
the TFW agreement. The direct effects of timber 
removal on the temperature of larger, fish-bearing 
streams (WaShington Stream types 1-3, WAC 222-
16-020) was addressed by riparian zone management 
rules that specified leave tree requiremenlS along 
streams that were designed, in pan, to preserve 
shading and proteCt temperature. 

Through TFW negotiations it became clear that 
additional information was needed to develop 
scientifically-based procedures for identifying 
situations where riparian zone rules may nO! provide 

sufficient shade proteCtion. Furthermore, past forest 
practice regulations for temperature sensitive streams 
were vague as to what special precautionary actions 
were necessary. TFW identified specific key issues 
relative to management considerations that would 
serve as a focus for further efforts, including: 
I) criteria for identifying temperarure sensitive 
streams, 2) a method for describing their geographic 
extent, and 3) a reliable method of predicting water 
temperatures at sites where alternative prescriptions 
may be desired. The Agreement states that the 
Washington Deparunent of Ecology, industry 
representatives, other agencies, tribes and interested 
parties will " ... take a lead role in establishing a 
process to identify temperature-sensitive basins. A 
model Or methods shan be established to predict 
temperature increases associated with any future 
management activities." 

The envisioned management process could be as 
fonows: a general screerting toOl would be used to 
identify temperature sensitive basins or locations. 
Where sensitivity was not identified, riparian zone 
management rules would serve to proteCt stream 
temperature. Where sensitivity was identified, 
alternative management prescriptions would be 
designed with the aid of a temperarure prediction 
model that had suitable capabilities to evaluate 
various management alternatives. Modeling needs 
include analyzing temperature effeclS for both 
individual forest practice applications and basin 
planning.TF\\' managers likely to use the 
recommended sensitivity criteria and prediction 
models include State, private and tribal foresters, 
fisheries biologists and water quality regulators. 

Prediction Models. Several computer models that 
predict water temperature at a single site, or at sites 
in a stream system are available. The models vary in 
the complexity of detail with which site 
charaCteristics including meteOrology, hydrology, 
stream geometry, and riparian vegetation must be 
described and the mechartics of how temperature is 
calculated. The simpler models require fewer variables 
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while the complex models can require many variables 
to be measured or estimated. Some models have been 
used on a project basis in developing forest 
management prescriptions. Some of the models have 
had limited testing, although none have been verified 
in widespread and well-documented studies. Field· 
testing of all potential model candidates was 
considered essential by the Temperature Work Group 
before a model could be adopted for routine TFW use. 

Deciding which predictive model to use on a routine 
basis requires consideration of a number of factors. 
How well does the model predict temperature at a 
site, or downstream? (The effectiveness of models in 
estimating existing conditions, not just the warmest 
possible temperature, must be carefully considered in 
thelT perfonmance.) What types of variables will need 
to be measured, or estimated, to satisfactorily run the 
model? (Vanables that are difficult to measure are not 
practical in widespread application of a modeL) How 
precisely can important variables be measured in the 
field? (The measurement precision will inOuence how 
?ccuratel~ models can be expected to perfonm.) Will 
It be feas.ble for field managers to use the model 
given the required knowledge, costs and staff tim~? 
(Most TFW field managers are charged with a wide 
range of responsibilities and do not generally have 
ume for extensive field data collection.) Is a model 
easy enough to use to be an effective tool? 
(Familiarity with computer models varies among 
potential users. Highly specialized or complicated 
models may not be desirable since only a few people 
have access to the technical infonmation driving 
decisions.) 

Sensitivity Criteria and Screens. Sensitivity and 
screening criteria that use temperature models have 
not been well developed, although standards based on 
biologic thresholds exist. Washington's forest 
practice regulations simply specify that the average 
max.mum stream temperature may not exceed 
15.60 C (60°F) for more than 7 consecutive days. 
How effective these criteria are for discriminating 
temperature sensitivity from a biological perspective 
.s not known. In addition, it was recognized that 
methods to correctly identify potentially temperature 
senslUve streams durin. the forest practice 
application phase would have to be developed. 

Timber/Fish/Wildlife Temperarure Srudy 

SCIENTIFIC RATIONALE 

Physics of Strgam Temperatyre 

Stream temperature has been widely studied and the 
physics of heat transfer is one of the better 
understood processes in natural watershed systems. 
Water temperature is extremely important to aquatic 
hfe, and changes in temperature in both large and 
small streams may have significant effects on aquatic 
communities (summarized in Hynes 1970, Beschta 
and albers 1987). Changes in water temperature 
regimes in streams and river basins can arise from 
human activities such as forest cover removal 
irrigation or construction of impoundments, ' 
mdusmal plants, and thenmal elecuic power plants. 

Most researchers have used an energy balance 
approach based on the physical processes of heat 
transfer to describe and predict changes in stream 
temperature. Efforts have primarily focused on 
developing models for predicting: (1) thenmal changes 
of larger rivers from thenmal pollution (Messinger 
1963, Edinger and Geyer 1968, DeWalle 1976): 
(2) reservoir cooling effects on larger rivers (Raphael 
1962, Delay and Seaders 1966, Morse 1970, Ryan 
and albers 1974) and, (3) removal of riparian 
vegetation along forest streams with logging (Brown 
1969, Beschta 1984, Theurer and others 1984, Adams 
and Sullivan 1990). 

The six primary processes that transfer energy in 
stream environment' are: I) solar (shan-wave) 
radiation, 2) radiation (long-wave) exchange with Ibe 
sky and vegetation, 3) convection with the air, 
4) evaporation, 5) conduction to Ibe soil and, 
6) advection from incoming water sources (Figure 
1.1). Some of these processes primarily detenmine 
heat input and albers detenmine heat loss. During 
summer, direct solar radiation is the primary source 
of energy for heating streams while reradiation of 
energy to the sky and vegetation and evaporation are 
the major sources of heat loss. A detached discussion 
of these processes can be found in Brown (1969), 
Theurer and albers (1984), or Adams and Sullivan 
(1990). 
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Evaporation 

Radiation 
to/from 
Vegetation 

Radiation 
to/from Sky 

Groundwater 

Soil Conduction 

Figure i.1 Modes oj heat transfer contributing 10 the stream energy budget assuming summertime daylight 
conditions. Although heat transfer can oJten occur both into and out oj the water, arrows indicate 
dominant direction and reLative imporwnce in/oresl streams. 
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The net energy balance, which is influenced by local 
environmental factors, determines the water 
temperature at a particular location. Figure 1.2 
provides a simplified example of a daily energy 
budget in mid-summer for an intermediate-size, open 
stream predicted by a stream temperature model (from 
Adams and Sullivan, 1990). However, predicting 
temperature is complicated because the net energy 
balance is highly variable in 1) time with daily and 
annual variation in solar radiation and, 2) throughout 
the stream system as stream characteristics and 
environmental factors change (Beschta and others 
1987). 

Environmental Factors That Influence 
Temperature 

Heat transfer processes operate in all streams but the 
significance of each process on the net energy and 
stream temperatures vary. Previous research has 
identified several variables that are important in 
determining the temperature profiles of streams 
including meteorologic, stream, vegetative and flow 
characteristics. A list of the types of variables that 
are included in evaluation of heat transfer in stream 
environments is shown in Table 1.1. 

Timber/Fish/Wildlife Temperature Studv 

While there are many specific climatic and stream 
variables accounted for in the energy balance 
equations, a sensitivity analysis of Stream heating 
processes performed by Adams and Sullivan (1990) 
showed that four environmental variables primarily 
regulate heat input and output from the stream 
environment, and thereby determine stream 
temperature under any given solar loading. These are: 
riparian canopy, stream depth, local air 
temperature, and groundwater innow. 

The importance of riparian vegetation in determining 
stream temperature has been extensively studied in 
smaller streams (Brown and Krygier 1970. and many 
others reviewed in Beschta and others 1987). Other 
investigators have also discussed the importance of 
environmental factors in influencing stream 
temperature including local air temperature (Smith 
and Lavis 1975. Holtby and Newcombe 1982, 
Hew leu and Fortson 1982, Kothandaraman and Evans 
1972). stream depth (Brown 1970, Theurer and others 
1985) and groundwater inflow rate (Smith and Lavis 
1975, Hewleu and Fortson 1982, Beschta and others 
1987). 

Figure 1.2 Example of diJily average heat flux in a partially shaded forest stream due 
to the various energy transfer modes. 
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Table 1.1. Types of variables considered in stream heating processes. 

GENERAL VARIABLE 

GEOGRAPHIC 

CLIMATIC 

STREAM CHANNEL CHARACTERISTICS 

RIPARIAN OR TOPOGRAPHIC SHADING 

Effects of forest Management on Stream 
Temperature 

Considerable research has been conducted in forested 
watersheds on temperature changes as a result of 
removing shade along channels during timber 
harvest. Brown and Krygier (1970) demonstrated that 
reduced stream shading results in generally higher 
stream temperatures and increases in diurnal water 
temperature fluctuation in Oregon forest streams. 
Daily maximum temperatures in very small streams 
tend to have the largest response to forest canopy 
removal. Studies conducted in various locations in 
the United States have also shown potentially large 
increases in daily maximum temperatures with 
removal of forest vegetation. Beschta and others 
(1987) provide a complete review of harvest effects in 
forest stream environments from previously 
published studies, summarized in Table 1.2 taken 
from that repon. 

The magnitude of potential temperature change with 
removal of streamside vegetation varies with stream 
size (Brown 1969, Adams and Sullivan 1990). One 
of the largest increases in daily maxitnum 
temperature (160C, maximum 1-day temperature) 
was documented by Brown (1969) in a very small 
stream in coastal Oregon. More typically, increases 
of 3-70 C in daily maximum temperature can be 
expected with removal of significant amounts of 
shade from the streamside zone. Brown (1969) noted 
that net energ), exchange differs between small and 
large streams hecause of the rapid response times of 
shallow streams to changes in solar radiation Energv 
transfer process studies in the forest environ~ent -, 
have been conducted primarily in relativel\' smaiJ 
streams. . 

EXAMPLE 

latitude, longitude, elevation 

air temperature, relative humidity, 
wind velocity 

stream depth, width, velocity, 
substrate composiilion 

sky view factor (% shade), canopy density, 
vegetation height, crown radius, 
topographic angle 

The beneficial effect of streamside shading for 
temperature protection is a function of the proportion 
of the sky view that is blocked from the sun (shaded) 
both before and after harvest. Brown and others 
(1971) concluded that leaving suffiCiently wide 
vegetation buffers (25- 100 ft) along streams can be as 
effective as undisturbed forests for protection of water 
temperature. Swift and Messer (1971) reponed from 
the southern Appalachians that water heated in 
upstream clearcuts tends to return to normal 
temperature as it flows through downstream buffered 
reaches (700- 1000 ft). It should be noted that not all 
stream temperature studies have agreed on the 
effectiveness of riparian buffers. Hewlett and Fonson 
(1982) concluded that buffers along streams in the 
Georgia piedmont terrain did not protect stream 
temperature due to suspected increases in shallow 
groundwater stored in cutover floodplains. The extent 
of changes in groundwater temperature have not been 
well-documented. 

Several heat transfer temperature prediction models 
have been developed for use as management tools to 
assist managers to calculate probable temperatures 
with different levels of shading (e.g. Brown 1970; 
Beschta and Weatherred 1984). Forest practice 
regulations also specify shading requirements as pan 
of riparian zone management practices. 

Where shade i, reduced during harvesting, recovery to 
full mature forest shade levels may take 
approximately 5 to 10 years to reach 50 and 75% 
shade respectively according to a riparian survey 
conducted by Summers (1982). Old growth forest 
sites averaged approximately 84% shade and recovery 
to thiS level of shading was estimated to take 
approxitnately 14 years. 
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Basin Temperaturf Relationships and Heat 
Transport 

Of increasing concern in Washington and elsewhere 
are the downstream or cumulative effects that 
removal of vegelation along headwater streams may 
have on larger streams and rivers. Temperature can 
move downstream with a mass of water, and therefore 
the effects of forest management practices on 
temperature in one location can have impacts 
downstream. Brown and others (1971) showed that 
local water temperature can change measurably at 
locations where cooler or warmer water joins a 
stream. Temperature changes occur in proportion to 
the discharge and temperature of the individual 
sources. Although the local effects of stream 
temperature mixing have been identified. little is 
known about the extent that changes in upstream 
areas influence conditions downstream. 

There have been relatively few studies documenting 
the occurrence of increased temperattrre at a watershed 
scale with history of timber removal in the basin. 
Beschla and Taylor (1988) observed an increase in 
maximum temperatures in a larger river over time. 
This increase reflected general harvest patterns in the 
ba,in and the occurrence of large natural storm events 
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that may have significantly modified channels during 
the measurement period. 

Heat can be transported downstream with flowing 
water, although water temperature adjusts to local 
environmenlal conditions as it moves. The influence 
of mixing processes on the downstream transpon of 
heat has been studied by Brown and others (1971) and 
is treated in existing basin temperature models. As 
water moves downstream, its temperarure seeks an 
equilibrium with air temperattrre diclated by the local 
environmenlal factors. The rate of adjustment and 
background ambient conditions vary with stream size 
(Edinger and others 1968.) The equilibration of water 
to air temperature has not been extensively studied. 
and needs to be better understood in forest streams. 
since this will determine the downstream extent of 
the influence of canopy removal at locations within a 
watershed. 

Stream temperattrre tends to increase in the 
downstream direction from headwaters to lowlands, 
even under mature forest conditions, and creates 
characteristic basin temperarure profiles (Hynes 1970, 
Theurer and others 1984, Sullivan and Adams 1990). 
Most of the imponant environmenlal variables that 
control stream temperature also var), systematically 
within watersheds. The general increase in 

Figure 1.3 A conceptual temperature profile of a stream system based on the physics of 
headt transfer and geographic relationships. (After Theurer and others, 1984). 
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temperature from headwaters LO lowlands occurs for 
several reasons: air temperature increases with 
decreasing elevation, groundwater inflow decreases in 
imponance compared to the volume of flow already 
in the channel in larger rivers, and rivers widen 
resulting in decreased shading by riparian vegelation 
(Beschla and others 1987). A conceptual diagram of 
basin temperature with longitudinal dislance from 
divide is shown in Figure 1.3 ( Theurer and others 
1984). 

Temperature PredictioD Models and 
Methods 

A number of analytical models have been developed 
LO predict onsite and downstream temperature 
response LO human activities. Several have been 
developed specifically for application in forest stream 
environments. Stream temperature and forest 
management effects can be predicted at stream sites 
by measuring or estimating the variables used by the 
models LO evaluate the energy balance including 
stream flow, shading, meteorology, valley 
orienlation, and watershed topography. These stream 
heating models have yielded specific conclusions 
about stream temperature that have proven helpful in 
forest management considerations. 

Temperature prediction models appropriate for forest 
management decision-making fall inLO two 
categories. Reach models predict temperatures in 
relatively shon reaches of stream (hundreds to 
thousands of meters) by characterizing conditions 
within the reach. Basin models auemptLO predict 
temperature for entire watersheds. They generally do 
so Py predicting temperature at specific locations 
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using a reach model, then routing water downstream 
to the next prediction location while attempting LO 
adjust temperature for the environmental conditions 
the stream passes through. Reach models have been 
more extensively applied, and are relatively easy to 
use since the measurement requirements are defined 
for a relatively finite area. Using basin models is far 
more problematic. Stream and riparian conditions are 
difficultLO characterize for large areas, and model 
mechanics are far more complex. Models tested are 
listed in Table 1.3. 

Reach Models 

Brown's Model 

Before the advent of computers, Brown's equation 
(1970) was developed for general use by foresters for 
developing silvicultural prescriptions. To allow easy 
application of a model based on heat transfer 
processes, Brown simplified some of the energy 
transfer relationships and restricted the aspects of 
temperature regime to be modelled. Specifically, 
Brown's equation uses a few variables LO predict the 
maximum daily change in temperature at a site with 
different levels of riparian shading. 

More delailed characterizations of an energy balance 
approach have been developed in recent years, and 
encompass facLOrs left out of Brown's (1970) original 
work. Recent versions more closely resemble the 
SS1EMP and TEMP-84 models, and may be more 
accurate in a wider variety of conditions, but have 
also become more complex. We remain interested in 
the simple equation since computers are not 
universally available to landowners. 

Table] 3 Temperature prediction models evaluated in the Timber/Fish/Wildlife 
Temperature Study. 

Reach Models USF&WS SSTEMP, Ver.3.3 
TEMPEST 
TEMP-86 
Brown's Equation 

Basin Models USF&WS SNTEMP, Ver. 3.5 
EPA QUAL2E 
MODEL Y (Basin TEMPEST) 
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TEMP-86 

Recently, twO heat tr3nsfer models have been 
developed for use on computers that treat heat transfer 
relationships more completely (Theurer and others 
1984; Beschta 1984). Both models require extensive 
consideration of riparian shading factors and can be 
used to predict temperature response to changes in 
riparian vegetation. Because they are more complete, 
these models require more measured and estimated 
variables and are thus more difficult and costly to 
apply than Brown's model. TEMP-86 (Beschta 1984) 
is a reach-specific energy budget model and is 
oriented specifically to evaluating the effects of shade 
or riparian characteristics on predicted water 
temperatures. While Ibis model calculates heat· 
loading similarly to the SSTEMP model the shade, 
analysis is more detailed. The model predicts hourly 
temperatures for any selected day. 

USF&WS·-SSTEMP 

The SSTEMP model (Theurer and others 1984) also 
predicts temperature of relatively short stream 
reaches. The calculations on the reach level are 
similar to Beschta's model, and this model can use 
discrete, user·selected time steps. Both Ibe SSTEMP 
and TEMP·86 models rely on measurement of a 
number of site and basin·specific variables. The 
SSTEMP model is perhaps the most widely used in 
project applications, while Brown has been used 
more extensively in forestry. 

TEMPEST 

Adam~ and Sullivan (1990) developed a heat transfer 
model crEMPESD Ibat considers each of Ibe heat 
tr3nsfer processes in detail but Simplifies the 
variables needed to describe them. This model was 
designed to perform sensitivity analysis of stream 
heating processes although the full model can be used 
with relatively few parameters to predict water 
temperature at a site. It is intermediate in ease of use 
between Brown's equation and olber computer models 
because data demands are minimal (5 variable input 
parameters). The model predicts hourly temperatures 
over any specified interval of time such as days or 
months. 

Basin Models 

Several of the temperature models are able to predict 
stream temperature for river basins (USF&WS 
Sl'.'TEMP Flow Network Model, EPA QUAL2E, and 
MODEL· Y). These models first estimate stream 
temperature for specific reaches as described above. 
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They then route heat downstream and account for 
additional heat inputs and losses from groundwater 
inflow and uibutar)' mixing. 

QUAL.2E 

QUAL2E is a general water quality model supported 
by the U.S. Environmental Protection Agency (EPA) 
Center for Water Quality Modeling. QUAL2E is a 
comprehensive water quality model used primarily to 
simulate wastewater treatment plant discharges. It can 
simultaneously simulate up to 15 water quality 
parameters including temperature. This model has 
evolved over the last twenty years with revisions and 
enhancements provided by a variety of interests. The 
last major review and revision was done by Ibe 
National Council of Ibe Paper Indusrry for Air and 
Stream Improvement (Brown and Barnwell 1987). 

This model contains a detailed heat budget and 
transport module but it does not contain a provision 
for riparian or topographic shading. It operates in 
bolb steady state or dynamic modes; the latter was 
chosen for this test. While it would be possible to 
emulate shading by altering Ibe solar radiation 
values, Ibis was done done because olber aspects of 
the energy balance that shading effects could not be 
correctly simulated. In addition to Ibe shading 
limitation, major constraint of the model is that all 
computational elements must be equal in length and 
only six uibutar)' streams are allOWed. This requires 
many extra nodes be included in the network, and 
uibutaries muSt often be altered in location where 
they enter the mainstem. 

SNTEMP 

SNTEMP is a steady state model developed by the 
U.S.Fish & Wildlife Service (Theurer and albers 
1984). (The SSTEMP reach model was developed 
from the SNTEMP modeL) Input parameters are 
entered as Ibe constant averages for the time·step 
used. The minimum time step (the shortest period of 
time for which an individual temperature prediction is 
made) is 24 hours. The model predicts maximum. 
minimum and mean temperatures at user·specified 
points in Ibe stream network. Regression smoolbing 
and calibration modules are also included. The model 
can be nut on microcomputers with a math co­
processor. The user can specify Ibe network geomeu)' 
wilb relatively few constraints. There is essentially 
no minimum reach length, and no upper limit to the 
size of basin Ibat can be modeled. Efforts are being 
made to improve the friendliness of Ibis model, 
allbough currently it is advisable to receive some 
special training in its use. 
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MODEL·Y 

MODEL· Y is a simple basin model utilizing the 
TEMPEST model's energy balance equations 
combined with lTavel time, slTeam depth, and 
regional air·temperature profiles developed as pan of 
this srudy (see Chapters 3 and 6). After experiencing 
SOme frustration with the other basin models, 
MODEL· Y was developed by the TWG as a simple 
basin model designed for the needs of the TFW 
community. It offers ease of use, minor data needs, 
and logical Gcographical Information System 
interfacing, and an easy method of testing different 
scenarios,. MODEL· Y's strength is it's data 
requirements: only the sky view factor, (described in 
Chapter 2), ecoregion, and the SlTeam network are 
required. MODEL-Y's current data set provides for 
dynamic simulation with a one·hour timestep. The 
simulation period is July 15 to August 15 typically 
the hottest 30 days of the year. As more hourly air 
temperature data become available the simulation 
period can be expanded. MODEL-Y is still under 
development and documentation is limited to the 
current version (version 1.0). 

Model Evaluation 

The models described above differ in regard to ease of 
use. predictive capabilities. cost of application, and 
appropriate slTeam conditions. Brown's equation has 
been widely used. Some documentation of its 
predictive capabilities for Washington forest slTeams 
is available in Wooldridge and Stem (1979) and for 
an Oregon slTeam system in Brown and others 
(1971). Numerous other evaluations can undoubtedly 
be found in the files of organizations who have 
applied these models in developing Site-specific 
silvicultural prescriptions. Brown's simple model 
appears to predict temperature reasonably well 
(within approximately ±I oC) in small to 
intermediate size slTeams over relatively shon 
reaches. particularly where incoming groundwater or 
tributary inflow is not a factor. However. the model 
does not appear to work as well for larger slTeams and 
rivers based On data presented in Brown and others 
(1971). 

The other computer models have been increasingly 
used in recent years. although documentation of their 
predictive capabilities is less extensive. Carefully 
described tests of the models were not found in the 
literature for either the USF& WS SSTEMP Model 
(Theurer and others 1984) or TEMP·84 (Beschta 
1984) and the later version. TEMP-86. The 
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TEMPEST model (Adams and Sullivan. 1990) has 
nOl been verified at specific sites. Instead, general 
temperature relationships predicted by the model 
based on imponant environmental factors were 
established with temperature data collected in 24 
streams and rivers in Washington and Oregon. 

Case studies of the USF&WS SNTEMP network 
model have been described for the Tucannon River in 
southeast Washington (Theurer and others 1985) and 
for the upper Colorado River (Theurer and others 
1982). In both cases the authors' primary intent was 
to suggest the general model capability, and its 
application in evaluating temperature effects On fish 
habitat Methods and resuIL~ were nOl described 
sufficiently to evaluate the model's accuracy and 
precision in predicting temperature within stream 
segments (between nodes) based on watershed factors 
and forest management Better verification of basin 
models is necessary given the difficulty in predicting 
offsite temperature effects. Basin temperature 
prediction is more difficult than local site prediction 
because of the way the models treat downslTeam 
transpon of heat and because of the difficulty of 
characterizing important environmental parameters, 
such as riparian vegetation, for entire drainage basins. 

Characteristic Temperature Regimes 

Despite the considerable temperature data that bas 
been collected by various groups and agencies 
throughout the state, no synthesis of these data has 
yet been attempted and no clear understanding of 
temperature regimes and their association with forest 
management exist IL is unlikely that all Washington 
streams are temperature sensitive in relation to forest 
practices (i.e., exceed the current sensitivity 
standards). To properly identify sensitive streams. 
characterization of typical Slream temperature regimes 
in the various ecoregions of the state was considered 
essential. Emphasis would be placed on using 
existing temperature monitoring sites to determine 
the extent of temperature sensitivity in Washington 
forest streams. 

Sensitivity criteria and model predictions must be 
evaluated as to their ability to correctly identify when 
the standard will be exceeded with a proposed forest 
practice. Stream heating models have yielded 
conclusions about StrC8m temperature that have 
proven helpful in management considerations. In 
addition to site-specific and basin modelling. 
generalized temperawre characteristics can be helpful 
for predicting effects of forest management 
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The physical models identify a number of climatic, 
geographic, Stream, and vegetation characteristics that 
influence stream temperature. However, past 
emphasis on temperature prediction, especially in 
land use considerations, has led to perceptions that 
stream temperature is uniquely determined at each 
stream location based on a complex array of site 
characteristics. As a result, predictive models are 
increasingly viewed as a necessary basis for land 
management decisions. The specificity of models in 
capturing heatlransfer variables, as opposed to more 
generalized teChniques, bears direcUy on COSt of 
application. 

In conlrastto the extent of analytical research and 
modeling, there has been litUe allemptto identify 
general trends and patterns in stream temperature in 
relation to basin characteristics. Furthermore, many 
previous field studies have emphasized the 
importance of streamside vegetation in providing 
shade while excluding consideration of other 
important environmental factors. With the current 
interest in designing forest practices to reduce 
temperature effects on a site· by-site and basin scale, a 
better identification of the underlying relationships 
affecting basin scale temperatures is needed. 

Sullivan and Adams (1990) offer a more generalized 
understanding of stream temperature based on heat 
transfer and geomorphic processes. Their Stream 
heating and temperature regime analysis provides a 
conceptual framework for evaluating temperature 
relationships in forest streams and they demonstrate 
that parameters can be identified that allow 
meaningful comparison of temperature from stream 
to stream. When important environmental factors 
were accounted for, data from disparate streamS could 
be compared despite differences in the myriad of other 
factors that influence stream temperature. For 
example, significant patterns and similarities between 
streams and rivers located in western Washington and 
Oregon were found. 

Characterizing important environmental variables and 
demonstrating their relationship to stream 
temperature allows determination of probable. 
temperature regimes for managed and unmanaged 
stream sites and provides better values for use in the 
predictive models. Importantly, it may help us to 
examine whether current riparian management 
strategies provide adequate proteCtion from adverse 
temperature increases in Washington streams. 

The existence of general temperature patterns could 
prove highly useful for TFW.If a general 
understanding of characteristic temperature responses 
can be improved, temperature sensitive locations 
where modeling and monitoring efforts should be 
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focused can be identified. Furthermore, characterizing 
probable temperature changes with a reasonable 
degree of ceMainty based on general relationships may 
provide a suitable alternative to cosUy temperature 
modelling in many situations. 

Temperature Sensitive Streams 

Criteria for temperature concerns may include a 
stream's natural or management history suggesting 
where particularly high temperatures may be 
expected; the presence of sensitive fish species that 
are intolerant of high stream temperatures; or 
sensitive time periods when fish are more vulnerable 
to a particular range of temperatures. Washington's 
forest practice standards simply specify that the 
average maximum stream temperature shall not 
exceed IS.60 C for more than seven consecutive days. 

What Stream temperatures are most critical to model 
from a biological viewpoint are nOl agreed upon, but 
some treatment of both average as well as extreme 
temperatures is probably useful. Maximum and 
minimum temperatures may be more important for 
consideration of detrimental or lethal temperature 
conditions. Because most aquatic organisms are 
poikilothermic (cold-blooded), mean temperatures 
may be more informative of the metabolic capacity 
of aquatic stream communities, and therefore 
important in understanding stream productivity. 

Biological considerations dictate the degree of 
resolution required in temperature prediction. 
Matching sensitivity screening and model 
performance to biologically-derived standards such as 
the exceedance threshold over a time period adds a 
new dimension to temperature prediction. Prediction 
models have not in the past often been used to model 
rcalistic temperatures over longer time periods, 
although mOSt of those available can be used to do so 
with some modification. Continuing biologic studies 
are working to improve understanding of what 
temperatures are of importance to fish, and to 
describe their occurrence. Application of the study 
results may be aided by the development of models 
capable of predicting the occurrence and distribution 
of those temperatures. 

PROJECT OBJECTIVES 

A number of objectives relating to model 
performance and practicality, and temperature 
sensitivity screening criteria were carefully developed 
in the 1988 temperature study to provide a useful and 
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verified temperature method to meet TFW needs. The 
scope of the study included a thorough evaluation of 
model performance, and an analysis of temperature 
dala collected throughout the Slate. 

The objectives of the 1988 TFW temperature study 
were to: 

• Evaluate the ability of models to predict 
temperature at a site and downstream and 
select a method for temperature prediction 
by TFW decision-makers. 

• Quantify the distribution of important 
environmental variables that control water 
temperature by stream type and ecoregion 
in relation to watershed and riparian 
conditions. 

• Develop methodologies to assess stream 
conditions for input to temperature 
prediction models. 

• ESlablish general temperature regimes 
for various stream types in ecoregions of 
the Slate and the effects of forest 
management 

• Evaluate temperature sensitivity 
screening criteria. 

• Characterize streams likely to exceed 
temperature criteria 

Effectiveness of the current riparian rules was also 
considered, but was not directly tested. 

GENERAL PROJECT STRATEGY 

The Temperature Work Group (TWG) conducted a 
multi-faceted study of stream temperature and 
temperature prediction models using dala collected 
from over 75 streams throughout the state during the 
summer of 1988. A brief overview of the project and 
a discussion of how the various study elements fit 
together is provided here. Specific data coUection 
methods and site characteristics are described in 
Chapter 2.' 

Air and water temperature and a number of 
hydrologic, riparian, channel and meteorologic data 
were collected at monitoring sites distributed within 
thirteen Washington ecoregions (CMER-AMSC 
Work Plan, 1989). Dala collected at these sites were 
used for: characterization of stream and riparian 
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characteristics (Chapter 3) , site model evaluation 
(Chapter 4), ba,in model evaluation (Chapter 5) and 
description of general water temperature regimes in 
forest streams of Washington (Chapter 6). Dala were 
also used to evaluate the probable effectiveness of 
forest practice regulations pertaining to riparian zone 
vegelation management in meeting temperature water 
quality standards and to devise a TFW temperature 
method (Chapter 7). Study conclusions and 
recommendations are summarized in Chapter 8. 

Site-specific or reach model-testing formed the basis 
of the 1988 field study. Stream temperature was 
monitored during the summer months and required 
model input variables were measured or estimated for 
stream lengths of homogeneous riparian and channel 
conditions in a variety of streams throughout the 
slate. Model temperature predictions were compared 
with measured water temperature at each site. 

In order to evaluate the basin models, a number of 
the reach sites were clustered within several basins 
located in different ecoregions of the slate. Thus, 
sites in these basins served to test both site and basin 
models. In addition to temperature and reach dala, 
surveys were conducted within these basins to 
describe the range of conditions with respect to 
groundwater inflow rates and flow regime. 

The TWG conducted several "methods" studies in 
some locations in order to improve methods for 
beller measuring or estimating variables input to the 
model. Variables were measured in several ways to 
determine the best means of evaluating them. Results 
from the "methods studies" allowed the TWG to 
develop recommendations for measurement or 
estimation of parameters describing channels, stream 
flow and regional climate characteristics (described in 
Chapter 3). Several model input variables werc 
considered, but stream dimensions, riparian canopy, 
air temperature, relative humidity and groundwater 
inflow rate were emphasized because of their 
overriding importance in governing water 
temperature. 

The Temperature Work Group developed and 
coordinated the project. For the site-specifiC and 
basin-wide modeling elements of the study, the TWG 
coordinated the field studies, centralized the data 
management and analysis, conducted the model 
testinr with computer analysis, and interpreted the 
results presented in this final repon. The TWG also 
provided a two-person field team to perform site 
evaluation of environmental variables for input into 
the models. 
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Table 1.4. Timber/Fish/Wildlife 1988 Temperature Study cooperators. 

Co-operator Contact Nature of Assistance 

Boise Cascade . Candace Parr Field Assistance 
Colville Confederated Tribes Jerry Marco Operate Thermograph 
Cowlitz County Conservation Dishict Sheldon Somers Purchase & operate Thermograph 
Longview Fiber Co. Monte Martinson Purchase & Operate Thermograph 
Makah Tribe Rick Klinge Operate Thermograph 
Muckleshoot Tribe Larry Ratte Operate Thermograph 
Nooksack Tribe Kent Doughty Temperature Work Group, 

Provide & OperateThermograph 
Nonhwest Indian Fisheries Commission Dennis McDonald Funding 
Plum Creek Timber Company Bruce Becken Funding 
Puyallup Tribe Mark Hecken Operate Thermograph 
Quileute Tribe Mark Mobbs Field Assistance 
Quinault Tribe Greg Watson Operate Thermographs 
Squaxin Island Tribe Dave Shuett-Hames Field Assistance 

Michelle Stevie 
Landowner Fran Moelman Operate Thermograph 
Tulalip Tribe KunNelson Provide & Operate 

Thermograph, Field Assistance 
Upper Columbia United Tribes Eileen MacLanahan Operate Thermographs 
US Environmental Protection Agency Funding 
US Bureau of Indian Affairs Dennis Olson Data 
USFS Colville National Forest Ben Wasson Data 
USFS Gifford Pinchot National Forest Deigh Bates Data 
USFS PNW Range & Experiment Station Fred Everest Provide Thermographs 
USFS Umatilla National Forest Ed Calame Data 
USFWS Fisheries Assistance Office Phil Wampler Provide Thermographs 
USFWS Makah National Hatchery Dan Sorenson Data 
USFWS Fisheries Research Res Center Jack McIntyre Data 
USFWS Lcavenwonh National Hatchery Jim Mullen Data 

Reg Reisenbichler 
Washington Dept of Ecology John Tooley Work Group, Project Coordinator 

David Robens Purchase Thermographs 
Jim Carrol Field crew, Data reduction 
Anita Stohr Computer Programming 
Elizabeth Lanzer Equipment 
Brad Caldwell Equipment 
Bob Johnson Equipment 

Washington Dept of Fisheries Pamela Knudsen Work group, 
Maggie Bell McKinnon Field crew, Data reduction 
Bob Buggan Operate Thermograph 

Washington Dept of Natural Resources Jim Ryan Data 
Bob Bannon Provide & Operate Thermographs 
Evan Pryor Provide & Operate Thermographs 

Washington Dept. of Wildlife Thorn Johnson Provide & Operate Thermographs 
Steve Leider Provide & Operate Thermograph 

Washington Environmental Council Cinnamon Zakar Field Crew 
Roger Garrett Operate Thermograph 

Weyerhaeuser Company Kate Sullivan Work Group, Data management 
John Heffner Technical & Field Assistance, 

Operate Thermographs 
Steve Anderson Operate Thermograph 
Jim Booher Ope;ate Thermograph 

Yakima Indian Nation Joel Hubbel Provide & operate Thermographs 
Dale Bambrick Thermographs 
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Most imponant were the numerous cooperators 
throughout the state who collected temperature data 
and assisted the project in a variety of ways. 

Cooperators collected temperature data using 
monitoring field equipment provided by the TWG or 
themselves as well as contributed data from existing 
studies. 

STUDY COOPERATORS AND 
SPONSORS 

This 1FW temperature study was funded primarily by 
the Washington Department of Ecology, 
Weyerhaeuser Company, Washington Department of 
Fisheries, and the Nooksack Tribe. Additional staff 
and funding was supplied by Washington 
Environmental Council, Nonhwest Indian Fisheries 
Commission, and Plum Creek Timber Company. 

This comprehensive statewide study was made 
possible by the TFW cooperators (Table 1.4), who 
provided temperature data and other invaluable 
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assistance for the 1988 field work and model testing. 
These cooperators contributed resources and/or 
personnel to operate temperature measuring 
equipment, or provided water temperature data from 
their existing sites. 

The cooperating organizations and agencies included: 

Boise-Cascade Corporation, Longview Fiber 
Company, Weyerhaeuser Company, Cowlitz County 
Conservation District, Washington Environmental 
Council, Colville Tribe, Makah Tribe, Muckleshoot 
Tribe, Tulalip Tribe, Puyallup Tribe, Quinault Tribe, 
Quileute Tribe, Squaxin Island Tribe, Upper 
Columbia United Tribes, Washington Department of 
Ecology, Washington Department of Fisheries, 
Washington Department of Natural Resources, 
Washington Department of Wildlife, Washington 
Forest Protection Associaton, U.S. Bureau of Indian 
Affairs, U.S. Forest Service Colville, Gifford 
Pinchot and Umatilla National Forests, the 
U.S.Forest Service Pacific Nonhwest Range 
Experimental Station, and the U.S. Fish & Wildlife 
Service Fisheries Research Center, Fisheries 
Assistance Office, Leavenwonh & Makah National 
Fish Hatcheries. 
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CHAPTER 2 
STUDY DESIGN, SITES AND METHODS 

SITE SELECTION 

Study sites were established in all forested ecoregions 
of the state. Data from several sites in predominantly 
non-forested areas of southeastern Washington were 
also contributed by the U.S.D.A. Forest Service. 

An array of sites was needed to reflect the size range and 
riparian conditions of typical streams for an ecoregion 
(clearcut, buffer strips, second growth, and mature 
conifer forests). Site selection for the study was not 
random, but instead reflects cooperator interest in a 
watershed (involvement in ongoing studies or because 
of suspected stream temperature sensitivity) because the 
study was entirely dependent on cooperators. 

Data from existing studies, supplied by co-operators, 
was accepted if it met Qru: QI ~ of the foUowing 
criteria: I) Temperature was measured daily or hourly 
with continuous recorders (as opposed to 
maximum/minimum thermometers read infrequently); 
2) Air and water temperature was measured 
simultaneously: 3) Water temperature and 
stream/riparian characteristics were measured for a 
reach; 4) Systematic basin water and air temperature 
profiles existed (where a number of streams are 
monitored in the same basin); or, 5) Microclimate data 
(air temperature, relative humidity, evaporation, 
barometric pressure, sky cover or cloudiness, or solar 
radiation) was available from stream environments. 

The 1988 Temperature Study included 82 ongoing 
temperature monitoring sites operated by TFW co­
operators, and 10 new sites located specifically for this 
study for a total of92 sites (Table 2.1). The general 
location of all sites within Washington is shown in 
Figure 2.1. These sites were stratified according to three 
classes of river size, and three classes of riparian zone 
density to help cooperators identify a range of suitable 
sites (Table 2.2). 

Study sites were classified as primary or secondary sites 
depending on the available data. Primary sites are those 
where both air and water temperature were measured. 
The Temperature Study field crew visited each of the 
primary sites and measured Stream and riparian 
characteristics. Most of the model performance 

evaluations was conducted using data from the 33 
primary study sites (Table 2.1). Because of the 
importance of air temperature in several of the models, 
direct measurement of this variable was considered 
essential to an adequate test of the models. Primary 
sites represented a wide array of shading and stream 
width characteristics (Figure 2.2). 

Sites where only water temperature was measured are 
classified as secondary sites. Data from 59 secondary 
sites was used along with primary sites in the general 
analysis of regional temperature regimes. Stream 
characteristics were estimated at the secondary sites. 

STUDY DESIGN 

The study design was to determine how well each 
model was able to predict ambient stream temperatures 
in stream reaches with different riparian vegetation 
conditions and stream characteristics. (The ability of the 
model to serve as a predictive tool for silvicultural 
prescriptions was inferred by the model's ability to 
correctly predict temperature in both shaded and 
partially or non-shaded Streams.) In a sense, a variety of 
"treatments" represented by the array of existing site 
conditions had already been applied. This sampling 
design tested each model's ability to predict ambient 
temperature in varying geographic and managed stream 
conditions. Water and air temperature was measured 
only at the downstream end of each of the temperature 
reaches. (Temperature was not measured at the upstream 
end of the reach because of limited temperature 
measurement equipmenL) 

Although there is no conceptual limitation to 
evaluating model performance by predicting ambient 
conditions, this data coUection method represented a 
depanurc from the recommended method for using the 
SSTEMP and TEMP-86 models, which generally 
assume that calibration data is available for both the up 
and downstream end of a study reach. Several of the 
computer models require input of the upstream water 
temperature to predict the downstream water 
temperature. We estimate these upstream temperatures. 
Since upstream or pre-treatment calibration temperature 
data will rarely be available in TFW use of the models, 
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Table 2.1 Timber/Fish/Wildlife Temperarure Srudy sire lisr. Sires are grouped by 
ecoregion. Temperarure measurement srarr and end dares (1988), sire code and 
resring rype are lisred. (Models were resred ar primary sires.) 

ECOREGION 

Nonhwest Coast 

East slope 
Olympics 

South Coast 

Nonh Cascades 

SITE CODE TYPE 

Red Creek Trihulary 

Red Creek 

GA Primary 

GB Secondary 

Red Creek (Site2) GC Secondary 

Snow Creek JA Secondary 

Naselle River 

Smith Creek 

Bear River 

BC Primary 

Abernathy Creek (Lower) 

Abernathy Creek (Upper) 

Germany Creek (Upper) 

Squire Creek 

BD 

BE 
BA 

BF 

BB 

HC 

N. Fork Stillaguamish (RM 38.8) HG 

Higgins Creek HD 

Little Deer Creek HA 

S. Fork Nooksack River HE 

Edfro Creek HF 

Deer Creek (at mouth) HI 

Deer Creek (above Deforest) HH 

S. Fork Nooksack (Upper river) HJ 

Segelson Creek HI( 

N. Fork Stillaguamish (do. Deer Cr ) HL 

N. Fork Stillaguamish (up. Deer Cr ) HB 

Primary 

Primary 

Secondary 

Secondary 

Secondary 

Primary 

Primary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Central Cascades Ten Creek 1A 

IC 

ID 

Primary 

Primary 

Primary 

Pugct Lowlands 

S. Prairie Creek (upper) 

Greenwarer River 

Porrer Creek 

Pilchuck River (RKI5.4) 

Pilchuck Creek 

AP 

DA 

DB 

Primary 

Primary 

Primary 

TEMPERATURE 
MEASIIREMENT 

START 

29JUN 

29JUN 

29JUN 

OIJAN 

20JUN 

20JUN 

07JUL 

09JUN 

09JUN 

09JUN 

05AUG 

IOAUG 

13JUL 

13JUL 

24AUG 

02AUG 

13JUL 

13JUL 

28JUL 

07JUL 

20JUL 

12JUL 

29JUN 

21JUL 

22JUL 

24JUN 

04AUG 

05AUG 

STOP 

OlNOY 

060CT 

30SEP 

310CT 

040CT 

050CT 

07JUL 

30SEP 

30SEP 

30SEP 

050CT 

050CT 

050CT 

22AUG 

25SEP 

15SEP 

21AUG 

140CT 

050CT 

050CT 

150CT 

150CT 

070CT 

O4OCT 

O6OCT 

050CT 

250CT 

250CT 
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Table 2.1 Timber/Fish/Wildlife Temperature Study site list (continued). 

ECOREGION SITE CODE TYPE 

Southwest Ware Creek AA Primary 
Cascades 

Hard Creek 

Huckleberry Creek 

Thurston Creek 

Little Deschutes Creek 

Deschutes River (RK75.5) 

Deschutes River (RK60.2) 

Deschutes River (RK41. 7) 

Deschutes River (near Offut Lake) 

Schultz Creek 

Herrington Creek 

Hoffstadt Creek 

AR 

AC 

AD 

AE 

AG 

AF 

AS 

AW 

AB 

AO 

AQ 

Coweeman River (above Mulholland) AK 

Coweeman River (above Goble) AL 

Coweeman River (above Baird) AN 

Coweeman River (above Andrews) AM 

Mulholland Creek AH 

Goble Creek AI 

Baird Creek AJ 

Gobar Creek AT 

Muddy River (Baseline) PA 

Clearwater Cr. (Baseline) PB 

CleaN'ater Creek (al rd.9300) PC 

Clearwater Creek (upper) PD 

CleaN'ater Creek (Below. M, Bridge) PE 

CleaN'ater Creek (at Paradise Falls) PF 

Hungry Creek (Upper) PG 

Hungry Creek (Lower) PH 

Catt Creek (above Big Cr) PI 

Johnson Creek (Baseline) P J 

S. Fork Willame Cr. (Baseline) PL 

Clear Fork Cowlitz Cr (Baseline) PM 

Secondary 

Primary 

Primary 

Primary 

Primary 

Primary 

Primary 

Secondary 

Primary 

Primary 

Primary 

Primary 

Primary 

Pri~ary 

Primary 

Primary 

Primary 

Primary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

TEMPERATURE 
MEASUREMENT 

START STOP 

17MAY OINOV 

17MAY 

21APR 

17MAY 

OIJUN 
OIJUN 

17MAY 

09AUG 

IOAUG 

25MAY 

25MAY 

25MAY 

06JUN 

06JUN 

06JUN 

06JUN 

06JUN 

06JUN 

06JUN 

22APR 

OIJUN 

02JUN 

16MAY 

18MAY 

02JUN 

18MAY 

28JUN 

28JUN 

08JUN 

02JUN 

06JUN 

OIJUN 

310CT 

OINOV 

OINOV 

040CT 

030CT 

OINOV 

OINOV 

31AUG 

060CT 

30SEP 

060CT 

030CT 

030CT 

030CT 

030CT 

030CT 

030CT 

030CT 

310CT 

23AUG 

31AUG 

28SEP 

30SEP 

310CT 

27SEP 

30SEP 

30SEP 

30AUG 

31AUG 

23AUG 

23AUG 

17 
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Table 2.1 Timber/Fish/Wildlife Temperature Study site list (continued). 

ECOREGION 

SWl Cascades 

SITE CODE 

N. Fork Willame Cr. (below unil 06) PN 

N. Fork Willame Cr. (al 4700 rd) PO 

Quam Creek (Baseline) PP 

Lewis River (Baseline) 

Canyon Creek (Baseline) 

Siouxon Creek (Baseline) 

Easl Fork Lewis River (Baseline) 

PQ 

PR 

PS 

PT 

Nonheasl Cascades WenalChee River --Site 1 

Wenalchee River --Sile 2 

Wenalchee River --Sile 3 

WenalChee River --Sile 4 

Icicle Creek Bypass 

KA 

KB 

KC 

KD 

KE 

SECascades 

Pend Oreille 

Blue Mountains 

BearCreek 

S.Fork LilOe Nalches River 

LiWe NalChes River (al Kaner Ral) 

Crow Creek 

Bear Creek W alCrshed (Baseline) 

Wind River (Baseline) 

TrOUl Creek (Baseline) 

Trapper Creek (Baseline) 

Cee Cee Ah Creek 

Chamokane Creek 

Norwegian Creek 

Tucannon R (bel. M.Russels 
Springs.) 

CA 

CB 

CC 

CD 

CE 

CF 

CG 

CH 

EA 

EB 

R3 

LA 

Tucannon River (at Bridge 14) LB 

M. Russels Spring--(Tucannon R) LC 

HartsLOCk Cr--(Tucannon R.) LD 

Tucannon River (Below Panjab Cr) LE 

Tucannon River (Below Big 4 Lake) LF 

Tucannon River (Below Deer Lake) LG 

Tucannon River (Below Cummings LH 
Cr) 

Tucannon River (Below Beaver Lake) Ll 

TYPE 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Primary 

Primary 

Secondary 

Primary 

Secondary 

Secondary 

Secondary 

Secondary 

Primary 

Primary 

Secondary 

Secondary 

Secondruy 

Secondruy 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

Secondary 

TEMPERATURE 
MEASUREMENT 

START STOP 

OlJUN 

OlJUN 

23MAY 

16MAY 

17MAY 

17MAY 

17MAY 

19MAY 

19MAY 

I9MAY 

I9MAY 

02JUN 

2lJUL 

2lJUL 

2lJUL 

2lJUL 

II MAY 

IIMAY 

II MAY 

23MAY 

28JUL 

27JUL 

03JUN 

OIAUG 

OIAUG 

01 AUG 

OIAUG 

II MAY 

II MAY 

II MAY 

II MAY 

II MAY 

29AUG 

27AUG 

30SEP 

30SEP 

310CT 

310CT 

300CT 

I4SEP 

14SEP 

I4SEP 

14SEP 

310CT 

lOOCT 

lOOCT 

OISEP 

31AUG 

30SEP 

220CT 

28JUL 

21SEP 

180CT 

06SEP 

lIOCT 

09SEP 

200CT 

200CT 

080CT 

23SEP 

O6OCT 

310CT 

260CT 

300CT 
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Figure 22 Channel width and shade characteristics of primary study sites. 
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the TWG felt that it was imponant 10 detennine how 
well the models describe temperature regimes in 
general. If the models could be shown to accurately 
predict water temperature in a variety of stream 
conditions, then the model input parameters could be 
manipulated to detennine what influence vegetation 
management has had, or will have, at a given site. 

Input data required both by the models and for regional 
temperature regime evaluation required measurements or 
estimates of a variety of parameters 10 describe 
geographic location, meteorology, hydrology, stream 
geometry, and riparian vegetation. Likewise, basin 
temperature models required variables which describe 
the overall stream system. A summary of the array of 
non-temperature input values is shown in Table 2.3. 
The array of site and map-generated data from which 
these input values were calculated was stored on 
spreadsheets. A description of each parameter can be 
found in the 1FW Temperature Study Data Dictionary 
(Appendix B). 

Primary Sites 

• • 
• 

• 
1 5 20 25 30 

Wetted Width (m) 

The TWG field team visited each primary site 10 
measure site specific variables required for model­
testing or stream characterization. Standardized 
measurement techniques were obtained by having the 
TWG field team sample all sites. 

The thennal reach refers \0 the entire length of stream 
at each site. Temperature measured at the downstream 
end of the temperature reach reflected the riparian and 
stream conditions found upstream. The thennal reach 
had relatively homogeneous riparian and flow 
conditions within it. The upstream boundary of the 
thennal reach occurs where there is a distinct change in 
riparian conditions or at the junction of a major 
tributary (increase in flow greater than 10%). The 
minimum length of the thermal reach was 600 meters 
(approximately 2000 ft). A general schematic of a 
thermal reach and its subsampling units is shown in 
Figure 2.3. The downstream end of the temperature 
reach was where the temperature recording device was 
located. The upstream end was located where there was 
a distinct change in riparian vegetation conditions or at 
the junction of a major tributary. 
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Table 2.2 Stream size and general riparian vegetation canopy condition matrixfor study site selection. 

SMALLER S TREAMS MODERATE SIZE STREAMS 
Depth: cO .41 m) Depth: 0.41 m to cO.60 m) 

RIPAR IAN RIPARIAN 
(% Sha dedI (% Shaded) 

REGION Open Partia I Closed Open Par1lal Closed 
(c25%) (26- (>75%) ( c25%) (26-74%) (>75%) 

74% ) 

Coastal I 4 

Southwest WA II 22 
Cascades and 
Puget Sound 

Eastern 6 8 

The thermal reach was subsampled for stream and 
riparian characteristics. The field team established three 
channel reaches for measurement of channel 
characteristics. The length of each channel reach was 25 
times the average bankfull channel width. Information 
gathered in the channel reach included channel unit 
(microhabitat) distribution, Stream depth, particle size, 
and average flow velocity. While three channel reaches 
are identified, one to three were sampled depending on 
stream size. Larger streams had fewer channel reaches 
sampled. 

Riparian characteristics were evaluated in 50-ftlong 
riparian lDlnsects selected within each channel reach. At 
least three riparian transects were measured in each 
channel reach, for a total of9-15 transects. The field 
crew measured one transect at the downstream end of 
each of the channel reaches, and evenly spaced the 
remaining two within the reach. If vegetation 
characteristics were not homogeneous in the reach, the 
crew selected representative sites to establish transects. 
A transect perpendicular to the stream was selected, and 
riparian vegetation conditions were measured for an area 
25-ft up and downstream of the transect were measured. 

2 

9 

I 

I 0 I 

6 5 I 

I 0 0 

Input values for the measured riparian, stream, and 
meteorologic variables were determined for each study 
site by averaging the measurements from all of the 
channel or riparian reaches within the temperature 
reach. 

FIELD MEASUREMENT METHODS 

Temperature 

Water temperature was measured with continuously 
recording elecuonic or analog instruments. Several 
different types of instruments were available including 
Omnidata electronic Datapods, Ryan and Unidata 
temperature recorders, and Partlow thermographs. A list 
of temperature instruments used in the study and their 
estimated accuracy is provided in Table 2.4. Air 
temperature was also recorded where instruments were 
available. Electronic recorders were programmed to 
measure temperature each hour. Output from analog 
recorders was digitized and data was interpolated to 
houri y values. 
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Table 2.3 Temperallue model input parameter summary. 

Model: Brown TEMP SS- TEMP- SN- EPA MODEL 
EST TEMP 86 TEMP QUAL -y 

2E REMARKS 
Type: Reach Reach Reach Reach Basin Basin Basin 

Parameters 
Local Air Temperature F F F R Air temperature at site 
NOAA Air Temperature C C NOAA air temp.CD/LCD 
NOAA Wet Bulb Temp. e NOAA wet bulb temp. 

LCD 
NOAA Barometric Pressure C NOAA barometric 

pressure LCD 
NOAA Relative Humidity C C C C NOAA relative Humidity 

LCD 
NOAA Wind Speed C C C C NOAA wind speed LCD 
NOAA % Possible Sun C C NOAA poSSible sun LCD 
Solar Radiation M M sssolar sssolar R computed from various 

sources 
Cloudiness C C R cloud cover 
Daylight Hours sssolar hours of daylight 
Upstream Water temp. F F F sntemp QUAL water temperature 

2E entering reach 
Water Emissivity M back radiation 
Ground T empcrature M M annual ground heat flux 
Soil Heat Transfer M soil heat flux 
Thermal Gradient M thennal input from 

streambed 

Groundwater Inflow Rate FIR FIR FIR FIR FIR 
Groundwater T emperarure MIR MIR MIR MIR MIR 
Date F F F date of simulation 
Latitude M M M 
Longitude M M 
Longitude of Time Zone M M 
Elevation of Site M 
Charutel Azimuth M M M orientation of stream 

reach 
Topographic AltiLUde F Average incline to 

horiz.on 
Stream Width F F F F 
Stream Depth F F F R 
Percent Pools F 
Average Pool Depth F 
Reach Length F F M F 
Upstream Elevation M M 
Downsueam Elevalion M M M 
Upstream Stream now F F F FIR FIR 
DOv.ilstream Streamflow F 
Travel Time F F F F R average stream velocity 

Channel Gradient M slope of energy grade 
line 

Flow Regression Constants F F F depth and velocity 
constants 

M M M network of stream 
Stream Network reaches and junctions 
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Table 23 Continued 

Model: Brown TEM SS- TEMP SN- EPA MODE 
PES TEM -86 TEMP QUA L-Y REMARKS 

T P L2E 

Water-Sky View FactOr F srshd F openness factor 
topographic and forest 

Avg. Angle Tapa. Shade S F topographic shade in 
various directions 

Avg. Angle Topo. Shade F 
SE 
Avg. Angle Tapa. Shade F 
SW 
Avg. Angle Topo. Shade L F F F 
Avg. Angle Topo. Shade R F F F 
Avg. Angle Forest Shade S F Forest shading in 

various directions 
Avg. Angle Forest Shade F 
SE 
Avg. Angle Forest Shade F 
SW 
Avg. Angle Forest Shade L F F F 
Avg. Angle Forest Shade R F F F 
Percent Canopy Cover L F F F Percent forest cover on 

=hside 
Percent Canopy Cover R F F F 
Buffer Strip Width L F 
Buffer Strip Width R F 
Vegetation Height Left F F F 
Vegetation Height Right F F F 
Crown Diameter East F F diameter of shade-tree 

crowns 
Crown Diameter West F F 
Vegetation Offset East F F distance to shading 

vegetation 
Vegetation Offset West F F 
Vegetation Density East F F vegetation screening 

faclDr 
Vegetation Density West F F 
% Stream Shaded F 
Overhanging Vegetation 

C = NOAA Climate Station; F= Field Measurement; R = Regional Relationship 
srsolar = USF&WS Solar MOdel; srshd = USF&WS Reach Shade Model; 

sntemp = USF&WS Network Temperature Model 
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All instruments supplied by the TWG were calibrated 
by a hydrology technician before being placed in the 
field. It was assumed that cooperators supplying data 
underwent similar calibration procedures. Water 
temperature probes were placed in the stream near the 
bank and out of direct exposure to sunlight. Air 
temperature probes were placed several feet above the 
ground, in the vicinity of the channel under what shade 
was available. Accuracy of temperature data may differ 
because of the different instruments used. 

Field visits were made to the sites to calibrate 
instruments at least once every two weeks by study 
cooperators. Air and water temperature were measured 
with hand-held thermometers and recorded on field 
sheets. Instruments were checked for accuracy 
(compared to hand-held thermometers) and recording 
time. 

Stream and Riparjan Measurements 

Stream and Channel Characteristics 

Discharge Im3/s). Discharge was the instantaneous rate 
of streamflow. Flow was measured both in the vicinity 
of the thermograph and at the upstream end of the 
thermal reach using standard Stream gaging techniques 
described by Corbell and others (1962) in USGS Water 
Supply Paper #888. Velocity was measured with an 
electronic (Swoffer™ or Marsh-McBirneyTM) or 
mechanical (Price-AA TM pygmy) current meter with at 
least 15-20 measurements across the channel. Stream 
depth was measured, and a velocity-area calculation was 
made for total streamflow at the cross-section. Flow 
gaging cross-sections were established where the stream 
bed in width and substrate characteristics was relatively 
uniform (typically at riffles). 

Average Stream Velocity (m/s). Average flow velocity 
was estimated with dye tracer studies performed in one 
or two of the channel reaches at each site. A smaD 
amount of tracer dye (rodamine WT) was added at the 
upstream end of the reach and sampled at the 
downstream end. The major occurrence of dye was 
determined by visually estimating maximum coloration 
of the water. Travel time divided by reach length 
calculated average velocity. An ISCOTM automated 
pumping sampler or manual method of sampling was 
used. 

Stream Gradient (%). Stream gradient of channel 
reaches was measured in several ways to determine a 
reasonably accurate tcchnique for TFW purposes. 

Timber/Fish/Wildlife Temperalure Sludy 

AUlOlevel Method: Gradient of the lower-most channel 
reach was measured with an autolevel and slOry pole. 
Using standard surveying tcchnique and notation, a 
difference in water elevation was determined by a 
backsight and then a foresight to a calibrated storypole 
resting at water surface. The height of the stationary 
autolevel was used as the reference point. If necessary, a 
turning point was made by moving the autolevelto a 
new stationary point and using the previous foresight 
location as the next backsight. 

Length of backsights and foresights was measured 
along the course of the stream with a rangefinder. 
Gradient (or slope) was calculated by dividing the total 
change in elevation by the total length of the stream 
course surveyed. 

Abney Level Method: Gradient of the uppermost 
channel reach was measured with an abney level, 
suppon pole and sighting pole. For stability the abney 
level rested on the suppon pole with the base of pole at 
water surface level. The abney level was sighted at 
another pole of matching length with the base at a 
different water surface level. For ease in sighting, a 
fluorescent ribbon was tied to the top of the sighting 
pole. The slope (gradient) was read from the abney level 
in degrees and minutes. The length of abney level 
sighting was measured along the course of the stream 
with a rangefinder. Typically, several consecutive linear 
sightings were made along the course of the channel 
reach. Gradient was calculated by conversion to a 
decimal proportion, taken as the tangent of the 
degrees/minutes multiplied by the weighted length of 
the sighting. Summing the decimal proponions of the 
sightings resulted in the length-weighted decimal 
equivalent slope of the reach. 

Digitized Map Method: Gradient of the thermal reach 
was computed by digitizing the elevations of the lower 
and upper end of the thermal reach from USGS 
1:24,000 (or 1:62,5(0) top0fToiphic maps. The 
difference in elevations was divided by the length of the 
thermal reach digitized (typically 600 meters). This 
method relies on the accuracy and resolution of the 
topographic contour lines, the accuracy of the stream 
channel representation on the map, proper placement of 
sites on maps, as well as the accuracy of digitizing. 

Channel Unit Survey Channel units were surveyed in 
each channel reach. Channel units were identified 
according to the methods of Bisson and others (1982). 
Channel units include pools (plunge, scour, eddy, 
backwater or dammed), riffles (low-gradient riffles, 
cascades, cascade/step pools, rapids) and glides. The 
channel unit survey of each channel reach was done by 
a single individual outfiued with a calibrated pole, 
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Figure 2.3 Schematic of san;pling scheme of primary sites. 
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rangefmder, and recording notebook. A consecutive 
inventory was kept of the units as they were identified 
and measw-ed for length, width and depth. 
Measw-ements were kept within the stream's wetted 
perimeter. Measurements were made with a five. foot 
pole calibrated in tenths of feet as well as a 6-150 foot 
rangefinder when applicable. 

Unit Length (m), The length of each channel unit was 
measured parallel to unit-specific streamflow. 
Judgement was required as to the division between units 
as this can be an ambiguous distinction at times. 
Divisions generally run roughly perpendicular to 
streamflow. Gradient breaks of water surface slope 
were used as an indicator of unit longitudinal 
boundaries. The up and downstream boundaries of some 
channel units often occur diagonally across the channel 
(e.g. slip-face cascades) reflecting gravel bar deposition 
patterns. To estimate length of these units, the 
diagonal boundary was divided in half and measured at 
that point. 

Unit Width (m) Width was measured perpendicular to 
the streamflow within the unit. If both edges of the 
width perimeters were roughly parallel and straight, 
then a simple measurement was taken with the 
calibrated pole or rangefinder. In the case of a unit with 
nonparallel width perimeters such as a pool, the point 
of average width was estimated by eye, wilh the 
measurement transect perpendicular to the unit 
streamflow. A volume weighted average width for the 
reach was calculated by dividing the sum unit volume 
by the sum by the unit length times depth. 

TimberlFishJWildli(e Tenwerature Study 

Unit Deplh (m). Deplh wa, measured in three places 
wilhin each unit using Ihe calibrated pole. Locations 
of measurements were made quickly and randomly, 
although they were generally located wilhin the thalweg 
or mainflow portion of the channel. In Ihe case of riffle 
and glide unit types, the measurements generally ran 
perpendicular across the thalweg. In the case of pool 
unit types, the measurements ran parallel down the 
Ihalweg. The average unit-specific depth was computed 
as Ihe simple average of the three measurements for 
riffle and glide unit types and as the sum of the three 
measurements divided by four for the pool unit types. 
A volw-ne weighted average depth for Ihe reach was 
calculated by dividing the sum unit volume by the sw-n 
unit surface area. A volume weighted average deptll for 
the reach was calculated using average depths for each. 
channel unit proportioned by channel unit distribution 

Substrate (%). Substrate size was visually estimated as 
percent of surface material in broad substrate classes. 
The classes and rough size associations used to estimate 
them were: 

clay/silt 
sand 
gravel 
cobble 
boulders 
bedrock 

<0.063 mm 
0.064 - 2.0 mm 

2.0 - 64 mm 
64 - 256 mm 

>256 mm 

Substrate evaluations were done once in each channel 

Table 2.4 Temperature recording instruments used in this study, and their estimated measurement accuracy. 

Instrument Model Estimated Accuracy Citation 

OMNIDATA Datapod DP212 ±D.2% of reading 

UNlDATA 6507A ±0.2oC 2 

RYAN RTM ±O.30C 3 

PARTLOW analog ±2.0 OF. 4 

I. Omnidata Inti, 1982. Operating instructions for model DP212 Two Channel TEMP(VOLT 
recorder, Version 1.0, March 1982. 

2. Unidata America 1987, Starlog Portable Data Logger Product Catalogue 
3. Ryan Instruments, 1986, Ryan Tempmentor Specifications Sheet. 
4. John Heffner, Weyerhaeuser Technology Center, Tacoma, WA. Oral communication. 
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reach in a riffle unit. The estimate was made by 
establishing a transect perpendicular to the streamflow 
across the streambed and included the gravel bar outside 
of the water's edge if one was associated with the unit. 
Depending on length, the transect was divided into 
sections. Visual estimations of the percentage of each 
substrate size classification were made in each section. 
These estimations were summed across sections. 

Where the stream depth was less than 0.2 meters in the 
vicinity of the substrate transects, a visual estimate was 
made ~f the percentage of wetted streambed comprised 
of boulder size or larger. 

Bankfull Channel Width (m2. A field measurement of 
bankfull width was assessed from a section of the 
channel where the channel geometry was easily 
recognizable. This was usually done in a riffle section 
where bankfull discharge produced a recognizable active 
channel with an adjacent flat area (active flood plain) or 
where the ordinary high water mark could be estimated 
by deposited debris or lack of perennial plants. The 
active channel was measured for bankfull width. 

Riparian Vegetation 

All but one of the temperature models tested requires an 
estimate of the portion of the sky that can be viewed 
from the stream's water surface. (A stream without a 
riparian canopy views 100% of the sky while one with 
a dense canopy may view 0% of the sky.) The openness 
of the stream has a major influence on both the rate of 
energy input to the stream (solar radiation) as well as 
the rate of energy lost from the stream back to the sky 
(re-radiation). Models vary in the level of the detail in 
which this sky-view factor was evaluated. TEMP-86 
and SSTEMP require sectioning the sky view into 
zones or quadrants and analysis of vegetation 
characteristics in each one. Within each zone the 
models may individually characterize shading 
contributed by overstory, understory and topography. 
The model then internally computes the total sky-view 
factor from the individual zone measurements. 
TEMPEST requires a more simple estimate of the total 
sky view factor by considering the entire field of view 
at once. A schematic of sky-view and terminology used 
in this study to identify specific measurement locations 
is provided in Figure 2.4. 

A number of parameters describing riparian vegetation 
and topographic shading characteristics were measured 
in the riparian reaches. Some riparian variables were 
required by scveral models but may differ between 
between models in estimation method. Therefore, some 
variables appearing in Table 2.3 may appear redundant. 
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Definitions for each parameter and calculation methods 
adhere as closely as possible to those provided by the 
user's manuals or other model documentation. The 
following vegetation characteristics were measured at 
each site. 

Vegetative Communjties, The species and age class of 
the dominant overstory vegetation type and the 
dominant understory vegetation type were recorded for 
each of the riparian reaches. 

Vjew-to-the-Sky (densiometer) (%). The view-ta-the­
sky was the fraction of the total hemispherical view 
from the main stream surface sky ean be Seen. A 
spherical densiometer was used to provide an estimate 
of the view-ta-the-sky factor. Readings were taken from 
mid-channel facing in four directions (upstream, 
downstream, right bank and left bank) and an average of 
the four readings was used. 

View-to-the-Sky (subjective) (%). A subjective value 
of the view-to-the-sky factor was estimated in mid­
channel by visualizing a conical sphere running at a 60 
degree angle upwards from the viewer's eye. This 
delimits a circular area containing the top third of the 
canopy, and a visual estimate of the percentage of sky 
was made, 

Vegetative Densitv (%). Density is a measure of the 
screening of the sunlight that would otherwise pass 
through the shaded area in the upper one-third of the 
stream bank canopy. This describes both the continuity 
of riparian vegetation along the stream bank and the 
filtering effect of leaves and stands of trees along the 
stream. A clinometer was used from mid-stream to 
measure the angle from 60 to 90 degrees. Density was 
subjectively evaluated as the percent of the vegetative 
shading in that zone. For example, if only 50% of that 
zone had riparian vegetation and if this vegetation 
actually filtered only 50% of the sunlight, then the 
density was 25%. 

Topographic Angle (degrees) The topographic angle is 
the angle formed from a line connecting a point at the 
center of the stream' to a point on the topographic 
feature producing shade, with the horizontal plane of 
the stream defined as zcro degrees. 11 was used to 
determine local sunrise and sunset times. Angles were 
taken with a clinometer in five directions; southeast, 
south, southwest, left side (measured perpendicular to 
the channel), and right side. 

Forest Angle !degrees) The forest angle is formed 
from a line connecting a point at the center of the 
stream to a point at the top of the streamside 
vegetation, with the horizontal plane of the stream at 
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Figure 2.4 Schematic of the topographic angle (A),forest angle (B) and 
vegetation density zone between 60 and 90 degrees (e). The 
sky view factor is the percent of the entire horizon from level 
plain open to the sky. 
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zero degrees. Angles were taken with a clinometer in 
five directions: southeast, south, southwest, left side 
(measured perpendicular to the channel), and right side. 
If the top of the riparian vegetation formed an uneven 
horizon, the average top of the vegetation was chosen. 

Vegetation Height (m). Vegetation height was 
measured with a rangefmder from the base of a tree or 
shrub to the top of the foliage. The vegetation selected 
for measurement was representative of the streambank 
foliage for 25 feet on either side of the riparian tranSect. 
Measurements were taken on both the right and left 
banks at each riparian transecL 

Vegetation Offset (m). This is an estimate of the 
distance from the water's edge to the main trunk of the 
dominant shade producing vegetation on the left and 
right banks of the riparian transects. The vegetation 
selected for measurement was representative of the 
stream bank vegetation for 25 feet on either side of the 
riparian transect. Measurements were taken on both the 
right and left baJl!cs at each riparian transect 

Crown Rad;us (m). The crown radius is the average 
distance that the foliage radiates from the trunk or stem 
of the streamside vegetation on the left and right banks 
of the riparian transects. The vegetation selected for 
measurement was representative of the stream bank 
vegetation for 25 feet on either side of the riparian 
transect. In general, the same vegetation was selected 
for measurement of the vegetation heighL vegetation 
offseL and crown radius. Measurements were taken on 
both the right and left banks at each riparian transecL 

Rjparian Zone Buffer Width (m). The riparian zone is 
the area along the stream banks which contains shade 
producing vegetation. The width was measured going 
outward from the bank. If there was no vegetation then 
the buffer width was recorded as zero. If there was 
continuous vegetation going outward from the stream 
then the buffer width was recorded as infinite. If there 
was a break in the vegetation going outward, such as a 
recently harvested area with a buffer strip, then the 
buffer width was measured with a rangefinder. Breaks in 
the vegetation more than 150 feet from the bank were 
usually nondetectable and such buffer widths were 
considered infmlte. Measurements were taken on both 
the right and left banks at each riparian transect. 

Overhanging Vegetation (%l. The percentage of 
overhanging brush or vegetation was measured at each 
riparian transect. A segment was visualized within the 
weued perimeter of the stream running perpendicular to 
the streamflow. This segment was then split into 
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quarters and a qualitative visual estimate was made of 
the percentage of overhanging vegetation directly above 
each quarter section. Overhanging vegetation was 
subjectively evaluated as the percent of the vege13uve 
shading. For example, if only 50% of the zone directly 
above the quarter section has overhanging vegetation 
and if this vegetation actually filtered only 50% of the 
sunlighL then the percent of overhanging vegetation 
was defmed as 25%. Visual clumping of the closed-to­
sky area vs. opened-to sky area was done to make the 
estimate. 

Sru:am Azjmuth Or Aspecl (degreesl, The stream reach 
azimuth orients the general stream direction. (If the 
stream meanders greatly the aspect can be separated into 
multiple stepS and the results combined for a weighted 
reach average. The aspect of the stream was measured. 
and expressed in two ways because of model input 
requirements. For the USF&WS models, azimuth was 
expressed as a value ± 90 , with 0 at due Nonh. For 
TI:.MP-86, azimuth was expressed as a value between 0 
and 360 , with 0 at due North. 

Measured Climatic Values 

Climate data was used from twO sources. Field 
measurements were taken on the day of the sile viSit 
and in a few cases using continuous recording 
melCOrologieal instruments. Data collected by NOAA 
and available in published records was also used (sec 
regional data). 

Air Temperature in Riparian Zone rC). Air 
temperature during the field crew site visit was 
measured three to four feet above the stream surface 
using the dry bulb of a sling psychrometer. Air 
temperature transects in the riparian zone were 
conducted by a perpendicular traverse away from the 
stream banks through the riparian zone, taking a 
measurement at the stream bank and al successive 
intervals along the transecL If a buffer strip existed, the 
transect was run into the adjacent cutover stand. 
Transects were measured on the right and left banks in 
eaeh channel reach. 

Relative HumidilY (%l Relative humidity was 
measured with a sling psychrometer in mid-channel, 
three to four fcct above stream surface, at each channel 
reach. 

Cloud CQver (%) The perecnt of cloud cover was 
visually estimated in categories of 0, 25, 50, 75 or 
100% for tll- day of site visil. 
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OFFICE DATA METHODS 

Map Data 

Maps were used 10 generate some needed information 
for model input values. The study sites were located on 
USGS 1:24,000 topographic maps (except when only 
1:62,500 IOpographic maps were available). Placement 
of the thermograph sites on the maps was corroborated 
by each site cooperalOr. 

Measurements of basin area, IOtaI perennial stream 
length, and distance from the end of the perennial 
stream 10 the watershed divide were made. Also 
specified was the site's latitude and longitude, and 
average stream azimuth, average stream gradient, and 
upstream and downstream elevations of the study reach. 
Digitizing software programs were developed 10 
expedite this large data collection (AL lEK3Tl.BAS 
AND REACHALT.BAS, listed in Appendix C). 

Timber/Fish/Wildlife TemtJeralure Studv 

Digitizing was performed on an AL lEKTI< AC40 
digitizer operated by the WashinglOn State Depanment 
of Ecology. 

Total basin area was determined and drawn in on the 
maps for each study site. The mainstem of the river 
was identified and outlined in each basin area, and was 
defined as the larger conuibulOr of flow at a stream 
juncture. Each site and accompanying basin area were. 
labelled with a site code. A list of site codes is supplied 
in Table 2.1. Basin areas and stream lengths for each 
respective site were unique and exclusive of adjacent 
upstream study sites, although the total basin area. or 
stream length of the downstream study site. could have 
included the measurements of the upstream site. 

Table 25 National OceanograplUc and AtmlJstpheric Agency (NOAA) weaJher stations used in the 
TimberlFishIWildlife temperature study to obtain regional climate data. 

Mean Max Min Departure Percent 
NOAA Air Air Air from Rei Wind Possible Sky 

Station Number Temp Temp Temp Normal Humidity Speed Sun Cover 

Olympia 6114 yes yes yes yes yes yes no yes 
Airport 

Quillayute 6858 yes yes yes yes yes yes yes yes 
Airport 

Seattleffacoma 7473 yes yes yes yes yes yes yes yes 
Airport 

Spokane 7938 yes yes yes yes yes yes yes yes 
Airport 

Stampede 8009 yes yes yes yes yes no no yes 
Pass 

Yakima 9465 yes yes yes yes yes yes no yes 
Airport 

Note: yes indicates parameter available; no indicates parameter not available 
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The fonowing map-based variables were developed: 

(I) Upstream and Downstream Elevations (meters). 
(2) Latitude/Longilllde 

(decimal/degrees,minutes,seconds). 
(3) Average SIre3m Azimuth Measured from Nonh 

(degrees). 
(4) Average SIre3m Gradient (%). 
(5) Mainstem Length to Divide (meters). 
(6) Total Stream Length (meters). 
(J) Basin Area (hecwes). 

In addition to the digitized variables, a variety of other 
sllldy site characteristics were recorded These included 
cooperating agency, TFW ecoregion, county, nearest 
town, river basin(tributary to), Water Resource 
Inventory Area (WRIA) ilUmber (Williams and others 
1975), legal description, Washington so-earn type, 
Stream order (determined from 1:24,000 V.S.G.S. 
maps), magnetic declination, time wne center 
longilllde(degrees), and dominant geologic type of the 
watershed (based on Washington state geologic maps). 

Study Desis" and Methods 3 I 

Estimated Climatir and Regional values 

A number of climatic characteristics that were required 
model inputs were not measured at field sites. Instead, 
regional values were used. At each site, climatic data 
from the nearest of 5 NOAA weather stations 
distributed throughout Washington were used (NOAA 
1988) (Table 2.5). 

Relative Humidity 1%1 The relative humidity input 
value for each day was assumed to be the value for 
midday (1300 hours). Relative humidity data were 
obtained from NOAA climate stations and corrected to 
local air temperature by the following formula as 
described in V.S.F.&.W.S. SSSOLAR user 
documentation (Banholow 1987). 

RH = Ro' (1.064A(ToTa»·«(Ta+273.l6)/(T0+273.l6» 

where RH=relative humidity at study reach (decimal), 

Table 2.6 Physical constants used in various models included in model testing 

Parameter 

cp 

k 

rl 

Tab 

p 

" 

tv 

Lv 

Physical Constants 

evaporation coeificient, 1SCbS5; use Cb _1.68 

adiabatic temperature correction coefficient; use CT R -0.007 0C/m 

specific heat of water c 418 6Jlkg,<>C 

thermal conductiviity coefficient; use Kg • 1.65 J/m/secOCI for 
water saturated sands and gravel mixtures 

type of cloud cover factor, 0.04skSO.24; use k • 0.17 

solar constant. 138 J/m2/sec 

longwave radiation reflection; use rl _ 0.05 

absolute zero correction (OK) _ add 273 to oC 

density of water. 1000 kg/m3 

Stefan-Bottzman constant _ 5.68x 10-8 J/m2/seC/K4 

water emissivity; use tw .. 0.95 

vegetation emmissivity; use tv c 0.95 

latent heat of vaporization of water, use Lv • 2440x1 03 Jlkg 
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Ro=reiative humidity at NOAA index station (decimal). 
Ta=mean daily air temperature at study reach (C). 
To=mean daily air temp at NOAA index station ( C) 

Regional Air Temoerawe (degrees Centigrade: 00. 
Air temperature was recorded at 3-hour intervals. This 
data was used to correct relative humidity values. and to 
show 1988 temperatures in relation to long-term 
averages. 

Wind Speed (meters/secondl Windspeed was assumed 
constant and should have represented the average 
windspeed at the stream surf~. Average daily wind 
speed was used. 

TimberfFishlWildlife Temperll1ure Studv 

Cloud Cover (%1 Daily perrent of the sky covered by 
clouds recorded at NOAA weather stations was used. 

Time Zone Center Longitude (degrees) This is the 
longitude of the center of the Pacific Time zone. Thc 
value was specified as 120 degrees W meridian for all 
sites in Washington. 

Physical Constants 

Some of the parameters input to the models were of 
constant value. insensitive to site conditions. Table 2.6 
lists the constants and their values used in each model. 
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CHAPTER 3 
STREAM AND BASIN CHARACTERIZATION 

An expression of basic relationships between strcam, 
watershed, climate and temperature characteristics 
were needed a number of times during model-testing 
(Chapters 4 and 5) and to characterize stream 
temperature regimes (Chapter 6). The derivation of 
these relationships is described in this chapter. For a 
number of imponant variables, a discussion of their 
imponance to stream heating is provided, as well as 
descriptions of how the relationships were developed, 
including statistical tests where applicable. This 
section also explores whether there were consistent 
regional variations in relationships that would 
suggest a need for regional modifications of TFW 
temperature modeling methods. 

Data collected at the 33 primary sites was used to 
generate most of the regionalized relationships. 
Although this is a small amount of data considering 
typical variability of geomorphic variables, the 
relationships were considered adequate for our 
modeling purposes given the relatively low 
sensitivity of temperature model predictions to most 
of these variables. Other data sources included NOAA 
weather station records for climatic variables, United 
States Geologic Survey (USGS) stream gage and 
well records for streamflow and temperalWe data. 
Data analysis used linear regression extensively; 
analyses were performed with the SAS statistical 
package. 

We do nOl use the regionalized relationships 
presented here until later anal yses. For those readers 
not interested in their development, the 1WG 
recommends skipping to Chapters 4 and 5 for a 
discussion of model-testing or to Chapter 6 for a 
discussion of temperature regimes in Washington. 
The reader may prefer to refer back to this chapter 
after seeing how the relationships are used, when 
their development may seem more meaningful. 

STREAMFLOW 

Stream Flow volume 

Stream flow or discharge (Q) is a required input 
variable to temperature prediction models. 
Streamflow is fairly easily measured, but requires 
specialized instrUments (see Chapter 2). Generating 
estimates of streamflow for temperature predicuon 
would be preferable 10 requiring field measurements if 
relationships were reasonably reliable over large 
geographic areas. Predictions of streamflow can be 
made based on a relationship of flow to some mdex 
of stream or basin size for gaged streams. 
Relationships delermined from gaged streams can 
then be extended 10 ungaged streams. 

Streamflow was measured by the 1WG field crew at 
all primary study sites during the late summer site 
visits when flow was approaching the annual 
minimum. The relationship between flow (log1O; 
m3/s) and the distance from watershed divide (loglO: 
km) is shown in Figure 3.la and the relationship 
between flow and basin area (log1O; km2) is shown 
in Figure 3.1 b. Relationships are good using either 
index of stream size (R2=O.83 and 0.76 respecuvely). 
(The distance water travels downslream from the 
watershed divide is a useful way of looking at stream 
systems from a temperature viewpoint, since it nOl 
only indexes stream size but indicates the tIme that 
water has been in the stream approaching equilibrium 
temperature). 

Another estimate of the streamflow and basin area 
relationship was made using long-term AugUSt mean 
daily streamflow records from USGS gaging stations 
located in WashinglOn (Table 3. J). The records were 
selected from the hundreds published by the USGS 
because gages were sited in watersheds that the 1WG 
knew were relatively small, at least partially forested, 
and did not contain large lakes or reservoir strUctures 
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Figure 3.1 Streamflow in relation to distance downstream/rom watershed divide (A), 
and basin area (km**2) (B). 
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upstream of gage sites. Gages with multiple years of 
record were also preferred. Ninet)' USGS gaging sites 
fit these criteria with basin sizes ranging from 
approximately 3 km2 to nearly 600 km2. (It should 
be noted that there was only one suitable USGS 
gaging station available in eastern Washington.) 

The relationship between the long-term August 
flow and the point estimate of streamflow measured 
at the 1FW study sites in 1988 are shown in Figure 
3.2. Regression lines drawn through each data set 

. show that the 1FW sites have a relationship of flow 
to basin size similar to the USGS sites although 
estimates are somewhat lower. However. variability 
is relatively large and the slopes and.jntereepts of the 
two regressions are not Statistically different (Table 
3.2). 

Either relationship can be used. but the USGS 
relationship will yield an estimate of streamflow that 
averages approximately 50% greater than that 
estimated by the relationship based solely on the 
1FW sites. The lower 1FW flow estimates probably 
result from the fact that the 1FW data are only one 
measurement in time while the USGS sites represent 
a multi-year average of August daily flows. Flows in 
1988 could have been lower on average than the 
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long-term mean. For this reason. the TWG decided 
that the USGS relationship is probably beuer for 
estimating flows on ungaged streams for model 
testing (Chapter 4). It has the added advantage that it 
can be compared to historical site records for 
determining the long-term mean or for examining the 
effect of probable extreme high or low flows. 

Both of the data sets were analyzed to determine 
whether there was significant regional variability in 
estimated streamflow relative to basin area. Most of 
the data in both sources came from the western 
Cascades and Puget Sound lowlands (261FW sites; 
80 USGS sites). with relatively few locations in 
coastal Washington (6 1FW sites; 10 USGS sites) 
and eastern Washington (41FW sites). There were 
regional differences in estimated streamflow. 
especially for smaller watershed areas (Table 3.2.). 
As might be expected. streamflow estimates as a 
function of basin area tended to be lowest in eastern 
Washington and greatest for coastal streams. 

Although prediction equations differ regionally. the 
differences are not statistically significant. The wide 
scatter in the data and the relatively few data points in 
the coastal and eastern regions preclude drawing 

Figure 3.2. ESlimaledf/ow al USGS gaging silesfor the long-Ierm Augusl mean and 
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Table 3.1 Streamflow and basin area information used to develop estimates of groundwater inflow rate and 
August mean daily flow. 

Groundwater 
Basin Area Flow Inflow Rate 

Data Site (BA) (Q) (Q/BA) 

Region Source Site Name Code (km 2) (m 3/s) (m 3/s/km 2) 

Coast TFW Naselle River BC 3.10 0.020 0.0060 

Smith Creek BD 22.60 0.100 0.0040 

Bear River BE 3.40 0.030 0.0090 

Red Creek tributary G\ 5.60 0.070 0.0130 

Red Creek GB 9.50 0.680 0.0720 

Abernathy Creek BA 22.60 0.200 0.0090 

Gennany Creek BB 24.90 0.090 0.0040 

USGS Charlie Creek 12018500 15.28 0.082 0.0050 

E.F. Hoquiam 12038660 67.34 0.566 0.0080 

Moclips River 12039220 90.65 0.934 0.0100 

Raft River 12039520 196.83 4.106 0.0210 

E.F. Dickey River 12043080 103.60 0.765 0.0070 

Dickey River nr LaPush 12043100 222.73 1.303 0.0060 

Sooes River 12043163 82.88 0.850 0.0100 

Sail River 12043190 13.99 0.167 0.0120 

Hoko River 12043300 132.08 1.048 0.0080 

E. Twin nr Pysht 12043430 36.26 0.144 0.0040 

W.F, Grays River 14250500 38.85 0.623 0.0160 

Eastern TFW Bear Creek CA 32.30 0.070 0.0020 

S.F. Little Nalches River CB 39.10 0.160 0.0040 

L. Nalches River at Kaner CC 368.00 1.320 0.0040 

Crow Creek CD 104.00 0.600 0.0060 

CeeCeeAh Creek EA 11.70 0.030 0.0030 

Chamokane Creek EB 0.720 

Norwegian Creek FB 2.30 0.000 0.0000 

Western TFW Ware Creek AA 2.90 0.030 0.0100 

Schultz Creek AB 9.60 0.040 0.0040 

Huckleberry Creek AC 5.30 0.030 0.0060 

Thurston Creek AD 9.10 0.120 0.0130 

Linle Deschmes River AE 20.10 0.070 0.0030 

Deschutes River (RK 60.2) AF 145.00 1.140 0.0080 

Deschutes River (RK 75.5) NJ 32.60 0.480 0.0150 

Cow.eman R.(a. Mulholland) AK 129.00 !.l20 0.0090 

Coweeman R. (a. Goble) AI.. 217.00 1.630 0.0080 

Coweeman R. (a. Baird) AN 74.90 0.780 0.0100 

Mulholland Creek AH 46.50 0.160 0.0030 

Goble Creek AI 65.50 0.270 0.0040 

Baird Creek AJ 22.40 0.280 0.0130 

Herrington Creek I'D 8.20 0.070 0.0090 

PorteT Creek AP 24.90 0.130 0.0050 

Hoffstadt Creek PQ 25.60 0.100 0.0040 
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Table 3.1 continued 

Groundwater 
Basin Area Flow Inflow Rate 

Data Site (BA) (Q) (Q/BA) 

Region Source Site Name Code (km 2) (m 3/s) (m 3/s/km 2) 

TFW Pilchuck River (RM 9.5) !It\ 1.780 
., Pilchuck Creek DB 44.40 0.100 0.0020 

S. Prairie Creek IC 29.30 0.210 0.0070 
Greenwater River ID 120.00 0.770 0.0060 
Squire Creek HC 66.10 0.770 0.0120 
N.Fork Stillaguamish River H3 75.20 0.270 0.0040 
Coweeman R. (a. Andrews) AM 293.00 1.570 0.0050 
Higgins Creek lID 7.20 0.040 0.0060 
Little Deer Creek H" 30.70 0.230 0.0070 
S. Fork Nooksack River HE 3.940 
Edfro Creek HF 7.20 0.010 0.0010 
Deer Creek (at mouth) HI 175.00 1.370 0.0080 
Deer Creek (above DeForest) HH 59.30 0.270 0.0050 

USGS Bear Branch nr Naselle 12009500 31.08 0.340 0.0110 
Naselle River 12010000 142.44 1.473 0.0100 
Salmon Creek nr Naselle 12010500 41.44 0.278 0.0070 
Fork Creek nr leBam 12012000 51.80 0.396 0.0080 
Clearwater Creek 12015100 10.36 0.153 0.0150 
Smith Creek 12015200 150.21 3.511 0.0230 
Deschutes River @ Rainier 12019000 233.09 1.161 . 0.0050 
Elk Creek nr Doty 12020500 12 I. 73 0.538 0.0040 
Porter Creek 12020900 90.65 0.453 0.0050 
Rock Creek 12030000 64.75 0.093 0.0010 
Cloquallum Creek 12032500 168.34 0.963 0.0060 
Big Creek nr Grisdale 12035450 24.86 0.510 0.0210 
Clearwater Creek 12040000 362.59 4.899 0.0140 
Jefferson Creek J205460C 56.98 0.736 0.0130 
Dewallo River 12068500 46.62 0.425 0.0090 
Big Beef Creek 12069550 36.26 0.127 0.0040 
Cranberry Creek 12075500 38.85 0.235 0.0060 
Goldsborough Creek 12076500 101.01 0.708 0.0070 
Deschutes River @ Olympia 12080000 414.38 3.030 0.0070 
East Creek nr Elbe 12083500 31.08 0.122 0.0040 
Little NisquaHy Creek 12084500 72.52 0.311 0.0040 
Mashel River 12087000 209.78 0.793 0.0040 
Ohop Creek 12088000 90.65 0.340 0.0040 
Kapowsin Creek 12093000 67.34 0.159 0.0020 
Carbon River 12093900 196.83 10.364 0.0530 
South Prairie Creek 12094400 56.98 1.388 0.0240 
Greenwater River 12097500 191.65 1.897 0.0100 
Snow Creek 12103500 31.08 0.31 I 0.0100 
Friday Creek nr Lester 12104000 12.17 0.147 0.0120 
Green Canyon Creek 12104700 8.29 0.091 0.0110 
Charley Creek 12105500 28.49 0.623 0.0220 
Rex River 12115500 33.67 0.538 0.0160 
M.F. Taylor Creek 12116700 13.47 0.269 0.0200 
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Table 3.1 continued 

Groundwater 
Basin Area Flow Inflow Rate 

Data Site (BA) (Q) (Q/BA) 

Region Source Site Name Code (km 2) (m 3/s) (m 3/s/km 2) 

USGS Tye River 12129000 207.19 3.030 0.0150 

Troublesome Creek 12133500 28.49 1.557 0.0550 

Wallace River 12135000 49.21 1.274 0.0260 

Elk Creek nr Sultan 12137200 28.49 0.963 0.0340 

Calligan Creek 12142200 18.91 0.144 0.0080 

Hancock Creek 12142300 19.94 0.266 0.0130 

N.F. Toll River 12147500 103.60 3.398 0.0330 

Pilchuck River 12152500 142.44 2.322 0.0160 

Little Pilchuck Creek 12153000 44.03 0.065 0.0010 

Tulalip Creek 12158040 38.85 0.218 0.0060 

Canyon Creek 12161500 155.39 3.002 0.0190 

N.f. Stillaguamish River 12165500 212.37 4.418 0.0210 

Deer Creek @ Oso 12166500 170.93 2.435 0.0140 

Pilchuck Creek 12168500 134.67 0.850 0.0060 

Lightning Creek 12171000 334.10 4.134 0.0120 

Clark Creek 12183000 3.63 0.235 0.0650 

Jordan Creek 12183500 31.08 0.680 0.0220 

Illabot Creek 12184500 108.78 4.531 0.0420 

Jackman Creek 12190000 62.16 0.623 0.0100 

Sulphur Creek 12191800 21.76 0.906 0.0420 

Finney Creek 12194500 134.67 1.076 0.0080 

Hansen Creek 12198000 4.92 0.091 0.0180 

CoaJ Creek nr Sedro Wooley 12198500 25.12 0.062 0.0020 

Canyon Creek @ Kulshan 12208500 22.53 0.538 0.0240 

S.F. Nooksack River 12209000 266.76 5.975 0.0220 

Skookum Creek 12209500 59.57 1.586 0.0270 

Deer Creek nr Valley 12407520 93.24 0.147 0.0020 

Coal Creek 12464800 168.34 0.001 0.0000 

Lewis River 14213200 328.92 0.793 0.0020 

Clearwater Creek 14216300 85.47 1.161 0.0140 

Clear Creek 14216450 121.73 6.003 0.0490 

Muddy River 14216500 339.28 5.918 0.0170 

Canyon Creek nr Amboy 14219000 168.34 1.076 0.0060 

Cedar River nr Ariel 14221500 106.19 0.453 0.0040 

E.F. Lewis River 14222500 323.74 2.379 0.0070 

Dr), Creek 14222950 8.55 0.007 0.0010 

Kalama River 14223000 463.59 7.447 0.0160 

Kalama River 14223500 512.80 8.807 0.0170 

Clear Fork Cowlitz River 14224500 147.62 3.002 0.0200 

Coal Creek nr Lewis 14225000 28.49 0.136 0.0050 

Johnson Creek 14230000 129.50 2.067 0.0160 

Klickitat Creek 14234000 8.55 0.009 0.0010 

Cinnabar Creek 14236400 11.91 0.215 0.0180 

Coldspring Creek 14241200 14.24 0.184 0.0130 

Coweeman River 14245000 308.20 1.671 0.0050 

Abernathy Creek 14246000 51.80 0.311 0.0060 

Elochoman River 14247500 170.93 1.218 0.0070 
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statistically-based conclusions. As more sites are 
measured systematically. this relationship could be 
improved. In this report, we do not differentiate 
relationships by region. 

Where temperature data is compared to basin 
characteristics in Chapter 5. the TWG will use the 
relationship between distance from divide or basin 
area and streamflow based on 1F .. \, data alone (Table 
3.2). This will maintain consistency between 
measured temperature and site data. No attempt will 
be made to account for regional variability. 

When a streamflow estimate was made in 1FW 
simulation setting. (Chapter 4). the following 
procedures were used to estimate streamflow: 

If USGS gage records existed in a basin containing 
the site to be modeled: The average August mean 
discharge was divided by the basin area or stream 
length above the gage to obtain the unit inflow rate 
(termed groundwater inflow rate) (expressed in cms/m 
or cms!km). Multiplying the inflow rate by the basin 
area or stream distance above the site of interest to 
1FW yielded the estimate of flow. The inflow rate 
for most of the suitable USGS sites available in 
Washington are provided in Table 3.1. 
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If the site was in an ungaged watershed. the 
following relationship was used to estimate flow: 

Logl0(Q); -1.928 + 0.9381 x Logl0(Basin Area) 

Flow is estimated for August daily mean flow. in 
cubic meters per second. 

Stream velocity 

Stream velocity is important in determining the rate 
at which heated or cooled water travels downstream. 
Basin temperarure models use average stream velocity 
to estimate the travel time of water between system 
prediction locations (nodes) in the stream system. 
Average stream velocity was measured at each of the 
primary study sites by dye studies conducted by the 
field crew during site visits (Chapter 2). The time for 
the majority of the the dye to travel a measured 
distance was used tD determine the average stream 
velocity. 

The primary use of average stream velocity is in 
basin-wide temperarure modeling. Therefore. a useful 
way to characterize average velocity is as a function 
of distance from watershed divide (Figure 3.3). 

Table 3.2 Linear regression statistics for summer stream/low (log}o;m3Is) in reiation to basin area (/ogIO; 
knI2). Regressions are providedfor USGS August mean daily flow records and the TFW study sites (single 
estimates). Data sets were sOrled by general region within state to produce regional estimates. 

INTERCEPT SLOPE 

Data 
Region Source n Estimate SE Estimate SE R2 

Washington 1FW 38 -2.113 0.135 0.931 0.086 0.75 

USGS 90 -1.928 0.211 0.938 0.111 0.44 

W.Cascades 1FW 26 -2.271 0.147 1.034 0.091 0.84 

USGS 80 -1.902 0.232 0.926 0.123 0.42 

Coastal 1FW 7 -1.769 0.490 0.743 0.468 0.34 

USGS 10 -2.218 0.315 1.091 0.170 0.82 

Eastern 1FW 4 -2.736 0.266 1.154 0.146 0.95 

USGS 
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Figure 3.3. Average stream velocity in relation to distance/rom divide. 
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Average velocity tended to increase with distance 
downstream, as streams gotiarger. The relationship 
between velocity and distance from watershed divide 
is statistically significant, though highly variable 
(Probability that the slope is greater than 0=<0.001; 
R~0.50). Although not shown, the relationship 
between velocity and basin area is similar to Figure 
3.3 (R2=0.53). 

Increasing velocity with increasing distance from 
dividc may seem counter-intuitive, from a perception 
that velocity in small streams is higher compared to 
larger rivers. Based on streamflow equations such as 
Manning's or Chezy's equations, velocity and stream 
power are strongly influenced by channel gradient, 
which generally decreases as streams get larger. If 
gradient alone were responsible for velocity, lower 
gradient streams (generally larger rivers) should have 
lower average velocities than steeper streams 
(generally smaller streams). However, roughness 
contributed by large boulders, channel obstructions, 

and bedforms is significant in steeper streams. These 
roughness elements impede the flow. and offset the 
influence of channel gradient by slowing velocity on 
average compared to smoother rivers. 

Average reach velocity was not related to channel 
gradient (Figure3.4; R2:0.06). suggesting that 
roughness factors have a more significant effect 
Estimates of roughness due to riffles. pools and large 
obstructions were not made for this study. 
Insufficient data were available from study sites to 
provide appropriate indices of each roughness on a 
reach scale to relate with velocity. 

Where stream velocity or travel time was used in 
basin temperature modeling. the relationship between 
average velocity and distance from watershed divide 
was used. When distance of a prediction location 
from the watershed divide was less than 3 km, an 
average velocity of 0.05 mls was assumed. 
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Figure 3.4. Average stream velocity in relation 10 channel gradient. 
(Vel=0236 - 0.068 x LogJO(Gradient), R**2=0.06). 
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GROUNDWATER 

Groundwater influx along the stream channel can 
have an imponam cooling effect on stream 
temperature since the usual surnmenime mean daily 
stream temperatures are often above the temperature 
of groundwater (approximately lOOC in most 
streams). The groundwater cooling effect depends on 
the rate of groundwater influx relative to the volume 
of flow in the stream and the temperature of the 
groundwater relative to the temperature of the stream. 

InOo,," Rate 

Reiatively little has been characterized about 
groundwater inflow, including its pathways into the 
stream (for instance, does groundwater usually enter 
continually along the stream system or at discrete 
seep locations?) or its rate (which is probably 
influenced by climate, lithology, and the presence of 
deep and shallow aquifers). Here groundwater inflow 
rates are compared both regionally and within 
watersheds to evaluate if tilere were systematic 
patterns in spatial variability. 

The groundwater inflow rate (Qgw) during tile 
summer months was assumed to be tile average 
streamflow (Q) divided by the total length of stream 
(including tributaries) above a location (L), since 
flow is generally contribuled by subsurface seepage 
to stream channels and not derived from direct 
precipitation or storm flow . Therefore, the 
groundwater inflow rate is the same as unit 
streamflow for the summer months. The units of 
groundwater inflow rate arc m3/s/km. We used 
distance from watershed divide as the measure of 
stream length. (Values calculates using the entire 
stream length above the location were also analyzed. 
but results were not found to differ from values 
calculates using the distance-from-divide, which is 
simpler to measure. We therefore include only the 
latter for review). 

There is signifieant variability in groundwater inflow 
rates in Washington. Streamflow data for the 90 
USGS ga~ing stations used in streamflow analysis 
are provided in Table 3.1, and the frequency 
distribution of groundwater inflow rate estimated 
from USGS data are shown in Figure 3.5. August 
groundwater inflow rate tends to range from 
approximately 0.004 to 0.025 m3/s/km. Rates were 
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Figure 35. Frequency of observations of groundwater inflow rate for the U.S.G.S. 
flow gaging stations in Washington based on the long·term August mean flow and 
basin area. 
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as low as 0.0008 and high as 0.065 at some USGS 
Iccations. There was not sufficient geologic and 
climatic information available for the USGS sites 10 
identify regional rrends based on these faclOrs. 

To determine if there was systematic variability in 
groundwater inflow within basins, groundwater 
inflow rate was examined in relation 10 basin area. 
The hypothesis was that if groundwater inflow rate 
varies with srream size, the slope of the linear 
regression between basin area and inflow rate should 
be significantly different than zero. To obtain 
suitable sets of data, two approaches were used. In 
one, srreamflows were measured by cooperalOrs in 
some of the major basins in the TFW temperature 
study. Flow in a number of srreams ranging in size 
from small 10 large in each basin (including but not 
limited to the temperature sites). were all measured 
on the same day when there was no storm events 
affecting srreamflow. In the second approach. 
estimates from the USGS and TFW sites throughout 
WashingtOn were compared to basin area. 

As wim the regional analysis. there was wide 
variability in groundwater inflow rate within basins 

(Table 3.3). Qgw varied by an order of magnitude in 
every basin measured. The basin average Qgw. 
however. was more consistent. ranging between 
0.002 and 0.012 m3/s/km. These basin estimates are 
similar to the statewide observations shown in 
Figure 3.5. These results suggest that there tends 10 
be as much variability in groundwater inflow rate 
within basins as between them. 

There was no systematic relationship between basin 
area and groundwater inflow rate in any of the 
watersheds surveyed (Table 3.3). In no case was the 
slope of the regression line significantly different 
than zero. and correlation coefficients were very low. 
Similar results were obtained by examining the 
USGS and TFW data sets. There also were no 
statistically significant relationships between basin 
area and groundwater inflow rate (Table 3.4). 
Therefore. groundwater inflow rate (and unit 
discharge) were assumed 10 be uniform within a basin 
for modeling purposes. although in reality it is 
highly variable. No panerns in groundwater inflow 
rate related 10 geology and climate were identified. 
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Table 3.3 Measured groundwaler inflow rale (QIBasin Area; m3lslkm2 )for TFW basin surveys. Measurements 
for sites in each watershed were mfllie on same day. The regression slalistics are for lhe linear regression of Qgw = 
LogJ()lJasin Area. The probability of> T tests the hypothesis thai the slope of the regression line is not 
statistically significant than zero (no relationship). A low value of the probability (pr<0.05 or 0.10) indicates 
that the slope differsfrom zero. 

Watershed 

Abernathy Crcck 

Chehalis River 

Dcschmes River 

Cedar Creek 

Coweeman River 

Little 
Natches R. 

S. Prairie Cr. 

Smith Creek 

Deer Creek 

Number of 
Sites 

5 

16 

9 

8 

3 

8 

6 

4 

8 

Groundwater 
Inflow Rate 

Average 

0.0055 

0.0044 

0.0122 

0.0034 

0.0062 

0.0007 

0.0088 

0.0024 

0.0075 

Range 

0.0036-
0.0085 

0.0026-
0.0072 

0.0014-
0.0250 

0.0005-
0.0043 

0.0023-
0.0130 

0.0011-
0.0137 

0.0004-
0.0298 

0.0008-
0.0060 

0.0012-
0.0137 

Regression Statistics 

Prob. of R-Square 
Slope >T statist(c 

0.00 0.59 0.08 

0.00 0.75 0.01 

0.00 0.42 0.08 

0.00 0.73 0.02 

0.00 0.88 0.01 

0.00 0.91 0.00 

0.00 0.89 0.00 

0.00 0.63 0.09 

0.00 0.70 0.02 

--~------------------

Table 3.4 Regression slOtisticsfor lhe relationship between groundwaler inflow rate (m3lslkm)and basin area 
(km2)Qgw=f(logJOBaSin Area))for the USGS and TFW gaging sites. The probability statistic is lhe T-slatislic 
probability thai the slope of the regression is not significantly different than zero. 

Regression Statistics 

Prob. of 
Source N Slope Intercept >T-statistic R-Square 

USGS 90 0.00 O.DlS 0.57 0.00 

1FW 38 0.00 0.007 0.98 0.00 
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Groundwater Temperature 

Groundwater temperature is generally cooler than 
observed Stream temperatures and thus ean have a 
cooling effect on stream temperature during the 
warmer summer months. Where there are thermal 
aquifers near the surface (hot springs, and so forth), 
groundwatcr temperature can also be significantly 
greater than stream temperature. Temperature 
prediction models require an estimate of groundwater 
temperature, but there are few available 
measurements of the temperature of groundwater 
feeding forest streams. Several approaches were taken 
to identify an appropriate estimate of groundwater 
temperature. 

Groundwater temperature varies slowly over the 
course of a year. In most situations, the subsurface 
water temperature ranges approximately 30C around 
the mean annual air temperarure (Adams and Sullivan 
1990). Based on an average annual air temperature of 
I(JoC at Olympia, this would suggest groundwater 
temperature should vary between 8.5 and ll.5oC. 
Factors that would influence air temperature would 

Timber/FishJWildIi(e Temperature Stud)' 

also influence groundwater temperature. 

Another estimate of groundwater temperature may be 
the minimum nighttime temperature of small 
streams. For several small streams in the Deschutes 
basin near Olympia, minimum temperature tends to 
be approximately 10-11 0C (K. Sullivan, pers. 
comm.), agreeing fairly well with the estimate. 

USGS well temperature records were also examined 
for 499 sites distributed throughout Washington. The 
most frequently observed groundwater temperatures in 
July arelO-120C (Figure 3.6). Also observed were 
temperatures as low as 5 and as high as 220C. These 
data are biased toward low elevation sites. An 
alternative method of estimating groundwater based 
on air temperature was examined. Since groundwater 
varies in a relatively constant manner with air 
temperature (Adams and Sullivan, 1990), the 
groundwater temperature was estimated based on the 
mean annual air temperature. Using the mean annual 
air temperature isotherm map for Washington from 
Collings (1973), groundwater temperature was 
estimated for each site based on the estimated air 
temperature. A simplified version of this map is 
shown in Figure 3.7. 

Figure 3.6. Groundwater temperature of USGS wells in Washington State. 
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CHANNEL CHARACTERISTICS 

While a number of channel characteristics potentially 
influence stream temperature, the characteristics of 
greatest importance are stream depth and width. 
Generalized basin relationships for these 
characteristics are developed in this section. These 
relationships are used to estimate channel 
characteristics for sites nOl visited by the TWG field 
crew. 

Stream Depth 

Stream depth is one of the most important geometric 
characteristics that defines channel geometry for 
energy transfer purposes. Depth affects the response 
time of the stream to changes in energy, and thus the 
magnitude of the daily stream temperature 
fluctuation. Shallow streams respond rapidly to direct 
solar radiation reaching the stream surface (Brown 
1969). and this rapid response creates potentially 
large daily fluctuations in water temperature in 

TimberfFishtWildli(e Temperature Slud ... , 

streams without shade. Deeper streamS have greater 
thermal inenia, and respond more slowly and at lower 
magnitude to changes in solar insolation. Streams 
that have fundamentally different depth characteristics 
are likely to have fundamentally different temperature 
regimes and different responses to vegetation 
removal. 

How to characterize stream depth is an important 
consideration since depth varies significantly over 
shan slteam lengths between riffles and pools. In 
this study, depth was estimated as the weighted 
average depth of the channel units in the sample 
reach measured during the summer months (Chapter 
2). This measurement method was considered the 
most accurate estimate of average depth, although it 
is labor-intensive. 

Streams tend to increase in depth as they get larger 
(Figure 3.8a,b). Linear regression shows similar 
results whether depth is determined as a function of 
distance from watershed divide or of basin area. As 

Table 3.5 Regression statistics for the relGlionship between stream depth (m) and diSlance from watershed 
divide (Ian) and basin area (lan2). 

REGRESSION STATISTICS 

SLOPE INTERCEPT R2 
( ~) (a) 

Region n Estimator S.E. Estimator S.E. 

Depth = All 35 0.0073 0.0014 0.193 0.0250 0.44 
f(Distance) 

Coast 6 0.453 0.0096 0.Q18 0.0714 0.78 

Western 26 0.0075 0.0015 0.195 0.0283 0.49 
Cascades 

Eastern 5 0.0093 0.0017 0.097 0.0314 0.85 

Depth = 
f(Basin Area: All 39 0.1375 0.0280 0.105 0.0434 0.39 
(10£10) 

Coast 6 0.2512 0.1468 0.078 0.1535 0.24 

Western 26 0.1625 0.0313 0.061 0.0509 0.50 
Cascades 

Eastern 5 0.1484 0.0145 0.011 0.0243 0.95 
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Figure 3.8 Stream depth (summer low flow) in relation to distance from 
watershed divide (A) and basin area (B). 
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expected, there is wide variation in depth as a 
function of distance or basin area (R2=0.44 and 0.37 
respectively). No attempt was made to stratify study 
sites by valley types, which would probably have 
helped to account for some differences in depth. 

A tendency was noted for streams in coastal 
Washington to be deeper than similar-sized streams 
elsewhere in the state (fable 3.5), which probably 
reflects the geology (deeply weathered marine 
sediments) of many of the SlTeams measured in this 
region. There were no major differences between 
other locations in western and eastern Washington. 

.Stream Width 

Stream width (i.e., wetted width) is important to the 
extent that it affects the potential shading from 
streamside vegetation. Narrow streams can be easily 
shaded, even by relatively shan vegetation, while 
wide streams will remain more open, even under 
mature forest vegetation. By influencing the baseline 
vegetation densit)', stream width tends to determine 
both solar radiation amounts and the air temperatures 
in the stream environment, which is very influential 
in determining water temperature. Baseline patterns 
of canopy density are related to those of stream 
width. Where canopies are more open, the air 
temperature in the vicinity of the stream tends to be 
similar to that above the forest canopy. 

Wetted Width. For modeling of summer 
temperatures, wetted stream width was the 
characteristic of greatest interest. In this study, 
average weued width was estimated as the weighted 
average width of the channel units in the sample 
reach measured during the summer months (Chapter 
2). 

Summer weued width increased as a function of 
distance from watershed divide (Figure 3.9a; 
R2=O.79) and basin area (Figure 3.9b; R2=O.66). 
Although the predictive relationships are good, there 
is wide scatter in the data, particularly in larger 
streams. The linear regression lines are as follows: 

Wetted Width=0.97 + 0.326 x Distance 
(R2=0.79) 

Wetted Width=-2.51 + 5.65 x Log\O(Basin 
Area) (R2=0.66) 

Timber/Fish/Wildlife Temperatu.re Studv 

Bankfull Width. Bankfull width increases as a 
function of distance from watershed divide and basin 
area in a manner similar to those shown for wetted 
width (bankfull width not illustrated). 

Bankfull Width=5.1 + 0.519 x Distance 
(R2=0.60) 

Bankfull Width=-I.60 +9.64 x Log\O(Basin 
Area) (R2=O.57) 

Bankfull width and wetted width are related to one 
another according to the following relationship: 

Wetted Width=-0.15 + 0.141 x Bankfull 
Width (R2=O.69) 

Channel Gradient 

Although not a critical input variable for stream 
temperature models, channel gradient is probably an 
important characteristic that differentiates stream 
types (fFW Ambient Monitoring Steering 
Committee Workplan 1988). Channel gradient was 
measured by the TWG field crew in several ways. 
Accurate measurement of channel gradient is difficult, 
especially without expensive surveying equipment 
The TWG field crew developed a method using a hand 
level that was calibrated until measurements were 
reasonably similar to that Obtained using an autolevel 
(methods described in Chapter 2). The field 
measurement was then compared to an estimate made 
using a USGS topographic map. 

The measured gradient value appeared to be fairly 
similar to the map-derived value for the higher 
gradient reaches, although the scatter is significant 
(Figure 3.10). Considerable eTTor could result from 
using a map-derived value instead of field measured 
data. 

The average channel gradient of the study sites 
grouped by Washington water type are as follows: 
type 1=1.25%, type 2=1.75% and type 3=2.8%. 
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Figure 3.9. Stream welted width (summer lowflow) in rela/ion to distance 
dawnstreamfrom watershed divide (A) and basin area (B). 

100~---------------------------------------------' 

A) 

• 
10 

1 

• log10Width; 1.66 + 0.301Distance W"2; 0.551 

. 1 +-----.------r----,....----r-----.-----,.----,....----r-----.----i 
o 1 0 20 30 40 50 

Distance from Divide (km) 

100 

B.) 

10 

• 
, 

• • • •• .. • •• • • • • 
1 

• 
log10Width ; 3.2062 + 0.0410g1 OArea W"2; 0.67 

1 10 100 1000 

Basin Area (km**2) 



50 Stream and Basin Characterization 

~ 
~ -c ., 
'0 
'" ~ Cl 
c. 
'" :E 

Figure 3.10. 
The relationship between stream gradient 
measured in the field with a level and gradient 
estimatedjrom USGS /Opographic maps. 
(LogJO(Map)=O.176+0.689LoglO(Measured). 
R**2=O.66). 
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RIPARIAN CANOPY COVER 

Riparian canopy detennines the solar energy available 
to streams and the air surrounding them as well as 
the energy lost from streams from radiation and 
evaporation. Radiative energy transfer imo and out of 
the stream environmem is detennined by how open 
the stream is to the sky. For stream temperature. the 
important shading characteristic is the amount of the 
hemispherical view above the channel that is open to 
the sky (view factor, %) and the amount that is 
blocked by riparian vegetation or hillslopes (blocking 
or shade factor= I-view factor). The view factor, or 
its inverse the blocking factor, can be measured in 
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the field with a densiometer or simply estimated 
visually (see Chapter 2). 

Riparian vegetation is important in regulating stream 
temperature, especially in smaller streams where it 
has its greatest shading effect (Brown 1969). Riparian 
vegetation primarily influences the diurnal 
temperature fluctuation and therefore maximum 
stream temperature (Beschta and others 1987). Larger 
streams are generally wider and riparian vegetation is 
less effective in shading the channel. At some 
location along a river, channels are sufficiently wide 
that the influence of riparian shading on Water 
temperature is negligible. 

Baseline estimates of stream shading under mature 
forest canopies in relation to stream width must be 
estabiishea. Riparian characteristics of the primary 
study sites were analyzed to estimate average \"Giue5 

of the view factor in mature forest streams over a 
range of stream widths. Mature riparian vegetation 
density was related to stream width for study sites 
described as mawre forest or fully shaded. Where 
streams were described as fully shaded, the shading 
could come from conifers or mature second-growth 
hardwoods. Only eleven of the primary sites were 
considered reasonably suitable for estimating mature 
vegetation shading characteristics. A far greater 
number of carefully selected sites in mature forests 
along all stream sizes sho",d be measured to inorease 
confidence in the important relationship shown in 
Figure 3.11. This relationship is the basis for 
estimating the natural sky view factor under baseline 
forest conditions, and at sites where changes in 
vegetative stands has occurred in the past. 

The view factor increases with distance from 
watershed divide (Figure 3.11). Based on the TFW 
sites, a site on a river approximately 30 km 
downstream from its source may be only 50% shaded 
by the forest vegetation along its banks. This would 
have significant effect on the baseline temperature of 
the river. The view factor is also related to the weued 
channel width (Figure 3.12) since stream width also 
increases significantly as rivers and basins increase in 
size. The relationships are; 

View Factor=13.1 + 1.95 x Distance from 
Divide (R2=0.66) 

View Factor=13.6 + 4.84 x Wetted Width 
(R2=0.62) 
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Figure 3.11. Sky view faclOr (100% is complelely open) for malUre foresl 
vegelalion in rela/ion 10 diSlance downs/reamfrom walershed divide. 
(View=13.1 +1.9S*dislance. r··2=.66). 

0 

• 

1 0 20 30 40 50 

Distance from Divide (km) 

Figure 3.12. Relalionship belween Ihe view faclor (complelely open is 100%) 
and welled channel widlh wilh eSlimmed basin area size categories equaling to 
riparian canopy closure calegories. Dala is from siles wilh mature foresls. 

• , 
:. , , , , , , , , 

• Area=250 km··2 

Area=50 km··2 

• 
Area=9 km··2 

2 4 6 8 10 1 2 14 

Wetted Channel Width (m) 

60 

1 6 



52 Stream and Basin Characterization 

Also shown in Figure 3.12 are the approximate basin 
sizes, (determined from the wetted widthibasin area 
relationship), where general shading categories occur. 
For example, the sky view factor is predicted to be 
almost 25% open when basin area is 9 km2, 50% 
open at basin area of 50 km2 and 75% open at basin 
area of 250 km2. 

Methods of measuring the view factor. Several of the 
temperature models request detailed measurements of 
many riparian characteristics to derive an estimate of 
the total percent of the sky that is open or blocked, 
depending on how the model expresses shading or 
lack of it. These detailed measurements may divide 
the entire sky view into zones and evaluate each 
separatel)', or may estimate the individual 
contribution of different components such as 
overstory and understory vegetation to the total 
shading. These refinements can add considerable 
complexity to estimating total shading. 

TimherIFish/l\'ildli(e Temperature Study 

If models are to be used widely to assess forest 
practice applications, it would be desirable to 
calibrate quicker methods for estimating the view or 
blocking factor relative to the these models' more 
elaborate methods, which require more training and 
Significantly greater field time. Testing of 
temperature model predictions using different 
estimates of the view factor will be performed in 
Chapter 4. Here we compare the sky view factor 
measured with a densiometer to the calculated sky 
view factor of the USF&WS SRSHADE model that 
computes the total shading from a number of 
individual vegetative characteristics as described 
above and in Chapter 2 (Figure 3.13). The calculated 
sky view is generally close to the measured value 
(B=l.l1; R2=0.75), although the calculated sky 
view tends to overestimate lIle view factor when 
streams are more open (sky view factor greater than 
50%). 

Figure 3.13 Comparison of measured sky view factor (densiometer readings) 
and calculated sky veiw form USF & WS SRSHADE Model. 
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CLIMATE VARIABLES 

Air Temperature 

Local air temperature in the vicinity of the slIeam 
regulates many of the processes of heat loss from the 
sueam. The difference between air and water 
temperature determines the rate of energy exchange 
for several heat transfer processes included in the 
energy balance. The daily mean suearn temperature 
under e<juilibrium conditions is generally near the 
daily mean air temperature (Adams and Sullivan 
1990). Furthermore, the diurnal fluctuation of water 
temperature will be slIongly influenced by the 
fluctuation of solar insolation and air temperature. 
Therefore, air temperature influences both mean and 
maximum water temperature regardless of riparian 
cover and stream size, and is an important input 
variable in several of the prediction models. 

Spatial variability in air temperature is an important 
but poody quantified, characteristic of SlIearn 
environments. Air temperature appears in 6 of the 7 
heat uansfer e<juations included in energy balance, but 
where the relevant air temperature is measured differs 
for each process. For example, the back radiation 
e<juation assumes a sky temperature well above the 
suearn, the convection e<juation considers air at the 
suearn surface and the evaporation rate is often 
measured 2 meters above the water surface. Lacking 
knowledge of the spatial variability in air 
temperature, it is not clear what air temperature 
should be used as model input. Funhermore, 
relatively little has been documented about changes 
in air temperature in the vicinity of slIeams with 
vegetation removal. 
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Air temperature at a sueam site is rarely available for 
SlIearn temperature prediction. Until recently, air 
temperature has not often been measured along with 
water temperature in forest suearns. Although the 
SSTEMP temperature model is also sensitive to air 
temperature, this model allows the use of air 
temperature values measured at distant locations such 
as NOAA weather stations. Use of remote estimates 
of air temperature may result in inaccurate estimates 
of water temperature. 

How does local air temperature measured at the 
slIearn relate to basi n air temperature above the 
canopy and to regional alf temperature at distant 
sites? Air temperature in the SlIeam environment 
was characterized and its relation to regional weather 
stations was evaluated. 

In The Riparian Zone 

Air Temperature Within the Riparian Zone. Local air 
temperature in the riparian zone was measured while 
walking a uaverse through the riparian zone. The 
IIaverse began at the channel bank (making the same 
measurement as local air temperature recorded by 
insuuments) and proceeded perpendicularly away from 
the suearn for a distance of up to 100 meters. Where 
a clear buffer strip existed, the uaverse was extended 
through the buffer into the adjacent cutover stands 
and temperature was measured under both the 
canopied and open areas. 

Air temperature tended to increase slightly with 
distance away from the sUearn banks in all riparian 
zones, regardless of vegetation conditions. Since tim e 

Tahle 3.6. Relative change in air temperalure within riparian zones o/varying overstory vegelOlion 
conditions. Distances/rom the srreambank ranged between 15-25 meters unless a buffer was present. 

Mature Forest 

Buffer 

Vegetation 
Cover 

Within Buffer 

Harvest Area Beyond Buffer 

No Buffer 

Percent Change in 
Air Temperature 

Relative to SlIearnside Area Air 
Temperature (oe) 

+1% 

+5% 

+15% 

+2% 
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Table 3.7 Regio",,1 air temperature analysis. Comparison of air temperature atforeSl sites with best matching 
NOAA regional site. (Each site was compared with all six NOAA stations. only the best is shown.) 

DAILY MEAN DAILY MAXIMUM 

Average 
STREAM ElEV R2 Slope Intercept R2 Slope Intercept Best Difference 

(m) Match (C) 

Ware Creek (AA) 436 .70 .43 2.9 0 0 0 OLY -4.5 
Thurston Creek (AD) 292 .88 .77 0.8 .83 .69 2.0 OLY -2.7 -
Huckleberry Creek (AC) 197 .87 .71 1.3 .84 .61 2.7 OLY -3.0 
Liule Deschutes River (AE) 269 .79 .88 -0.3 _83 .82 -0.2 OLY -2.1 
Hard Creek (AR) 450 .84 .77 -0.1 .84 .85 -2.0 OLY -3.6 
Deschutes R. (RK75.5) (AG) 342 .75 .85 0.4 .76 .88 -0.9 OLY -2.0 
Deschutes R. (RK 60.2) (AF) 168 .88 .74 1.8 .88 .70 1.8 OLY -2.1 
Deschutes R. (RK41.2)(AS) 110 .83 .75 2.4 .94 .81 0.9 OLY -1.5 
Porter Creek (AP) 109 .78 .71 2.1 .91 .84 -0.5 OLY -2.5 
Goble Creek (AI) 48 .82 .72 3.3 .88 .97 0.5 OLY -1.1 
Baird Creek (AJ) 216 .59 .66 2.9 .69 .77 1.2 OLY -1.1 
Mulholland Creek (AH) 111 .79 .68 2.7 .86 .77 1.0 OLY -2.4 
Coweeman R. (at Goble) (AL) 43 .82 .72 3.3 .88 .97 0.5 OLY -1.1 
Coweeman R. (at Mull.) (AK) 115 .79 .68 2.7 .86 .77 1.0 OLY -2.4 
Coweeman R. (at Baird) (AN) 209 .59 .66 2.9 .69 .77 1.2 OLY -2.4 
Herrington Creek (AO) 375 .24 .86 -2.3 .36 1.14 -8.0 OLY -4.5 
HoffSladt Creek (AQ) 587 .86 .92 -1.6 .86 1.02 -4.1 OLY -2.8 
Schultz Creek (AB) 540 .83 .99 -1.8 .83 1.04 -4.0 OLY -1.9 
Red Creek (GA) 41 .60 .51 5.4 .76 .63 6.5 QUll. -1.8 
Naselle River (BC) 288 .80 .75 0.8 .88 .92 -3.0 OLY -3.1 
Bear River (BE) 92 .64 .51 5.3 .80 .58 4.7 QUll. -2.0 
Smith Creek (BD) 67 .80 .65 3.0 .79 .90 -0.8 OLY -2.5 
Pilchuck River (RK 15.4)(DA) 38 .84 .75 2.4 .86 .95 -0.6 OLY' -1.4 
Pilchuck River (RK2.7) (DB) 49 .76 .60 3.3 .84 .71 1.7 OLY -2.8 
Squire Creek (HC) 130 .84 .83 0.6 .85 .88 -1.5 OLY -2.0 
Greenwater River (ID) 122 .82 .91 -2.4 .77 1.04 -5.2 OLY -3.9 
S. Prairie Creek (lC) 527 .79 .68 0.6 .71 .73 1.0 OLY -4.2 
Ten Creek (IA) .87 .84 0.7 .92 .95 -2.2 OLY -1.9 
Bear Creek (CA) 956 .91 .82 -4.2 .84 1.03 -10.7 YAK -7.5 
S. Fork Natches (CB) 949 .91 .82 -3.8 .87 .9 -9.4 YAK -7.1 
Crow Creek (CD) 827 .73 .64 0.9 .73 .89 -5.8 YAK -6.6 
CeeCeeAh Creek (EA) 1048 .97 .81 -3.2 .96 .95 -4.7 SPOK -6.6 
Charnokane Creek (EB) 446 .77 .62 3.5 .97 .85 2.4 SPOK -4.1 
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of field visits varied, the change in air temperature 
with distance from streambank is expressed as a 
percentage change from the temperature measured at 
the bank. The increase was only about I % of the air 
temperature at the bank in riparian zones vegetated 
with mature trees and 2% where no buffer was 
present at all (Table 3.6). Distances traversed ranged 
from 15 to 25 meters away from the stream bank. 

Comparisons between air temperature within and 
Outside buffer snips revealed that buffer snips do 
minimize air temperature changes in the riparian 
zone. In paired measurements, air temperature 
increased about 5% with distance within the vegetated 
buffer, andjurnped to 15% greater beyond the 
boundary between the cutover area and the buffer 
(Table 3.6). Presumably, the air temperature was 
already elevated near the stream bank where no buffer 
was present, and the small change with distance noted 
above was from a temperature probably on the order 
of 10% greater than had overstory trees been present. 
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Regional Relationships 

Relation to Regional Weather Data. Air temperature 
measured near streams was compared to weather data 
from regional NOAA weather stations to develop an 
understanding of the applicability of regional weather 
data to basin or rcach temperature modeling. This 
was accomplished with existing data sets where 
available and with oata recorded at the 1FW study 
sites in 1988. Regional weather stations used for air 
temperature analysis in this study were located in 
Olympia, Yakima, Seattle-Tacoma Airpon ncar 
Seattle, Stampede Pass, Spokane, Yakima and 
Quillayute (NOAA 1988). 

Generally, measured air temperature at stream sites 
was fairly well related to that at regional sites, 
although there was considerable variability in the 
relationships. Daily maximum and mean air 
temperature at the study sites were regressed against 

Figure 3.14 Relative difference in mean daily air temperature between/orest 
stream sites and regional weather stations at sea level. Actual temperature decreases 
with elevation. Eastern Washington sites are included. 
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m3lching data from the regional sites to identify the 
regional site each slUdy site was best related to, and 
how variable the relationship was. (All study sites 
were related to all regional sites.) The best regional 
site and the predictive relationship (R2, slope. and 
intercept) for each site are provided in Table 3.7. 

Somewhat surprisingly. the Olympia station was the 
best related to most of the forest sites on lhe West 
side of the Cascades. Coefficients of determination 
(,2) ranged from 0.24 to 0.87. Although actual air 
temperature values at Stampede Pass tended to be 
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closer to those at the forest stream sites, the 
relationships tended to be more highly variable on a 
day-to-day basis. Olympia predictions tended to be 
more accurate over the period. Air temperalUre tended 
to be lower at the forest stream study sites than at 
regional weather stations. 

The average temprature difference is also shown in 
Table 3.7. This result is expected since most regional 
weather stations are located at lower elevations. (Air 

temperature should decrease approximately 20C per 

Figure 3.15 Average July air temperacure characteristics of study sites. 
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300 meters elevation from adiabatic cooling.) 

Regional weather sllltion dalll was corrected for 
elevation differences at forest s!ream sites using 
relationships summarized from dalll in Table 3.7. The 
average difference between sea level air temperature 
(using Olympia as the sea level index station) and 
that at the forest s!ream study sites is plotted as a 
function of elevation in Figure 3.14. Adiabatic 
cooling relationships do not entirely explain the 
differences between sites, but elevation does account 
for approximately 55% of the variance in the 
relationship. (Regressions of the temperature 
difference and riparian vegellltion cover were not 
sllltistically significant.) Lower elevation forest 
s!reams tended to be have cooler air than expected, 
while higher elevation sites (most of these are on the 
east side of the Cascades) tend to be somewhat 
wanner. 

Characteristic Air Temperature Profiles. SSTEMP 
and TEMPEST require input of hourly or daily air 
temperature to calculate water temperature. Corrected 
dalll from regional sites (described above) can be used 
as this input. As an alternative method of estimating 
air temperature, characteristic hourly air temperature 
profiles were determined from the air temperature 
measured at the study sites. Average July air 
temperature charaCteristics for the 33 primary sites 
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are shown in Figure 3.15 to indicate the general 
characteristics at each site. 

The air temperature values for all sites in a category 
were averaged by hour for the period from July 15 to 
August 15. These averaged air temperature profiles 
can be used as input to the temperature models 
where measured air temperature is not available. The 
appropriate air category can be found by using the 
regression equation provided to estimate maximum 
air temperature based On site characteristics. 

Stepwise regression was performed to determine the 
site and basin characteristics that best explained 
maximum and mean air temperatures at the study 
sites. The average of daily maximum and mean 
temperature for the period from July 15 to August 15 
was used for this analysis. A number of site 
characteristics were identified as independent variables 
that could explain air temperature characteristics: 
elevation, diSlllnce from watershed divide, Sl!eam 
width, and riparian shading. The stepwise regression 
identified three variables that were significantly 
related to maximum and mean air temperature of the 
study sites: elevation, dislllnce from watershed divide 
and s!ream width. Riparian vegetation conditions did 
not significantly influence air temperature, on 
average. The best regression equations for maximum 

Figure 3.16 Sites in air group 3 with average maximum july air temperature = 21.0-22.9 C. 
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and minimum air temperature are as follows: 

Maximum = 20.2 +«0.215*distance) + 
(0.003*elev)-(0.225*bankfull width» 

R2:0.59 

Mean= 14.3 + «0.113*distance) + 
(0.OOI*elev)-(0.125*bankfull width» 

RkO.63 

Characteristic hourly air temperature profiles were 
developed by grouping siles into temperature 
categories based on the observed average maximum 
air temperature for July. Categories represented twO 
degree increments; seven categories were needed for 
the range of temperatures observed at the sites. 
Placement of sites in air temperature categories is 
shown in Table 3.8. An example of the average air 
temperature characteristics of sites grouped in one of 
the air categories (category 3) is shown in Figure 
3.16. Maximum and mean air temperature tends to be 
very similar for sites grouped within the categories. 
even though sites in a given category are found in a 
different areas of the state. Minimum temperature 
tends to vary more within the categories than other 
temperature characteristics. Note thaI both of the 
higher air temperature categories had only one site 
within them. 
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In Relation to Long Term Average 

Since the study was conducted during the summer of 
1988. and many of the regionalized relationships are 
developed with data from this year only. it is 
important to understand how climatic conditions in 
1988 compare with the longer term. Air temperature 
was used as an indicator of wealber conditions. 
Average daily mean air temperature records (July 15-
August 15) for 1988 are shown relative to the long­
term average for three of the regional weather stations 
in Figure 3.17. Generally. air temperature tended to 
be slightly above normal in 1988. and was consistent 
at all of Ibe weather stations. About 50% of the days 
tended to be warmer than average. while about 50% 
were equal 10 or less than normal. 

The TWG had no efficient way of determining how 
1988 data compared to the extreme values recorded 
historically because of Ibe way in which data is 
reponed by NOAA. Nevertheless. the conclusions 
reached in this study are indicative of climate 
conditions tbat are warmer tban Ibe long-term 
averages recorded throughout the state. 

Table 3.8 Air temperature cOiegories based on observed temperature (average of daily 
maximum air temperature during July). (Only sites with more than 25 measuremenr days were 
used.) 

Categories Sites Included 
I 

17.0-18.90 C BE.AC 

2 
19.0-20.9 AQ. AR. BC. AN. AP.AD.AF.AK 

3 
21.0-22.9 AB. IC. BD. ID.AG. AE 

4 
23.0-24.9 CB. AL. CA. AO. EA 

5 
25.0-26.9 --

6 
27.0-28.9 CD 

7 
>29.0 EB 
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Relative Humidity 

Relative humidity, air temperature, solar radiation, 
wind speed, and water temperature was monitored at 
five sites in the Deschutes Basin with a ponable 
climate station for about twelve days at each site 
during July and August 1988. Plots of these data 
(Fig 3.18) illustrate the linkage between relative 
humidity and air temperature. At a given vapor 
pressure, the relative humidity varies with air 
temperature. Due to the shon period of record and 
lack of geographical coverage, no attempt was made 
to use these data for model testing. These data do, 
however, present intriguing questions of time 
variability of relative humidity and wind movement. 

Srream and Basin Characzerization S9 

Solar Radiation 

Regionalized model-parameter relationships were 
needed for simplified stream temperature simulations 
using the prediction models. One of the key 
parameters was the heat fiux due to solar radiation. 
Fundamental to the computation is the average daily 
solar insolation reaching the caM's surface. Solar 
insolation profiles for the period from July 15 to 
August 15 were developed using a mix of historical 
weather records and estimates generated by the SS­
SOLAR model. Median values of air temperature, 
percent possible sun, relative humidity, and cloud 
cover were compiled from the NOAA Local 
Climatological Data for Quillayute, Seattle-Tacoma 
airpon. and Spokane stations. Site measurements and 
the weather data were input to the SSSOLAR model. 
The computed daily values were then compared to the 
long-term measured values for these localities 
(Critchfield 1978, Cinquemani and others 1978). 
Calibration coefficients were applied to bring the 
computed profile into agreement with the published 
values. Figure 3.19 shows the resulting profiles. 
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CHAPTER 4 
SITE MODEL EVALUATION 

INTRODUCTION TO MODELS AND 
THEIR USE 

Models are useful UXlls in resource management. 
They allow managers to analyze the effects of 
management decisions based on objective criteria 
applied to the physical and biological systems 
influenced by management practices. However, 
models are often applied without a critical assessment 
of whether model use is appropriate in a given 
situation, or whether model results are reliable and 
can be used with confidence. Appropriate use of a 
model requires an understanding of: I) the model's 
construction and approach to representing the 
physical world, 2) an appreciation of explicit and 
implicit assumptions and limits, 3) a reVIew of the 
applications the model was designed fa:. and 4) an 
evaluation of the model's performance In the specIfic 
application under consideration. These factors were 
carefully considered in evaluating models for TFW 
application and form the basis for selection of a 
temperature prediction procedure. 

All of the models tested in the IFW temperature 
study use an energy balance approach to evaluate 
stream heating and all were developed for fIeld 
application. Each of the models is based on similar 
physical principles, although the actual mechanICS of 
each model and the input variables used to descnbe 
the heat transfer processes vary. Each model requires 
a slightly different array of input parameters. and 
displays sensitivity to different vanables. Because of 
this, predicted temperatures may vary between 
models. There has been surprisingly little well­
documented analysis of the performance of any of the 
models in forest management. Nevertheless, all of 
the site models were expected to perform well when 
extensive field data was used as input. An important 
element of this model-testing effort included an 

evaluation of model performance when less detailed 
or accurate data is available, as will be the case in 
TFW application of a model. 

Some of the most important questions regarding' 
temperature models include: I) How ,:"ell does. the 
model predict temperature?; 2) What mput vanables 
is the model sensitive to?; and 3) How well can those 
variables be measured or estimated in routine TFW 
field application of the models? Two classes of 
models were evaluated: those that predict temperature 
on a site-by-site basis (site or reach models), and 
those that predict temperature for an entire Stream 
system (basin models). 

Use and testing of models requires some 
understanding of their predictive capabilities and the 
variables that temperature is sensitive to. Inevitably, 
temperature predicted by each of the models is more 
dependent on some variables than others,. although 
presumably there would be some stmllarity In 

parameter sensitivity between them If models are 
based on physical processes. Understanding the 
relative importance of the input variables in each of 
the models (sensitivity analysis) is important because 
it will determine how accurately an individual 
parameter must be measured to ensure reasonable 
model performance. The natural variability of each 
parameter. and the investigator's ability to accurately 
measure or estimate it, will influence the expected 
precision of temperature predictions. 

A further consideration in model evaluation requires 
an appreciation of general procedures of using 
models. Modelling is rarely a completely rote process 
where a technician enters a series of numbers and 
turns the model on to await the output. More 
commonly. input values are entered and output 
results are compared against calibration data collected 
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for the site. Input values have uncertainty associated 
with them due to errors that arise from a variety of 
sources including instrument precision, natural 
variability in the parameter, and so forth. When 
predictions fail to match observations, knowle<JgeabIc. 
model users may adjust input parameters within 
reasonable limits to improve performance justified by 
recognition that parameter estimates may be 
imprecise. It should be noted that vinually any 
measured temperature data can be matched by a model 
by adjusting values for the required input variables. 

Adjusting model input values is generally acceptable 
when done by those with the technical expenise to 
define appropriate ranges of input values and to 
understand data limitations. However, because of the 
complexity of model mathematics, there is often no 
way to know the effect of adjusting some input 
variables on the other variables. While data 
adjustment is an acceptable and often necessary 
practice in modelling, it poses some questions 
regarding routine use of temperature models in TFW 
applications. 

It is expected that use of water temperature prediction 
models in TFW will be constrained somewhat by the 
fact that I) calibration data will rarely be available, 2) 
field personnel collecting field data and using models 
may not always be technically trained, and 3) models 
may be applied at a number of sites over a wide range 
of climate and riparian vegetation conditions. An 
important element of model evaluation is whether the 
complexity of a model is compatible with the 
targeted user group considering the data and resources 
that will be available. 

Thus, model prediction performance can be only pan 
of the entire model evaluation criteria. A given model 
may predict very well, but if input data requirements 
are too complex, or if the interface between the 
model and the user is exasperatingly difficult, the 
value of the model's good predictive ability decreases. 
For application use, a model that predicts less well, 
but is easy to usc, or requires input variables that are 
readily available, may be preferable to one that 
predicts extremely well but requires input data that is 
impossible to get. 

This chapter reports the results of a series of model 
evaluations performed on the reach and basin models. 
Sensitivit), analysiS increased understanding of the 
mec hanics of the models and identified the input 
parameters that had significant effect on the 
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temperature prediction of each one. The sensitivity 
analysis was a key factor in establishing confidence 
in each model's reliability and in considering the 
transition from the carefully controlled TWG field 
experiments to possible widespread operational use in 
Timber/Fish/Wildlife management. Model 
performance was rigorously teSted and then weighed 
against practical considerations to form the basis for 
selection of the best model for TFW application. 

MODEL SENSITIVITY AND 
RELIABILITY ANALYSIS 

Some variables will be inherently more influential in 
determinin g stream temperature than others. 
Knowing the sensitivity of model predictions to 
input variables that may vary in nature is important 
in the use of any model. Sensitivity analysis tells the 
user how errors in estimating values for input 
variables affect results, indicates the range of 
conditions over which model results may be 
applicable, and helps identify how much effon should 
be expended in accurately estimating anyone input 
parameter. If only small changes in predicted 
temperature occur over the observed range of an input 
variable, than only minimal precision is required in 
estimating that variable. Conversely, if model results 
are highly sensitive to variables that are difficult or 
impossible to measure, the model may have low 
reliability in routine TFW application. 

SgDSitjyjty of Temperature to Key 
Parameters 

The objective of sensitivity analysis was to 
determine the relative s~nsitivity of predicted 
temperature response to changes in the input 
parameters for each of the five models. Sensitivity 
analysis was resmcted to a range of values for each 
variable that might be expected to occur in 
Washington streams. Sensitivity testing was only 
done for variables where measurement or estimation 
error was possible. It was assumed that date, 
longitude, latitude and other map-based information 
could be accurately specified. Parameters included in 
the sensitivity analysis are listed in Table 4.1. 
Sensitivity analysis was initiated prior to field data 
collection, although the analysis was not concluded 
until well after the field surveys were completed. 



Table 4.1 Sensilivily analysis inpllf values. 
-; 

I'AIIAMETER STANIJAIW INPUT VALUES USEIJ IN ANALYSIS INrllT VALUE EXPRESSES AS 
§ 
". 

VALUE % OF STAN!)ARO 
~ 

~ 

Air Temperature (aC) 18.72 9.36 18.72 28.08 37.44 50 100 150 200 
;:. 
~ 

Percent Boulders 32 0 32 83 100 0 100 259 313 
i!: 
~ 

Groundwater Inflow Rate ~ 
TEMPEST (kg/m2/s) .001 .000 .11001 .001 .002 .005 0 10 100 200 500 '" SSTEMP (m3/s) .030 .000 .0030 .015 .003 0.006 .015 .30 0 10 50 10 20 50 1000 -; 

~ 

TEMP-86 (0.001 m3/s) 0.33 0.03 0_16 0.33 0.65 1.64 10 50 100 200 500 3 

" ~ Humidity 
, 
1'. 

24·lIour Mean 80 0 10 30 50 80 100 0 13 38 63 100 125 • , 
~ 

Daylight Mean 15 0 15 40 50 80 100 0 100 267 333 533 667 
"' otnoon 50 0 25 50 80 100 0 50 100 160 200 ;; 
"-

Percent Pools 57 0 29 57 86 96 0 51 100 151 168 < 

Ave Pool Depth (m) 0.43 0.17 0.43 1.00 39 100 230 

Solar Angle 65.0 44.0 65.0 90.0 68 100 138 

Shade Proportion of Water Surface 0.25 0.00 0.25 0.50 0.75 1.00 0 100 200 300 400 

Sky View Proportion of Water 5UIface 0.75 0.00 0.25 0.50 0.75 1.00 0 33 67 100 133 

Solar Radialion (W/m2) 310 210 250 310 . 400 68 81 100 129 

Starling Water Temperature (aC) 

Ma:w:.imum 22.88 13.12 16.40 24.60 28.70 57 72 108 125 

Minimum 10.50 9.00 10.50 13.13 15.75 86 100 125 150 

Mean 16.44 10.00 14.10 16.44 24.66 61 86 100 150 

at micmight 14.00 7.10 10.00 14.20 15.62 21.30 51 71 101 112 152 

Travel Time (seclkm) 4167 0 417 2084 4167 8334 20835 0 10 50 100 200 500 

Stream Velocity (m/s) 0.24 ~ 
;; 

Wind Velocity (m/s) 3.58 0.00 0.36 1.79 3.58 7.15 17.88 0 10 50 100 200 500 

" Stream Depth (m) 0.31 small stream = 0.25 moderate = 0.40 large = 1.00 0 
"-
~ 

mNSTANrS 
'" Water Emissilivy 0.95 ~ .-

Ground Transfer Coefficient 1.65 0 

Clearness Factor 0.00 S' , 
Groundwater Tcmper~turc (aC) 10.5 c-- a-
Percent Brush 0.00 

u. 
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Analysis Steps 

SlaJldard input values for each model variable were 
developed from NOAA weather station data and 
stream survey data collected at the thiny-three 
primary study sites. The "slaJldard" values 
approximated the average of site values. A range of 
values for each variable expected in Washington 
forest streams was also estimated from the site data 
(Table 4.1). A series of model runs were performed 
where all variables were held conslaJlt at the slaJldard 
values except one that was varied over the expected 
range. For example, the SlaJldard air temperature 
input value was IS.7 dc. Holding all other variables 
constant, each model was run for values of air 
temperature of 9.4, IS.7, 2S.1, and 37.4 dc. (Table 
4.1). 

A simple linear regression was then calculated using 
the input value (expressed as a percentage of the 
SlaJldard) as the independent variable and the change 
in predicted temperature as the dependent variable. 
The change in predicted temperature was calculated as 
the difference between the temperature predicted using 
the slaJldard value and that predicted for each alternate 
input value. Maximum, mean and minimum 
temperatures were each investigated in this manner. 
Regressions were calculated for each variable for 
small, medium and large streams. The slope of the 
regression line was used as an indicator of model 
sensitivity to each variable. A slope of zero meant 
that the model was totally insensitive to the variable 
over the range evaluated. A steep slope indicated that 
the predicted temperature was highly sensitive to the 
input variable. 

Testing models for sensitivity to shading was 
complicated by the fact that models vary in the 
specific inPUt values used to characterize vegetation. 
For instance, TEMPEST specifies a single-value 
shade or view factor (percent of sky viewed from the 
stream surface) while SSTEMP calculates a similar 
shade value (inverse of view factor) from several 
vegetation input parameters in a model subroutine 
(SRSHADE). TEMP-S6 requires several riparian 
input variables to calculate shade estimates used in 
internal model calculations of temperature, but does 
not produce an overall shading or view factor. For 
testing TEMP-S6, the riparian tree height and canopy 
overhang values were exaggerated to insure effective 
shading, given the solar angle. Shade was then teSted 
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over the range by varying the canopy density value. 
No attempt was made to evaluate a shade variable in 
QUAL2E since this model does not require it as 
input. 

Analyzing model sensitivity to stream depth was 
more difficult Stream depth primarily determines the 
rate of response of water temperature to changes in 
solar radiation. Deeper streams have a slower 
response rate and thus tend to have a smaller 
fluctuation over the course of a day. Shallow streams 
respond rapidly, and can have a large fluctuation in 
response to hourly changes in air temperature and 
solar radiation. The diumalflux was used as the 
indicator of a models sensitivity to depth, since depth 
directly influences this characteristic. 

Stream depth was accounted for when testing other 
input variables, by running the tests individually for 
three stream depth groups: 0.16m (small), OAm 
(medium) and 1.0 m (large). Discharge was also 
adjusted with changing stream depth so that realistic 
streams would be modeled. For models that required 
width but nO! depth as input, the width value 
corresponding with the appropriate depth value was 
calculated by 

Width = Discharge! (Velocity x Depth). 

Results 

In general, small streams were more sensitive to 
changes in climatic variables than larger ones. Air 
temperature and humidity input values strongly 
affected predictions of most of the models, especially 
in smaller streams. Starting water temperature 
affected predictions more strongly for larger streams. 
All the models were fairly insensitive to groundwater 
values for the range expected in most Washington 
summer low-flow conditions. Smaller streams were 
more sensitive to groundwater than larger ones. 
Figures 4.1, 4.2 and 4.3 depict sensitivity ratings for 
the input variables. Model sensitivity to depth is 
shown as effect on diumalflucwation in Figure 404. 
The correlation coefficients for sensitivity regression 
analyses were 0.90 or better in most cases. Brown's 
equation was the only model with correlation 
coefficients that were consistently low. This raises a 
question as to the validity of sensitivity results for 
Brown's equation using this method of analysis. 
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Figure 4.1 Sensitivity analysis 0/ the effects o/variables on mean temperature 
for a moderate depth stream. 
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Figure 4.2 Sensitivity analysis 0/ change in predicted mean water temperature in 
moderate depth slreams with change in variable/or the TEMP·86 model. 
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Figure 4.3 Sensitivity analysis of change in predicted mean water temperature with 
change in variable with the TEMPEST model 
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Figure 4.4 Sensitivity analysis of the effect of stream depth on the predicted 
diurnallemperature rangefor two models. (SSTEMP uses stream width but not deplh 
as Ihe input variable. Depth was calculated as afunclion of stream width.) 
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Table 4.2 Model sensitivity values of the USF & 1I'S SSTEMP model. Values indicate the 
relative sensitivity value of each parameter. not an actual change in temperature. 

SENSITIVITY VALUE 

Stream Maximum Mean 
PARAMETER Size Temperature Temperature 

AIR Small 15.0 15.18 

TEMPERATURE 
Medium 15.18 15.90 

Large 11.38 11.14 

GROUNDWATER Small -0.15 -0.24 

RATE 
Medium -0.26 -0.32 

Large -0.11 -0.11 

HUMIDITY Small 7.75 8.37 

Medium 7.58 7.64 

Large 4.52 4.50 

SHADE Small -1.83 -1.02 

Medium ·1.66 ·1.03 

Large ·0.83 ·0.58 

SOLAR Small 5.49 2.50 

Medium 5.24 3.20 

Large 3.39 2.18 

INCOMING WATER Small 0.02 0.02 

TEMPERA TURE 
Medium 0.02 0.02 

J,.arge 6.87 7.02 

WIND SPEED Small -0.71 ·0.31 

Medium ·0.67 ·0.56 
Large -0.15 ·0.16 

TRAVEL TIME Small -0.70 0 

Medium ·0.64 0 

Large ·1.57 0 

STREAM DEPTH' Sensitivity of diurnal range = 0.72 

t This model uses stream width as an input variable. Depth was calculated as function of 

stream width from relationships provided in Chapter 3. 
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SSTEMP was most sensitive to air temperature 
values for both maximum and mean temperature 
predictions (Table 4.2). (Sensitivity analysis was not 
done for SSTEMP minimum temperatures smce the 
model computes the minimum by subtracting the 
difference of the maximum and the mean from the 
mean.) The model was also strongly affected by the 
input value describing the length of reach, and in 
many cases the model produced unreasonable results 
for the maximum temperature when short reaches 
were specified. Therefore, all model sensitivity 
testing of SSTEMP used a reach length equal to the 
24-hour traveltime computed from water velocity. 
Travel time more strongly affected maximum 
temperatures than means. Small and medium streams 
were equally sensitive to shade and depth values. 
Medium streams were slightly more sensitive to 
groundwater inflow values than small Slreams, but 
large streams were virtually insensitive to 
groundwater inflow. 

TEMPEST was mOSt sensitive to air temperature and 
humidity input values (Table 4.3). Solar insolation 
values showed high model sensitivity in predicting 
maximum temperatures in small and medium streams 
but the minimum temperature predictions were 
insensitive to solar input. The starting water 
temperature value was very important for larger 
streams. The minimum predicted temperature showed 
more sensitivity to starting water temperature than 
did the maximum. Changes in groundwater inflow 
rate produced low model sensitivity and had the most 
effect in reducing maximum predicted temperatures in 
small streams. Shade affected the maximum and 
minimum temperature much more than the mean. 
Generally, minimum predicled temperatures were less 
sensitive than maximum temperatures for most input 
variables except starting water temperature. Depth 
was a less sensitive parameter than air temperature, 
solar insolation and humidilY but more sensitive than 
the shade parameter. 

TEMp·86 requires both a daily maximum and 
minimum water temperature as input variables in 
addition to the time of their respective occurrence. 
This model proved extremely sensitive to starting 
Water temperature values. Timing of input water 
temperatures was nOt tested for sensitivity. The time 
of maximum and minimum daily temperature used as 
input was 1300 hours and 600 hours respectively. (It 
now appears that 1600 hours may be a more 
appropriate time to specify maximum water 
temperatures.) The exlreme sensitivity of the model 
to these twO starting water temperature values 
effectively hid sensitivity to all the other input 

Timber/Fish/Wildlife Temperalure Study 

parameters (Figure 4.2. and Table 4.4). TEMP-86 
was slightly sensitive to pool depth in small streams 
and stream velocity in bigger streams. (During the 
course of model runs it was discovered that the values 
entered on the input screens were not all stored as 
shown. Therefore, the input files actually used for 
analysis had to be created without relying on the 
input screens.) 

BROWN'S EQUATION was moderately sensitive to 
solar angle input values (Figure 4.5 and Table 4.4). 
Small slreams were also sensitive to percent boulder 
and shade input values. Stream angle did not cause 
sensitivity for any stream sizes. 

The results of sensitivity analysis for QUAL2E are 
reported in the basin modeling section of this report. 

Discussion 

Analyzing model equations is particularly helpful in 
undersUUlding how a model operateS and why certain 
parameters are more sensitive. Support 
documentation on TEMP-86 indudes an excellent 
sensitivity analysis (Beschta and Weatherred 1984). 

That analYSis is based on the equations that the 
computer model uses to predict water temperature. 
TEMPEST was developed to study the sensitivity of 
stream temperature to environmental factors and 
results are reported in Adams and Sullivan (1990). 
This analysis did nOl determine temperalure 
sensitivity based on model equations as these tWO 
prior teStS, but rather tested the sensitivity of the 
model predictions themselves. These twO approaches 
may not produce consistent results because model 
mechanics and the complexity of calculations. For 
example, TEMP-86 is sensitive to many of the other 
input variables within a single hour of the model's 
operation as indicated in the reported sensitivity 
analysis. However, the hourly starting water 
temperatures provided as input essentially calibrate 
the model every hour and overwhelm the model's 
sensitivity to other variables. 

It appears that air temperature is the single most 
sensitive variable for both the SSTEMP and 
TEMPEST model predictions of water temperature. 
This result is not surprising. Not only is air 
temperature in mOSt of the equations governing the 
net energy balance for streams but it is raised 
exponentially. Therefore, it is likely that air 
temperature will be an important parameter for water 
temperature predictions. Previous sensitivity analyses 
of stream temperature response have cited solar 
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Table 4.3 Model sensitivity values of the TEMPEST model. Values indicate the relative sensitivity of 
each parameter, /Jf21 an actual change in temperature. 

SENSITIVITY VALUE 

Stream Maximum Mean Minimum 
PARAMETER Size Temp Temp Temp 

AIR Small 8.59 5.87 3.60 
TEMPERATURE 

Medium 8.00 5.01 3.36 

Large 4.79 2.82 2.86 

GROUNDW A TER Small -0.70 -0.43 -0.15 
RATE 

Medium -0.40 -0.28 -0.15 

Large -0.21 -0.15 -0.09 

HUMIDITY Small 5.35 4.92 4.95 

Medium 4.75 3.73 2.91 

Large 2.90 2.04 1.31 

SKY VIEW Small 5.51 0.88 -3.09 
FACTOR (Shade) 

Medium 3.69 lAO -1.19 

Large 1.66 0.71 -0.53 

SOLAR Small 9.04 3.63 0.00 

Medium 6.30 2.95 0.03 

Large 3.25 1.61 0.Q3 

INCOMING WATER Small 0.16 1.89 2.90 
TEMPERATURE 

Medium 5.02 5.01 7.04 

Large 9.34 8.87 9.46 

WIND SPEED Small -1.49 -0.55 0.40 

Medium 0.13 .006 -0.02 

Large 0.42 0.22 0.02 

STREAM DEPTH SensitivilY of diurnal range = -2.4 7 
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Table 4.4 Model sensitivity values of the TEMP-86 model. Values indicate the relative sensitivity value 
of each parameter, /JI2l an actual change in temperature. 

SENSITIVITY VALUE 

PARAMETER Stream Maximum Mean Minimum 
Size Temp Temp Temp 

AIR TEMPERATURE Small 0 0 0 
Medium 0 0 0 
Large 0 0 0 

GW INFLOW RATE Small 0 0 0 
Medium 0 0 0 
Large 0 0 0 

HUMIDITY Small 0 0 0 
Medium 0 0 0 
Large 0 0 0 

SHADE Small -0.97 -0.24 0.08 
Medium -0.40 -0.10 0 
Large -0.15 -0.04 -0.01 

SOLAR Small 0 0 0 
Medium 0 0 0 
Large 0 0 0 

ST ARTING MAX Small 16.00 8.03 0.46 
WATER TEMP 

Medium 16.27 8.13 0.27 
Large 16.42 8.18 0.15 

ST ARTING MIN Small 0 5.27 10.0 
WATER TEMP 

Medium 0 5.27 10.2 
Large 0 5.27 10.4 

WATER VELOCITY Small 0.97 -0.03 0.79 
Medium -0.12 0.26 -0.39 
Large 0 0 0 

PERCENT POOL Small 0.09 -0.04 -0.02 
Medium -0.02 -0.02 -0.04 
Large -0.02 -0.03 -0.03 

POOL DEPTH Small -1.07 -0.25 0.04 
Medium -0.59 -0.13 0 
Large -0.24 -0.04 0 

STREAM DEPTHt Sensitivity of diurnal range = -1.49 

t This model uses stream width as an input variable. Depth was calculated as a function of stream width. 
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radiation as being of high imponance (Criuendon. 
1978). While solar radiation does significantly affect 
maximum water temperature predictions for smaller 
streams (Brown 1969). the overall imponance of this 
variable for larger Streams and for mean stream 
temperatures may have been somewhat overstated in 
thepasL 

Sensitivity artalysis demonstrated that stream 
response is as much a function of air temperature as 
other variables that are changing concurrently over 
the course of a day. It should be noted that solar 
radiation also affects the air temperature. which a 
stream is seeking to come into equilibrium with. and 
thus exerts both a direct and indirect effect on stream 
temperature. 

Site Model Evaluation 73 

Model predictions were also quite sensitive to relative 
humidity. Evaporation heat exchange is a function of 
water. vapor pressure. which in tum is dependent on 
humidity at a given air temperature. While the water 
vapor pressure is a function of aunospheric weather 
conditions. the relative humidity for the amount of 
water present in the atmosphere is a function of the 
air temperature. For modeling purposes. a good 
understanding of how relaLive humidity fluctuates 
with air temperature is necessary to select appropriate 
input values. 

Figure 45 Sensitivity analysis for change in predicted maximwn water temperature 
with variables in small streams with Brown's model 
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Future field data collection efforts should be 
minimized for variables showing little sensitivity. 
These include wind, groundwater, dust reflectivity and 
ground transfer coefficient values. However a good 
understanding of the stream being modeled is 
necessary to be sure these variables are not specified 
with extreme values which might affect predictions 
in spite of low sensitivity. Starling water 
temperature was important for large streams but not 
for smaller streams. The TWG study sites were 
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mostly streams less than 0.5 meters in depth and 
thus would not be panicularly sensitive to starting 
water temperatures. Shade values were of comparable 
importance for TEMPEST and SSTEMP models. 
Maximum temperatures in small streams were most 
affected. Mean water temperatures were somewhat 
affected, because less shade provides an increase in 
the net energy input to the stream. However, the 
effect on daily mean temperature is reduced since a 
greater energy loss occurs during nighttime with 
reduced shade values. 

Table 4.5 Model sensitivity values for Brown's Equation.Values indicate the relative 
value of each parameter, nOt an actual change in temperature. 

SENSITIVITY 
PARAMETER STR'EAM VALUE for 

SIZE MAX TEMP 

BOULDER (%) Small 0.52 

Medium 0.18 

Large 0.07 

STREAM ANGLE Small 0 

Medium 0 

large 0 

SOLAR ANGLE Small 2.09 

Medium 0.76 

Large 0.31 

SKY VIEW FACTOR Small 0.71 
(Shade) 

Medium 0.50 

Large 0.07 
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Model Reljabili\l' Analysjs 

The reliability of model predictions is dependent on 
both the model's sensitivity to input variables and 
the modeler's ability to provide correct values for 
those variables. The amount of effon required \0 

generate correct values is dependent on the actual 
variability of the parameter, and on it's rate of change 
over time. Nearly all variables to which water 
temperature is sensitive to vary in nature. The single 
daily estimate required by most models will be only 
an approximation of the central tendency of the 
variable. Hourly, daily and/or geographic variability 
may exist. If a model were sensitive to a variable that 
changes hourly and is difficult to estimate then the 
reliability of the predicted temperatures will be 
reduced. Use of regional estimates for a sensitive 
parameter will only produce reliable results i[ the 
actual value does nOl vary significantly than the 
estimate for the region. Reliability analysis is an 
evaluation of model sensitivity in relation to 
parameter variability. 

Analysis Steps 

The means and standard deviations of model input 
values for the 33 primary sites were calculated. 
Since these sites covered a broad geographic range, it 
was felt that this data adequately described the range 
of input values likely to be encountered in 
Washington for T/F/W purposes. Regional NOAA 
data was used for air temperature, wind speed and 
humidity values since the longer period of record 
betler describes regional trends and the true range of 
variability. The model sensitivity values (section 
4.2.1) are the slope of the regression of predicted 
temperature response to a change in the input value. 
Changes in input values were expressed as a 
percentage of a "standard" input value. For reliability 
analysis, maximum, minimum and mean values for 
each input parameter were expressed as a percentage 
of the "standard" value used in sensitivity analysis. 
The mean value [or each parameter expressed as a 
percentage of the "standard" was then subtracted from 
the percentage values corresponding to the maximum 
and minimum observed parameter values. This was 
necessary so that maximum and minimum input 
values expressed as percentages centered about the 
true mean rather than the "standard". The following 
example is provided for clarification/ 
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For Coastal Washington during the study period: 

Maximum observed wild speed = 3.66 m/s 

Mean observed wind speed = 2.49 m/s 

Standard value wind speed = 3.576 mls 

Sensitivity value wind speed = 0.506 

Reliability value [or wind speed = 

(- 3.576) / 3.576 = 0.02 

(- 3.576) / 3.576 = -0.30 

- (-0.3) • 0.506 = 0.17 

One standard deviation was also calculated for each 
parameter and tltis value was expressed as a 
percentage of the mean parameter value. 

Mean, maximum, minimum and standard deviation 
values (all expressed as a percentage of the mean 
parameter value) were used in the regression 
equations from the sensitivity analysis to solve for 
the change in predicted temperature. This provided a 
range of predicted temperatures that would likely be 
associated with the range of variation for each input 
variable. Small, medium and large streams for each 
region were analyzed independently. The mean and 
standard deviation for depth values was calculated by 
combining all primary sile data [or each region. 

Results 

The change in the predicted temperature associated 
with one standard deviation of the range of the mput 
variable was calculated. For most variables the 
calculated range in predicted temperatures was 
surprising low (Figure 4.6). Possible regional 
differences in reliability were explored during data 
analysis because of differences in stream 
cnaracteristics but no significant differences were 
found. Only s~te-wide results are presented in Figure 
4.6. 



76 Sire Model Evalualion TimberlFishJWildljfe Temperature SI&Uiv 

- 8 0 
~ 

II) 6 .... 
::l 

4 -t1I .... 
II) 2 Q. 

E 
II) 0 
l-

e: ·2 

II) ·4 
Cl 
e: 

·6 t1I 
s:. 
0 ·8 

- 8 
0 
~ 

6 
II) .... 
::l 4 -t1I .... 2 II) 
Q. 

E 0 
II) 
I- ·2 
e: 

·4 
II) 
Cl ·6 e: 
(IS 

s:. ·8 
0 

8 
II) .... 

6 ::l -t1I 
4 .... 

II) 
Q. 2 E 
II) 

0 l-

I: ·2 

II) ·4 
Cl 
I: ·6 (IS 

s:. 
0 ·8 

Figure 4.6 Model reliability analysis results showing the range of the predicted mean 
temperature associated with the observed range of each input variable. Blocks are the 
1st standard deviation and bars are the range. 
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TEMPEST had the beSt overall reliability with an 
average value of 1.12 0C change in predicted 
temperawre for a change of one standard deviation in 
either of the twO most sensitive variables. 
Temperatures predicted by the model for the range of 
each parameter varied as much as 20C for the 
maximum and minimum and IOC mean temperature 
IOC for air temperarure, stream depth, relative 
humidity, and groundwater temperature. Sky view 
factor was relatively less important Predictions with 
this model were also influenced by the starting water 
temperature used to initialize the calculations. 
(TEMPEST begins calculations for the period at a 
specified temperature, eventually reaching the 
equilibrium temperature. For small streams this takes 
only a few hours, while for larger rivers it may take 
one-day or longer. Thus, temperawres predicted 
before the model is calibrated may be lower than 
observed temperature.) 

SSTEMP varied relatively little with most 
parameters, but air temperawre had a strong influence 
on predictions (Figure 4.6) Predicted temperature 
varied as much as 60C over the range of air 
temperatures used in this analysis. Stream width, the 
shade density and relative humidity were also 
important. Wind speed, solar radiation, and 
groundwater temperature were relatively less 
important Depth is calculated by the model. 
Changes in the calculated depth led to modest 
changes in the stream temperature 

TEMP-86 predictions were strongly influenced by the 
starting maximum and minimum water temperatures 
provided as input values (Figure 4.6). Predicted 
maximum and minimum temperature varied as much 
as 60 C and mean temperature as much as 20 C for the 
range of water temperatures provided. Variability in 
other parameters had relatively little effect on 
predictions. 
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Discussion 

The reliability analysis showed promising prospects 
for the use of regional estimates for input parameters, 
which would greatly reduce cOSts associated with 
temperature modeling. Staning water temperature for 
all models needs to be carefully evaluated when 
modeling streams greater than 0.4 meters in depth. 
Effort expended in data collection for temperature 
modeling in most streams would best be spent on air 
temperature data. Using regional values for difficult 
to measure parameters such as humidity would likely 
produce acceptable results when predicting mean 
temperatures. Reliability analysis for TEMPEST 
indicated one could use regional values for humidity 
and effect mean temperature by less than I.OOC 
ninety percent of the time, provided other input 
parameters are correct 

Analysis also showed that regional values for 
groundwater would be acceptable in most cases when 
modeling summer low flow conditions in 
Washington. However, knowledge of the stream's 
geology is important. Lower than expected 
temperatures as some of the TWG study sites were 
auributed to higher groundwater inflow volumes than 
nonnal, based on observations of seeps, and springs 
in the area. Using a regional groundwater value for 
TEMPEST input versus the observed value for sites 
with high groundwater could change the mean 
predicted water temperature by as much as 3.8°C. In 
using the model, some local knowledge of sites 
would be helpful in deciding whether regional values 
can be used. 

This reliability analysis only reviewed mean water 
temperature predictions. The ranges shown in 
reliability graphs (Fig. 4.6) are for the potential 
range in mean water temperature predictions given 
the range for each parameter. The results from tltis 
analysis should therefore be applied only to 
Washington streams similar to the primary site 
streams. The necessary range of input values might 
be considerably different in another geographic area. 
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SITE MODEL EV ALUA TION 

Selecting a TFW site temperature prediction model 
required running the four reach models through a 
series of testing steps that evaluated model 
performance and developed the most cost-effective 
application of the selected TFW method. Techrucal 
aspects of model performance were considered to 
maximize each model's predictive ability when 
extensive, on-site data was available. These results, 
along with practicality criteria formed the basis for 
model selection. Once a model was selected, a further 
series of simulations were performed where data input 
was varied 10 reflect realistic levels of information 
that would be available for TFW use of the model. 
As a result of this testing series, the recommended 
model and field procedures represent a balance 
between data required for good model performance and 
practical application in TFW forest management 

Model performance was evaluated by running each of 
the models for a fony-day consecutive period at each 
of the thiny three primary sites where field 
measurements were available. Model-testing sites 
were chosen 10 cover as wide a range of stream sizes, 
stream-shading, and regional locations as possible. 
Daily predicted values of maximum, mean, and 
minimum water temperature were compared to 
observed values using several descriptive statistic~. 
The fony-day period was intended to contain all 
wcather conditions present at a site during the 
summer testing period, including both sunny and 
cloudy days. Except for Brown's equation, each of the 
models was expected to predict temperature under all 
normally occurring ambient weather conditions, since 
such factors as cloudiness arc accounted for in energy 
balance calculations. (Because Brown's equation has 
no accounting for cloudiness, this model'S predictions 
were evaluated only on sunny days. Although 
TEMP-86 was intended to be used only on sunny 
days, the model was predicting so accurately that is 
was decided to evaluate performance over the entire 
testing period.) 

This model testing design represented a evaluation of 
realistic weather conditions during the hOllest times 
of the year and was nOl weighted to predicting hOI 
days eXClUSively, as is often done in temperature 
prediction. This was considered imponant if model 
predictions were to be used to assess practices under 
regulations that use biologic temperature defined as 
consecutive exceedence of temperatures over a time 
inten·a\. 
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The modeling period varied by site and was chosen 10 
center around the time of the field crew visit so that 
estimated values of stream flow and other parameters 
that vary slowly in Lime would be as accurate as 
possible. To the extent possible, the time period was 
also selected to include the warmest summer periods 
which generally occurred from late July to August. 

Methpds 

Analysis Steps 

The first step in model evaluation required finding the 
best estimation method for those input variables 
where there was some user discretion in detemlining 
methods (Model Iteration). There were several input 
variables that could conceivably be estimated in any 
of several ways, including some that would prove 
more cost-effective than the methods recommended in 
user's instructions provided with each model. Several 
SSTEMP and TEMPEST model runs were made 
USing each of the estimation methods 10 detemline 
whether model accuracy was better or worse with 
non-standard values. These iterative runs represented 
the only effon at data "tweaking" performed during 
model evaluations. Once the best variable estimation 
method was identified, all further model runs were 
made using it Recommended methods were followed 
for other input variables. 

The next step in model evaluation involved running 
each of the models over a fony-day testing period and 
determining its accuracy in predicting a variety of 
temperature characteristics as described in the 
statistical analysis section (Model Tes/ing). 

Once model performance was determined, the best 
predictive model was selected (Model Selec/ion). 
While good performance was an essential basis for 
the selection decision, practical considerations such 
as cost of routine application, model user-friendliness 
and reliability were also considered imponant. Rating 
criteria were developed for model performance (drawn 
from the model-testing results), reliability (drawn 
from the sensitivity analysis) and practicality (based 
on the TWG's experience) and applied to each. The 
model was selected based on IOtal score. 
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One final evaluation step was needed to develop the 
selected model for 1FW application (Model 
Optimization). While site models were tested 
rigorously with comprehensive data collected at each 
site, such detailed information will not be available 
for routine 1FW use. Importantly, it will not be 
feasible to measure the climatic data that models are 
sensitive to, such as air temperature and relative 
humidity, at all sites throughout the state where the 
model may be applied. In Chapter 7, the selected 
model was run through a series of simulations where 
data input was varied and estimated values substituted 
for measured values to reflect realistic constraints on 
operational use of a temperature prediction model. 
The hest balance of model accuracy and cost 
effectiveness was identified. Based on these results, a 
model and procedures for use arc recommended for 
1FW application (Chapter 7: Recommendations). 

Dala Processing 

Actually running the four site models and three basin 
models to generate the predicted daily values was an 
immense task. Each of the models requires a mix of 
Site-specific variables, constants, and parameterS 
estimated from regional data (see Table 2.3). Using 
this array of data to predict temperature for a large 
number of sites over long periods of time appears to 
be an unprecedented use of the these models. The 
testing design stretched data input and output 
procedures well beyond those originally designed by 
the model authors. (Most of the models were intended 
to predict temperature for one day at a time with data 
entered in a menu-driven formal.) Complex data 
handling procedures were developed by the TWG to 
streamline data input and output and manage the large 
volumes of data generated by the TWG and study 
cooperators. (Temperature measurements alone 
accounted for over 300,000 data values analyzed in 
this study!) 

A general schematic indicates the type of data and its 
use in the study (Figure 4.7) Measured stream, water 
and air temperature and climatic information were 
used both as input to the models as well as for 
determining characteristic temperature regimes for 
Washington streams and rivers (Chapter 6). How data 
was measured or estimated is described in Chapler 2. 
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Input parameters can be categorized by their 
variability in time. Static parameters such as site 
latitude, site elevation, and riparian character, were 
constant during the 40-day modeling period. Most of 
these data were derived from maps, except for riparian 
characteristics which were measured at each site. 

Field measurements, and data generated from maps 
were entered into a series of personal computer 
databases. Due to differences in data structure riparian 
shading data, channel morphology data, hydrology 
data, and site location data were each kept in separate 
databases. Summary statistics from the riparian and 
channel morphology databases were combined with 
the hydrologic and location data to form a data array 
for all sites that was stored as a spreadsheet. 

Dynamic parameters varied significanU y over the 
modeling period. Some time-dependent input values 
varied daily or hourly such as air temperature, solar 
radiation, cloud cover, and relative humidity. Hourly 
or daily estimates of these variables were used in the 
models. Air temperature data was collected at each 
site while other climatic information such as sky 
cover, wind speed, and relative humidity was 
collected at one of five regional National Oceanic and 
Atmospheric Administration (NOAA) climate 
stations. 

Data used as input variables were maintained in 
several independent databases On both mainframe and 
personal computers. Hourly observed air and/or water 
temperatures for the summer period were maintained 
in a mainframe time-series database. The forty-day 
test period data sets were down-loaded from this 
database. Daily values of air and water temperature 
maximums, minimums, means, and ranges were 
calculated from the sets of observed hourly values. 
Summaries of observed values for the forty-day test 
periods were then extracted from these files. Selected 
weather data from local NOAA local climatological 
data stations were entered into a series of personal 
computer spreadsheets. Metric conversions were made 
and the spreadsheets combined into one large climate 
data array. The forty-day test period data sets were 
extracted from Utis array. 

The observed temperature data for all sites and the 
NOAA weather data was also used to determine 
temperature regimes in streams and rivers of 
Washington (Chapter 6). 
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Figure 4.7 Data processing schematic forthe study. 
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Some parameters. such as stream depth. water 
velocit)" streamflow, groundwater discharge, and 
groundwater temperawre do vary slowly over the 
summer period but were assumed to be Static during 
thc 40-day simulation intervals. This was probably a 
good assumption during the summer low flow 
months but might not be appropriate for modeling 
other time periods. This data was stored in the large 
site database. 

Temperature Regime 
Characteristics of 

Washington Streams 

Each of the models tested had unique data needs in 
terms of data format, units of measure, and parameter 
values. A series of file formatting programs were 
written to merge, edit, or extract model input 
parameters from the various mes and spreadsheets 
listed above to run all four models for the fony-day 
test period for each of the thiny-three primary sites at 
the same time. SSTEMP, TEMPEST and TEMP86 
were run as they were designed, and Brown's equation 
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was developed and run in a spreadsheet fonnaL The 
input and output sections of the TEMPEST and the 
SSTEMP models were modified to facilitate data 
importing and archiving of simulation results. (These 
modifications are noted in the program listings in 
Appendix C.) 

All of the models' output was stored on a mainframe 
computer. and each site's predictions for the four 
reach models were combined in a flIe. The model 
results for each site were compared with the observed 
temperatures for each site. also kept on mainframe. 
Input parameter sets for each modelLCsting iteration. 
as well as all model outputs and statistics 
calculations. were archived on floppy disk. 

Statistical Analysis 

Model perfonnance was detennined by carefully 
examining daily temperature predictions for accuracy. 
precision. consistency and bias. 

Accuracy. Accuracy reflects how close the prediction 
is to the true value and is a measure of the 
correcmess of the result. AccUracy is usually 
dependent on how well systematic errors in either 
predicted or observed values can be controlled. The 
observed temperature was assumed to be the best 
estimate of the true value. although this assumption 
may nOl always be correct. (The observations of 
temperature themselves could contain systematic 
error or bias due to instrument drift. Different 
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thennographs measure temperature with varying 
levels of accuracy.) 

The measure of accuracy used throughout the model­
testing analysis is the difference between the predicted 
and observed temperature. referred to in graphs and 
tables as the WSTAT. or W-statistic for convenience. 
For most analyses. the daily WSTAT is averaged 
over the number of days in the modeling period. 
Hence. 

Accuracy: 

WST AT = IfPredjcted Temp-Observed Temp) 

n (4.1) 

A positive WST A T indicates tbatthe model predicted 
a higher temperature than actually occurred and the 
value indicates the number of degrees. (A schematic 
of this measure is shown in Figure 4.8) A negative 
number indicates that the model predicted a lower 
temperature than actually occurred. This measure 
represents an easily intel]lreted number indicating 
model accuracy: if the model predicts well. the 
average of the daily WSTAT should equal O. 

Figure 4.8 Schematic depicting the method of analysis of model prediction results. 
WSTAT is calculated as predicted-observed temperature. 
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Ho: The model is accurate if the average of the 
daily WSTAT equals O. 

HI: The model is not accurate (biased) if the 
average WSTAT is eithergre.ater than or less 
than O. 

This accuracy measure is equivalent to residuals 
analysis of linear regression (ChaueIjee and Price 
1977, and most statistical texts) although in this case 
the predictions are based on the physical model rather 
than on an empirical relationship described by a 
linear equation. Residuals analysis is useful for 
uncovering hidden structures caused by systematic 
error in the data. (It is especially intuitively 
appealing as used here because it clearly expresses 
model capability, showing the difference in degrees 
between the predicted temperature and the observed.) 
The assumption of residuals analysis is that if 
prediction errors are random, then the residuals and 
standardized residuals defmed as, 

(residuals) 

eils (standardized residuals) 

where Yi=observed and Yi =predicted, and s is the ith 
standard deviation of residuals, should be normally 
distributed with a mean of zero and unit standard 
deviation. By the sarne reasoning, WSTAT should be 
normally distributed with a mean of zero. These 
measures lend themselves to simple statistical tests 
based on normall y distributed populations suc h as 
Student's T -tests to ascertain reliability of prediction 
results, sample differences, and so forth. 

Precision. Also important in model performance is 
the precision or variability of model predictions. 
Precision is a measure of how exactly the result is 
determined, its reproducibility, and is therefore an 
indicalOr of confidence in model resulu.. The 
precision is dependent On how well random errors can 
be overcome and analyzed (BevingtOn, 1969). 
Although the average W -statistic over time was 
expected to equal 0 if models were predicting 
aecurately, the prediction on any day could be 
significantly higher or lower than the observed 
temperature due to random or unsystematic errors. 
Primary sources of such random error reflect the 
ability to measure climatic and site characteristics and 
10 estimate regional values required by the models. 
Undoubtedly the accuracy of these estimates also 
varied between sites. 
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The primary measure of preciSion used in this 
analysis was the "average error", calculated as the 
absolute value of W -Slatistic summed over the 
testing period and divided by the number of days. 

Precision: n 

Average Error = I IWSTAT I 
i=1 

n (4.2) 

where n is the number of days in the sample period. 

The average error provided an estimate of how closely _. , 
the temperature was predicted each day. For example, 
an average error of 2 indicateS that the predicted • ~ 
temperature was usually within 2 degrees of the 
observed value, but ignores whether the model 
prediction was higher or lower than observed 
temperature. Other measures of precision used in 
statistical analyses during model-testing include the 
standard deviation and variability of WST AT. For 
most illustrative purposes, however, the primary 
measure of precision for analyzing temperature 
models is the average error. This number was felt 10 
have greater intuitive value because it indicateS the 
actual number of degrees that predictions were in 
error. 

For a model to achieve good performance ratings, the 
W -statistic would need to be small (the model is 
accurate) and the average error would need 10 be low 
(the model is precise). It was not assumed that a 
model would predict all temperature charaCteristics 
with the same accuracy because the models all 
calculate temperature somewhat differently. For 
example, a given model may predict daily mean 
temperature well but predict diurnal fluctuations 
poorly. Therefore, all temperature characteristics were 
evaluated separately. 

Consistency. Not only was overall model 
performance evaluated considering averages of all the 
sites tested, but the actual accuracy of each site's 
performance was tracked as a measure of consistency. 
Because a temperature prediction model could be used 
for developing site-specific management 
prescriptions, the reliability of site prediction needed 
to be indexed. How often did the model adequately or 
correctly predict temperature when it was applied? 
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How often was it wrong? Consistency was evaluated 
as the percentage of sites that were adequately or 
correctly predicted, depending on the criteria applied 
in any given model-test. This also allowed 
identification of sites with faulty instrumentation 
although none were encountered. 

Bias. Also of concern were possible systematic 
errors (bias) in temperature prediction indicated by 
patterns in the W-statistic that were consistently 
positive or negative. While there are many possible 
sources of systematic error, the TWG was 
particularly concerned that models perform equally 
well in all stream sizes and in all riparian conditions. 
Bias in predictions based on these site Characteristics 
would negate a model's suitability for use in TFW 
applications since good estimates are essential if 
management prescriptions are to be altered based on 
them. Also of interest was whether models performed 
equally well over the range of temperature values 
measured throughout the state, since there are 
differences in climatic conditions throughout the 
state. Bias was evaluated by examining the W­
statistic relative to site and temperature characteristics 
with linear regression. 

Mode! Evaluation Results 

Model Ilerations 

The model authors recommend methods for 
estimating input values (termed "standard values" in 
this repon). In some cases, there is opponunity for 
the user to exercise some discretion and use other 
estimation methods that may be more feasible, or 
more cost-effective. The TWG wanted to explore if, 
and how, using different estimation methods for 
some input variables would affect model 
performance. For a few key input variables, alternate 
estimation methods were used and model results were 
compared with the intent to identify the beSt 
estimation method and to explore the effects of using 
different input estimates on model performance. 
Model performance was evaluated using the W­
statistic and choices were then made on how to 
calculate key input values for the next model-testing 
step. 

Input variables tested included groundwater inflow 
rate, riparian shading, length of stream reach, and the 
initial water temperature value (listed in Table 4.6). 
Although all four reach models have these input 
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variables, only the TEMPEST and SSTEMP models 
were studied due to practicality considerations. 
(TEMP-86 and Brown's equation were both 
cumbersome and time-consuming to use, precluding 
completion of this kind of exploration in a timely 
manner.) 

Input Variable Comparisons 

Groundwater Inflow Rate, The amount of 
groundwater inflow to a stream reach is extremely 
difficult to measure accurately. Sensitivity analysis 
showed both SSTEMP and TEMPEST to be fairly 
insensitive LO groundwater inflow rate at summer low 
flow conditions in typical Washington streams, so 
errors in estimation may not have a significant effect 
on model prediction capability. The SSTEMP model 
recommends estimating groundwater inflow by 
measuring streamflow and comparing the difference 
between two measurements taken at the upstream and 
downstream ends of a study reach. Generally, stream 
gaging techniques are only accurate to within 10-
20%, so small increases in flow within a reach may 
be difficult to detect. TEMPESTs author 
recommends that the inflow rate be derived from a 
summer low flow or baseflow estimate, divided by 
the length of perennial stream in the basin, which 
can be derived from maps.This teSt explored the 
difference in predictions between the two groundwater 
estimation techniques. 

Streamside Shading. The effects of changes in 
stream shading on water temperature are an important 
TFW concern. Both the SSTEMP and TEMPEST 
models are sensitive to changes in the shade input 
value, but their recommended methods to estimate 
shading vary significantly. TEMPEST recommends 
estimating the total stream openness ("View-to-Sky" 
factor), which can be done as a visual (subjective) 
estimate, or measured with a densiometer. On the 
other hand, SSTEMP uses a program subroutine 
(SRSHD) to compute the stream shading value from 
a detailed array of topographic and riparian zone 
measurements. (Shading and openness are merely the 
inverse of one another. Reference to shade or 
openness reflects preference of the authors for 
communicating the concept.) The SRSHD model 
produces a total stream shading value similar to the 
view factor estimated directly in the field. The TWG 
wanted to explore whether a simple measure of the 
shade value would suffice for the SSTEMP model, 
instead of the detailed measurements called for by the 
authors. This simpler method would be more 
conducive for using this model to predict the effects 
of alternative silvicultural prescriptions. This 
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alternative method of estimating shading was only 
tested for the SSTEMP model. 

Input Water Temperature In order to start modeling 
calculations that are generally expressed a' differential 
equations varying with time, SSTEMP and TEMP86 
require an input water temperature value at the start 
of each modeling time-step (one hour for TEMP86, 
and twenty-four hours for SSTEMP). Sensitivity 
analysis showed that TEMP86 and SSTEMP are 
sensitive 10 the input water temperature value, 
depending on stream size. TEMPEST is also 
sensitive to input water temperature values, but only 
for the first twenty-four hours of its multi-day 
modeling period. (Although not usually required, the 
TEMPEST program was modified to accept an input 
daily water temperature value for this test.) 

Clearly, hourly water temperature are not a variable 
that will be generally available when a model is used 
in a TFW application for predictive purposes prior to 
riparian wne managemenL This model iteration 
tested to see if a significant difference in 
modelingaccuracy occurs if an input water 
temperature is randomly specified from a range of 
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regionally appropriate values as opposed to the 
measured water temperature that was available from 
the study sites. If the model perfomnance was nOl 
affected by a less-accurate estimate of starting water 
temperature, usc of regional values for input water 
temperature could be used in TFWapplications. 

Reach Length. The standard length of study stream 
reaches where models were tested was approximately 
600 meters. For the range of stream velocities 
observed in this study, water should be routed 
through each reach in only a few hours. SSTEMP 
uses a twenty-four hour timestep for its daily 
calculations, and essentially back-calculates water 
temperatures upstream for a twenty-four hour period. 
The TWG was concerned that use of the 6OO-meter 
reach might inadvenently introduce error into the 
SSTEMP model predictions. Therefore, an alternate 
reach length was calculated as th' length of stream 
that water would travel through in a 24-hour period, 
based on the water travel time measured at each site. 
This tested whether SSTEMP might require some 
adjustments to the reach length value in the smaller, 
shoner stream reaches in order 10 model accurately. 
No reach length adjustments were necessary for the 
other models. 

Table 4.6 Description of standard and alternative methods for estimating variables tested in model iterations. 

MODEL 

USF&WS--
SSTEMP 

TEMPEST 

VARIABLE 

Groundwaler Inflow 

Riparian Shade 

Reach Length 

Starting Waler 
Temperature 

Groundwater Inflow 

Starting Water 
Temperature 

STANDARD 

Field measurement 

USF&WS SRSHD 

600 meters 

Measured al upstream and 
downstream end of reach 

Basin estimate 

Measured 

ALTERNATIVE 

B&sin estimate 

View-Io-sky--% total sky 
view 

24-hour travel time 

Randomly selecled from 
observed range 

Field measurement 

Randomly selected from 
observed range 
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U.S. Fish &Wildlife Service SSTEMP 

In several cases, alternatives to model input values 
did change the model prediction resuhs, especially for 
maximum and minimum temperatures. On a site by 
site basis, no input set consistently predicted all three 
temperalUre characteristics beuer than Standard 
methods, ahhough SOme methods improved either 
maximum, mean, or minimum temperature . 
estimates. W ·statistics and errors are summarized for 
all sites by iteration method in Figures 4.9 and 4.10, 
while W ·Statistics and average errors for maximum 
temperature are provided by site in Table 4.7. 

Estimated Groundwater vs. Standard, The SSTEMP 
"Standard" input set used the two on-site flow 
measurements to estimate groundwater, and the basin 
groundwater alternate set used the map-estimated 
value (Table 4.6) . The SSTEMP standard yielded 
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superior predictions than the alternative input set 
(Figure 4.9,4.10). While the mean W-statistic was 
similar for both methods, the maximum and 
minimum temperature estimates were much worse 
using the ahemate method. The SSTEMP "standard" 
method was used in model tests to estimate this 
parameter. 

Sky View Estimate The SSTEMP "Standard" input 
set contained shade values calculated by the SRSHD 
program, as recommended by the authors, and the 
"Sky view" alternative input set contained the 
measured densiometer reading [rom the site. 
Interestingly, the model estimated maximum and 
minimum temperatures bener with the sky view than 
the standard method (p<O.OI),while predicting the 
mean temperatures about equally well. Model 
precision, indicated by the average error, was similar 
[or the maximum and minimums, although the 
View-to-Sky set was a little less precise in predicting 
the means. When compared, the calculated LOtal view 

Figure 4.9 A comparison of the W-statistics computedfor iterations of 
the SSTEMP reach model (averaged for all sites). 
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Tahir 4.7 II'-slalislics and average error of lire nuuimllm lemperalUrefor eaclr sile wilh differenl ileralions of input vairablesfor Ihe USF & II'S SSTEMP 
model. 
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from the SRSHADE model tends to be greater than 
the measured view (Chapter 3), thus accounting for 
the tendency for temperature estimates to be greater 
with the calculated value. 

These results suggest that the level of detail required 
in measuring riparian vegetation by the SRSHD 
model does not appreciably improve temperature 
prediction. This is important in considering 
application of this model. Usc of the simpler View­
to-Sky estimate measured with a densiometer would 
significantly decrease field data requirements and 
considerably increase flexibility in using the 
SSTEMP model as a gaming toolLO evaluate 
alternative management prescriptions. 

Although model performance was acrually improved 
by substituting the measured view with the calculated 
view, the TWO decided to use the SRSHD calculated 
shade estimate in model-tests. Not doing so would 
represent such a large departure from normal model 
use that it was feared that the change might trigger 
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criticism that a fair test was not performed. The 
TWO feels, however, that users of this model can 
substitute a total sky view (or shade) measured at the 
site with a densiometer for the more complex 
measurements required to run the SRSHADE model. 

24-Hour Reach Length vs Standard (600 meters). 
The "standard" SSTEMP input set contained the 600 
meterreach length, and the "24-Hour Reach" set 
contained the longer reach lengths determined by 
travel distance in 24-hours for each site. Because of 
the routing calculations used in SSTEMP, it was 
hypothesized that the standard, 600-meter reach 
length would yield poorer predictions than the 
longer, 24-hour reach length. That was not the case. 
There was no statistically significant difference 
between the W -statistics for either input parameter 
sel for the maximum. mean Or minimum 
temperatures. The average error was beuer for the 
standard on maximum temperature. and the same for 
both sets for mean and minimum temperature. 

Figure 4.10 A comparison oflhe sum of the absolute value oflhe difference between 
predicted and measured water temperature (absolute error) computed 
for ilerations of the IFIM reach model averagedfor all siles. 
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Because there seemed to be little difference between 
the two sets of results, the measured reach length of 
600 meters rather than the artificial '"24-hour'" reach 
length was used in model tests. This was felt to be 
most appropriate, especially in the headwater streams 
where a '"24- hour'" distance often did not exist 
upstream of the study site. 

Random Input Water Temperature vs Standard The 
"Standard'" input set conlained measured water 
temperature values, and the '"Random Water" input 
set conlained the randomly specified values for each 
site. Overall model performance using the random 
water input values was similar to the standard set. 
The standard model was significantly less accurate at 
predicting maximum temperatures (p<O.Ol), while 
predictions of mean and minimum temperature were 
the same with the two methods (Figure 4.9). Model 
precision was also similar. 

These results indicated that estimating the water 
temperature input would be acceptable. It is possible 
that this result could be partly caused by the size of 
streams in this study. Most of the study sites had 
average depths less than 0.5 meters. Sensitivity 
analysis for the SSTEMP and TEMPEST models 
showed only larger streams (greater than 0.4 meters 
in depth) to be sensitive to initial water temperature. 
While it may prove cost- effective to use a regionally 
averaged initial water temperature value in a TFW 
application of this model, it may be necessary to rely 
on observed temperatures when modeling larger 
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streams. 

Although some alternative methods for estimating 
input variables did result in improvements in the 
SSTEMP performance, in no case was improvement 
significant enough to justify changing input 
estimates for the model-testing step. The TWG felt it 
was best to stay as close as possible to the authors' 
recommendations for model-testing to provide the 
fairest tests. Therefore, the SSTEMP model tested 
contained a parameter set including SRSHD 
estimates of riparian shading, groundwater inflow 
values derived from field measurements, a 6OO-meter 
stream reach length, and actual measured values of 
starting water temperature, among the other required 
variables. However, the results of these model input 
variable tests suggest that several variables may be 
estimated more easily than current model 
recommendations without loss of predictive 
capability. It was recognized that results from this 
test of alternatives would be used to develop 
alternative recommendations should this model be 
used in TFW applications. 

TEMPEST 

Alternatives for twO input variables, groundwater 
inflow rate and random water temperature, were tested 
for the TEMPEST model. Results of the tests are 
presented by site in Table 4.8 and in summary in 
Figure 4.11 and 4.12. Although results vary by site, 
TEMPEST, predicted quite accurately on average 

Figure 4.11 A comparison of the w-statistic calculated for iterations of the 
TEMPEST model averaged for all sites. 
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using the standard variable input sets. No alternative 
input set predicted significantly better than the 
standard for all temperature characteristics. 

Measured Groundwater vS Standard. For 
TEMPEST, the "Standard" input set used the inGow 
rate derived from basin characteristics, while the the 
"Measured Groundwater" alternate set used the rate 
calculated from flow measurements. Model 
performance using the measured groundwater was 
worse than the standard when predicting maximum 
and mean temperatures, but was bener at estimating 
minimum temperatures (p=O.03). Model precision 
was lower in all cases when the measured 
groundwater value was used. 

Random Water Temoeramre vs, Standard Overall 
model performance using the random water inputs 
was as good or better than the standard model. The 
maximum and minimum were not significantly 
different, but the prediction of the mean was 
Significantly improved (p= 0.04). The average error 
tended to be a little higher with the nmdom water 
inputs, but was not Statistically different 
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For the TEMPEST model, the TWG concluded that 
the basin estimate of groundwater, which is much 
more easily derived than the measured estimate, 
provided a quite adequate estimate. While it was 
decided to use the observed input water temperature 
values for the model testing step, it was recognized 
that, if an appropriate range of regionally derived 
values could be specified, modeling performance 
would not be decreased significantly. Because the 
input water temperature value only affects the 
TEMPEST model for the frrst 24 hours of the 
modeling period, greater care in specifying this value 
is probably not necessary. Sensitivity analysis 
indicates that for streams with an average depth 
greater than 0.5 meters, this model may require a 
more accurate starting water temperature value. These 
considerations are addressed in developing the TFW 
application recommendations for these models. 

For the model testing Step, the TEMPEST model 
was run using the basin estimates of groundwater 
inGow rate, as recommended by the authors, and 
measured starting water temperature values as 
described in Table 4.6. 

Figure 4.12 A comparison of the sume of the absolute value of the difference between 
predicted and measured water temperature (absolUie error) 
computedfor iterations of the TEMPEST lTIJ)del averagedfor all siles. 
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'" Table 4.8 IV-slatislics and average daily error for lire maximum daily lemperalurefor lEMPEST model ileralions. 
0 

'" W-STATISTIC (PREDICTED-ODSERVED) AVERAGE ERROR ~. 

3:: 

SITE Standard Random Groundwater Slandard Random Groundwaler &. 
Waler Tem Waler Tern 

~ 

'" AA -0.3 0.1 2.6 1.8 1.7 3.2 Ii 

AD -0.5 -0.7 -0.4 2.2 2.4 1.9 [ 
AC 1.2 1.3 3.3 1.3 1.3 3.3 s· 
AD -0.8 -0.6 2.4 0.9 0.9 2.5 • 
AE 0.9 1.4 2.4 1.5 2.2 2.7 

AF 0.0 0.1 0.1 1.3 1.7 1.1 

AG 1.6 1.9 2.9 1.9 2.2 2.9 

AH -0.8 -0.5 -0.7 1.0 1.4 1.2 

AI -0.5 -0.6 -0.2 0.9 1.2 0.9 

N -0.4 -0.4 0.9 0.9 1.3 1.1 

AK -1.3 -1.2 -1.2 1.3 1.7 1.4 

AL -1.0 -1.0 -1.\ 1.0 1.9 1.3 

AN 0.4 0.6 0.9 1.0 1.2 1.2 

AO 1.5 1.5 2.2 2.1 2.3 2.4 

AP -0.4 -0.1 0.9 0.9 1.2 1.2 

AQ -0.8 -0.3 -1.5 2.4 2.3 1.9 

BC 2.0 2.1 3.1 2.3 2.4 3.2 

DO -1.2 -1.2 -1.5 1.3 1.5 1.5 

BE -0.5 -0.4 0.7 0.6 0.7 1.0 
:;l 

CA 2.6 2.6 4.0 2.9 2.9 4.0 

CD 1.7 1.8 3.7 1.8 1.9 3.7 
g. 
~ 

CC 0.7 0.6 1.3 1.7 1.7 1.6 "-

CD 1.4 1.3 2.8 1.9 2.0 2.8 ~ 
~ 

DA -OJ -0.3 1.5 0.6 1.3 1.9 ~ 
DB 0.3 0.4 2.0 0.8 0.9 2.2 ~ 
EA 4.0 4.2 5.5 4.1 4.3 5.6 .,. 
ED 0.9 -1.2 -0.7 2.5 2.2 1.5 ~ 
GA 0.3 0.4 2.5 1.0 1.1 2.5 ~ 

HC 1.1 1.0 1.6 1.2 1.2 1.7 ~ , 

JIG -0.1 -0.5 0.4 0.6 0.9 1.3 • .. 
IC 1.3 1.3 2.7 1.4 1.4 2.8 

, 
~ 

ID 0.2 0.2 1.9 1.4 1.3 2.0 \:' 

AVERAGE 0.4 0.4 1.4 I.S 1.7 2_2 t 
-< 
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Comparison of Model Performance 

In order 10 teSt the performance of the reach models, 
the best available estimated or measured parameter 
values at the thiny-tbree primary study sites were 
used for model inputs. In a TfF/w context, the model 
test delineates the "upper limit" of modeling ability 
by using Site-specific stream data and actual measured 
air and water temperatures. Typically, air and water 
temperatures will not be available for routine use of a 
prediction model in TFW applications, although 
these variables are shown in the sensitivity analysis 
10 be important to correct prediction of temperature. 
Methods 10 estimate climatic and stream data will be 
developed in the TFW simulation section of this 
chapter, and results using estimated values compared 
to this those in the model test described here. 

Models were examined for accuracy, precision, 
consistency and bias in predicting maximum, mean 
and minimum temperatures and the diurnal flux. The 
W-statistic formed the basis for all comparisons. 

Site Model Evaluation 91 

Results were examined on a site-by-site basis, and in 
aggregate yielding an overall evaluation of model 
performance as an average of all siteS. 

Examining W -statistics for the mean stream 
temperature at the thiny-three sites illustrateS general 
pauems in model performance from site to site 
(Figures 4.13 and 4.14; for those interested in 
performance of an individual site, a list of stream 
names represented by the site codes shown in the 
figure can be found in Table 2.1). Generally, all of 
the models predicted temperature fairly well, although 
none of the models predicted well at every site. For 
many siteS, the average difference between observed 
and predicted values (the W-statistic) fell within 
±[oc. Since some equipment used in the study 
cannot measure temperature with greater accuracy 
than ±loC, predictions within this range were 
considered by the TWG 10 be essentially the same as 
the observed temperature. 

All models occasionally predicted temperature very 

Figure 4.13 Average w-sraristicfor mean warer remperarure predicredfor each sire 
in rhe wesrern Cascades. Puger Sound region. 
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badly, but none did so consistently. (Input data were 
carefully re-examined at all sites where estimates 
were very poor. If no errors were detected, the poor 
estimate was allowed to stand and was viewed as pan 
of the unexplained vari:lbility in model performance.) 
No site was predicted poorly by every model, which 
wa~ viewed as an indication that no site's observed 
temperature data were extremely inaccurate. 

Although W -statistics vary by site, general trends in 
model performance are easily observed in Figures 

Timber/Fish/Wildlife Temoerature Sludy 

4.13 and 4.14. The W-statistic for TEMP-86 is very 
close to zero at most sites (nearly perfect prediction). 
TEMPEST also tends to predict well, but is more 
variable. The SSTEMP model is more variable than 
both of the other two models, and tends to under­
predict temperatures. Similar general performance 
trailS can be observed in maximum, mean, minimum 
and diurnal fluctuations, whose site averaged values 
are provided in Tables 4.9, 4.10, 4.11 and 4.12. 

Figure 4.14 Average w-statistic/or mean water temperature predicted/or each site 
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Table 4.9 Average ",·statistic and daily error for predicted maximum temperature by site. 

W·STATISTIC (PRE-OBS) AVERAGE ERROR 

SITE TEMP- TEMPEST SSTEMP BROWN TEMP- TEMPEST SSTEMP BROWN 
86 86 

AA 0.0 -0.3 1.0 . \.3 1.0 1.8 1.2 1.3 

AB 0.5 -0.5 1.3 ·0.3 0.9 2.2 1.5 0.8 

AC ·0.1 1.2 OJ 6.4 0.4 1.3 0.4 5.5 

/ill 0.0 ·0.8 0.0 -0.5 0.5 0.9 0.4 0.7 

M- 0.1 0.9 0.1 0.4 0.6 1.5 0.5 0.7 

AF ·0.2 0.0 OJ -5.7 0.8 1.3 0.6 6.5 

AG 3.4 1.6 0.9 -3.4 3.2 1.9 1.0 3.9 

AH ·0.2 ·0.8 1.6 -4.8 0.8 1.0 1.8 5.4 

AI ·0.1 -0.5 0.4 ·5.0 0.9 0.9 0.8 5.7 

A1 ·0.1 ·0.4 ·1.0 ·4.5 1.0 0.9 1.1 5.1 

AK -0.3 -1.3 :0.8 ·5.3 0.9 1.3 1.1 5.0 

Al. -0.2 -1.0 ·0.2 ·5.4 1.0 1.0 0.9 5.1 

AM ·0.1 ·0.2 0.9 ·2.9 0.4 0.9 1.3 2.7 

AN ·0.2 0.4 1.2 ·5.2 0.7 1.0 1.3 4.8 

AO 0.3 1.5 3.2 -3.8 0.8 2.2 3.2 3.8 

AP ·0.3 -0.4 -1.0 -3.2 0.6 0.9 1.1 3.6 

AQ ·6.8 -0.8 0.8 -7.3 6.5 2.4 1.1 7.3 

BC 0.9 2.0 4.3 0.0 0.9 2.3 4.3 0.5 

BD 0.6 -1.2 0.1 0.0 0.9 1.3 0.7 1.1 

BE -0.1 -0.5 0.1 ·1.8 0.5 0.6 0.5 1.9 

CA 1.0 2.6 303 -2.8 1.0 2.9 3.3 2.8 

CB 0.0 1.7 4.3 -3.6 0.6 1.8 4.3 3.6 

CC 0.2 0.7 2.1 -5.8 0.7 1.7 2.1 5.9 

CD 0.1 1.4 2.5 -5.2 0.6 1.9 2.5 5.2 

DA 0.0 -0.3 0.5 -2.8 0.7 0.6 0.9 0.7 

DB 0.1 0.3 0.9 .1.7 0.4 0.8 0.9 0.9 

EA 0.1 4.0 1.7 .\.3 0.5 4.1 1.7 1.8 

EB ·0.1 0.9 ·0.4 .7.1 0.3 2.5 0.9 10.9 

GA J.l 0.3 ·2.7 ·0.9 1.1 1.0 2.8 0.7 

HC OJ 1.1 2.0 _ ·2.6 0.6 1.2 2.0 2.9 

HG 0.2 -0.1 1.9 -3.5 0.7 0.6 2.1 3.9 

IC 0.1 1.3 0.1 -\.3 0.4 1.4 0.9 1.7 

ID 0.1 0.2 0.6 ·5.4 0.9 1.4 0.9 6.8 

AVE 0.0 0.4 1.1 -3.0 1.0 1.5 1.5 3.6 
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Table 4.10 Average w-statistic and daily error for predicted mean temperature by site. 

W-STATISTIC (PRE-OBS) AVERAGE ERROR 

SITE TEMP-86 TEMPEST SSTEMP TEMP-86 TEMPEST SSTEMP 
AA 0.1 ·1.2 ·0.5 0.6 1.3 0.8 
AB 0.3 0.2 0.4 0.5 1.3 0.5 

AC ·0.1 0.4 ·0.5 0.4 0.5 0.5 

AD 0.0 ·1.0 ·0.7 0.4 1.1 0.7 

AE 0.1 0.1 -0.1 0.4 1.0 0.4 

I'J' 0.0 0.0 -0.5 0.5 0.8 0.7 

NJ 2.6 1.0 0.1 2.4 1.1 0.4 
All 0.0 -0.6 0.0 0.6 0.8 0.7 

AI 0.0 -0.4 -0.1 0.8 0.7 0.8 

AJ 0.0 -0.3 -0.7 0.7 0.7 0.8 
AI< 0.0 -0.3 -0.4 0.6 0.4 0.7 

AI. 0.0 -0.3 -0.9 0.8 0.5 1.0 

AM 0.0 -0.3 0.0 0.1 0.6 1.2 
AN 0.0 0.5 -0.8 0.5 0.7 0.9 
NJ 0.1 0.1 0.2 0.5 1.0 0.4 

AP -0.1 -0.3 -0.4 0.5 0.7 0.6 

Nl -3.2 -0.2 0.1 3.2 1.4 0.7 

BC 0.1 0.5 0.3 0.3 1.0 0.6 

BD 0.3 -1.0 -0.8 0.6 1.0 0.8 

BE 0.0 -0.6 -0.9 0.5 0.7 0.9 
CA 0.4 1.5 0.7 0.5 1.5 0.7 

CB 0.1 1.2 0.4 0.5 1.2 0.5 

CC 0.1 1.1 0.2 0.5 1.2 0.5 
CD 0.1 1.3 0.3 0.4 1.3 0.5 
DA 0.1 -0.2 0.0 0.4 0.4 0.4 

DB 0.0 0.0 -0.4 0.4 0.7 0.4 

EA 0.2 1.4 -0.3 0.5 1.5 0.4 

EB -0.4 0.7 -0.7 0.6 1.6 0.9 

GA 0.2 -0.5 -1.6 0.3 0.8 1.7 

HC 0.2 0.8 0.2 0.5 1.0 0.5 

HG 0.2 0.0 -0.7 0.4 0.4 0.7 

lC 0.1 0.6 -0.5 0.4 0.7 1.0 

ID 0.1 0.1 0.0 0.4 0.9 0.4 

AVE 0.0 0.1 -0.3 0.6 0.9 0.7 
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Table 4.11 Average w-statistic and dili/y error for predicted minimum temperature by sire. 

W-STATlSTIC (PRE-DRS) AVERAGE ERROR 

SITE TEMP-86 TEMPEST SSTEMP TEMP·86 TEMPEST SSTEMP 

AA 0.1 ·1.4 ·2.5 0.0 1.4 2.5 

AB 0.0 0.1 ·1.8 0.0 0.7 1.8 

AC ·0.1 ·0.3 ·1.2 0.0 0.6 1.3 

AD 0.0 - J.J -1.5 0.0 1.1 1.5 

AE 0.1 -0.3 -0.2 0.0 0.7 0.5 

AF -0.1 -0.1 -1.7 0.0 0.4 1.7 

NJ 1.9 0.5 -0.8 0.1 0.6 0.9 

AI-! 0.1 -0.4 -2.0 0.0 0.8 2.2 

AI 0.1 -0.2 -0.8 0.0 0.6 1.2 

AJ 0.0 -0.2 -0.6 0.0 0.6 0.7 
AI( 0.1 0.4 -0.4 0.0 0.5 0.7 

AI. 0.2 0.1 -1.9 0.0 0.4 1.9 

AM -0.1 -0.5 -0.9 0.0 0.7 1 .. 7 

AN 0.1 0.6 -3.0 0.0 0.7 3.0 

AO 0.0 -1.5 -3.3 0.0 1.5 3.3 

AP -0.1 -0.3 0.2 0.0 0.6 0.5 

AQ -0.5 -0.2 -1.6 0.2 0.6 1.8 

BC -0.2 -1.3 -4.2 0.0 1.3 4.2 

BD -0.2 -1.2 -2.3 0.0 1.1 2.2 

BE -0.1 -0.7 -2.0 0.0 0.8 2.0 

CA -0.1 -0.1 -2.8 0.0 0.4 2.8 

CB 0.0 0.5 -3.9 0.0 0.6 3.9 

CC 0.2 J.J -2.3 0.0 1.1 2.3 

CD 0.1 J.J -2.2 0.0 1.1 2.2 

DA 0.1 -0.1 -0.6 0.0 0.4 0.9 

DB 0.0 -0.5 -1.7 0.0 0.7 1.7 

EA 0.1 -0.7 -2.5 0.0 0.9 2.5 

EB -0.5 0.1 -1.4 0.0 0.8 1.5 

GA -0.1 - J.J -5.9 0.0 1.1 5.9 

HC 0.2 0.4 -1.7 0.0 0.9 1.7 

HJ 0.1 0.0 -3.6 0.0 0.5 3.6 

IC 0.1 0.0 -1.2 0.0 0.5 1.6 

ID 0.1 -0.8 -1.8 0.0 0.8 1.9 

AVE 0_0 -0_3 ·1.9 0.6 0.8 2_0 
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Table 4.12 Average w-starisric and daily error for predicted diurnalj1ucruation by site. 

W-STATISTIC (PRE-OBS) AVERAGE ERROR 

SITE TEMP-86 TEMPEST SSTEMP TEMP-86 TEMPEST SSTEMP 

M ·0.1 1.1 3.5 1.2 2.3 3.5 
AB 0.5 -0.6 3.1 1.0 2.0 3.3 
AC ·0.0 1.6 1.5 0.3 1.6 1.5 
AD ·0.0 0.2 1.5 0.6 0.7 1.5 
M. ·0.0 1.2 0.2 0.5 1.4 0.6 
AF ·0.1 0.1 2.0 0.9 1.3 2.1 
NJ 1.5 1.1 1.7 1.6 1.6 1.7 
All -0.3 ·0.4 3.6 0.7 0.8 3.7 
AI ·0.1 ·0.3 1.2 0.7 0.8 1.4 
AJ -0.1 ·0.2 ·0.4 1.0 0.7 0.8 
AI( ·0.3 .1.7 ·0.5 1.0 1.7 1.0 
AL ·0.3 .1.1 1.7 0.9 1.1 1.7 
AM 0.0 0.2 1.8 0.3 0.8 1.9 
M< -0.3 ·0.2 4.2 0.8 1.0 4.2 
AO 0.3 2.9 6.5 0.9 3.0 6.5 
AP ·0.2 ·0.1 ·1.2 0.7 0.5 1.2 

AQ ·6.4 -0.6 2.3 6.5 2.2 2.7 
BC 1.1 3.3 8.5 1.1 3.3 8.5 
BD 0.9 -0.1 2.4 1.1 0.7 2.4 
BE ·0.0 0.2 2.1 0.8 0.4 2.1 
CA 1.1 2.8 6.1 1.1 3.1 6.1 
CB 0.0 1.2 8.2 0.6 1.6 8.2 
CC 0.0 ·0.4 4.3 0.8 1.8 4.3 
CD -0.0 0.3 4.6 0.7 1.7 4.6 
DA ·0.1 ·0.2 1.2 0.7 0.6 1.4 
DB 0.1 0.8 2.6 0.6 0.9 2.6 
EA 0.0 4.7 4.2 0.5 4.8 4.2 
EB 0.4 0.8 1.0 1.1 2.5 1.2 
CiA 1.2 1.4 8.5 1.2 1.4 8.5 
HC 0.1 0.7 3.7 0.6 0.8 3.7 
H::; 0.1 ·0.2 5.6 0.6 0.8 5.6 
IC ·0.0 1.3 1.3 0.3 1.4 1.4 
ID 0,0 0.9 2,4 1.1 1.7 2,7 

AVE 0.0 0.6 3.0 1.0 1.5 3.3 
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Maximum Temperature 

Predictions of maximum temperature relative to 
observed showed different patterns for the four 
models. Site-averaged predicted temperature is shown 
relative to observed temperature for the four models 
in Figure 4.15. TEMP-86 showed little variability in 
relationship between predicted and observed 
temperature (except for several outliers). and the 
regression slope was near 1. (perfect prediction 
should have 1: 1 correspondence with observed 
temperature.) TEMP-86 tends to slightly over predict 
temperature at higher average site temperatures and 
under predicts at sites with lower temperatures. 
TEMPEST has wider variability in the relationship 
in general, but has less discernible patterns in 
predictions with average site temperature 
characteristics. SSTEMP is also more variable than 
either TEMP-86 or TEMPEST, and shows a distinct 
bias to over predicting temperature at most sites. 
Brown's predictions were also highly variable and 
tended to under predict at higher site temperature. 
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When model perfonnance was evaluated for all sites, 
TEMP86, SSTEMP, and TEMPEST all predicted 
maximum temperature accurately, that is, close to or 
within the range of instrument precision. (Summary 
statistics for the W -statistic, average error and 
consistency of model performance are shown by 
model in Figure 4.16. Average W-Statistic and error 
are listed by site in Table 4.9.) Brown's equation 
showed inconsistent results, and almost always 
under-predicted maximum temperature. TEMP86 was 
the most precise model, as indicated by the 
average.error, averaging about 1°C error per day. 
TEMPEST, SSTEMP and Brown's equation were 
somewhat less precise, with an average error of 
approximately 1.5°C per day. Consistency of model 
performance was good for the three computer models 
but not as good for Brown's equation. TEMPEST and 
TEMP86 predicted 93% of all sites accurately (site 
accuracy was defined as the average w-statistic within 
2°C), while SSTEMP predicted 78% and Brown's 
equation correctly predicted only 33% of the sites. 
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Figure 4.15 Relationship of observed 10 

predicted daily maximum temperature 
by site mode/so 
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Mean Temperature 

In general, all three of the computer models predicted 
mean daily temperature more accurately than they 
predicted the maximum temperature. Site-averaged 
predicted mean temperature is shown relative to 
observed mean temperature for the three models in 
Figure 4.17. (Brown's model does not predict mean 
or minimum temperature.) For all models, the 
predicted mean temperature was close to the observed 
temperature, with a regression slope of nearly 1 
(perfect correspondence). Also, there was liule 
evidence of bias with average site temperature and 
relatively low variability in the predictive capability 
from site to site. 

When model performance was evaluated for all sites, 
TEMP86, SSTEMP, and TEMPEST all predicted 
mean temperature very accurately, and beller than 
other temperature characteristics. (Summary statistics 
for the W-statistic, average error and consistency of 
model performance for predicting mean daily 
temperature are shown by model in Figure 4.18. 
Average W-statistic and error for the mean 
temperature are listed by site in Table 4.10.) All 
three models were very accurate, and showed similar 
precision levels. All three models predicted quite 
consistently, with TEMPEST and SSTEMP 

Figure 4.17. Relationship of observed 10 

predicted daily mean temperature l1y site 
models. 
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Figwe 4.18 Swnmtlry performtlnce statistics/or mean temperatwe based 
on averages/or all sites (n=33). 
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Minimum Temperature 

TEMP86 and TEMPEST continued to show good 
performance, predicting minimum temperatures very 
well, on average, for most sites tested. Site-averaged 
predicted minimum temperature is shown relative lO 
observed minimum temperature for the three models 
in Figure 4.19. SSTEMP performed poorly, and 
showed a trend of under-predicting the observed 
minimums. 

When model performance was evaluated for all sites, 
TEMP86 and TEMPEST predicted minimum 
temperature accurately. (Summary statistics for the 
w-statistic, average error and consistency of model 
performance for predicting minimum daily 
temperature are shown by model in Figure 4.20. 
Average w-statistic and error for the minimum 
temperature are listed by site in Table 4.11.) While 
TEMPEST and TEMP86 showed similar levels of 
precision, SSTEMP was less precise than the other 
two models. TEMP86 and TEMPEST adequately 
predicted minimum temperature at 100% of the sites, 
while SSTEMP was less consistent, predicting only 
64%. 
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Fig UTe 4.19 Relationship of observed to 
predicted daily maximwn temperatUTe 
by site models. 
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Diurnal Fluctuation 

Prediction perfonnance for diWllal flux follows that 
of the maximum and minimum temperature. Models 
that predicted these chaIacteristics accurately tended to 
also predict the diurnal flux accurately, although for 
all models the ability to predict diurnal flux was 
worse than for predicting maximum or mean 
temperature. Site-averaged predicted minimum 
temperature is shown relative to observed minimum 
temperature for the three models in Figure 4.21. 
TEMP86 predicted diWllal flux well, on average, for 
most sites modeled. TEMPEST and SSTEMP were 
more variable, with SSTEMP doing a generally poor 
job in predicting diWllal flux with a significant 
tendency to over-predicL This is consistent with the 
results shown above, where the poor predictions by 
SSTEMP of the minimum temperatures mean poor 
predictions of the flux. 

Figure 4.21 Relationship between observed 
diurnal fluctuation and that predicted by 
the TEMP-86 mfJdel, averaged by site. 
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Figure 4.21 Relationship between observed 
diurnal fluctuation and that 
predicted by the TEMPEST mfJdel. averaged by site. 
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When model perfonnance was evaluated for all sites, 
TEMP86 and TEMPEST predicted diurnal 
flucUlation accurately. (Summary statistics for the 
W-statistic, average error and consistency of model 
performance for predicting diurnal temperature 
fluctuation are shown by model in Figure 4.22. 
Average W-statistic and error for the minimum 
temperature are listed by site in Table 4.12.) 

Sire Model Evalualion 105 

TEMP86 perfonned well in predicting diurnal 
fluctuation in general, as did TEMPEST. SSTEMP 
showed poor precision. The TEMP86 model again 
was the most consistent, predicting 97% of all sites 
within 2°C. TEMPEST correctly predicted 88% of 
the sites while SSTEMP predicted only 42% of the 
sites accurately. 

Figure 4.22 Summary peiforTTUlnce statistics/or diurnal temperature 
fluctuation based on the average 0/ all sites (n=33). 
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Patterns aod Trends in Performance 

Model perfonnance was analyzed for possible bias in 
prediction wilb different riparian vegetation shade 
(expressed as the percent of sky Ibat could be viewed 
from Ibe stream), as well as over Ibe range of stream 
sizes studied (expressed as basin area). Model 
predictions over Ibe range of observed maximum 
temperatures were also analyzed to see if Ibe models 
1bemselves performed differently at different 
temperatures. 

None of Ibe models showed significant bias in 
predictions over Ibe ranges of observed riparian 
canopy categories. Each site's average W-statistic 
compared to its riparian shade density is shown in 
Figure 4.23. Regression statistics for simple linear 
equations fitted to these relationships for maximum, 
mean, minimum and diurnal fluctuation 
characteristics are provided in Table4.!3. Regression 
slopes significantly differentlban zero, indicating 
bias in temperature prediction as a direct function of 
riparian density was not observed for any model for 
any temperature characteristic. 

Figure 422 Continued 
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Comparing Ibe W -statistic over Ibe ranges of stream 
sizes swdied suggested Ibat all of Ibe models tended 
to be less accurate for small streams, which make up 
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4.24). TEMP86 and SSTEMP showed no 
significantlevcl of bias (Table 4.14). TEMPEST, 
however, tended to show a bias for predicting higher 
minimum temperature with stream size (p=O.02), and 
lower diurnal flucwation with stream size (p=O.07). 
TEMPEST did not show bias in predicting Ibe 
maximum or mean temperatures. 

All models showed a prediction bias across Ibe 
observed temperature range, consistently under­
predicting at higher temperalOres and over-predicting 
at lower temperawres (Figure 4.25). This could be 
due to changes in Ibe rate of some temperature 
processes at higher temperatures, particularly 
evaporation, Ibat are not adjusted wilbin Ibe models. 
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streams under study, the TWG nOled this result but 
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Table 4.1 3 Regresswn statistics testing bias of model temperature predictions with variability in sky view factor 
(0-100%) «(Temp=j(View)). 

TEMPERATURE Pr>T 
CHARACTERISTIC MODEL SLOPE INTERCEPT R2 FOR SLOPE 

MAXIMUM TEMP-86 -0.008 0.5 0.Q2 0.44 

TEMPEST 0.001 0.4 0.00 0.90 

SSTEMP 0.013 OJ 0.05 0.20 

. MEAN TEMP-86 -0.004 0.3 0.02 0.48 

TEMPEST 0.004 -0.1 0.02 0.45 

SSTEMP 0.004 -0.5 0.03 0033 

MINIMUM TEMP-86 0 0.04 0.00 0.92 

TEMPEST 0.002 -0.36 0.01 0.62 

SSTEMP -0.014 -1.08 om 0.14 

DIURNAL TEMP-86 -0.009 0.47 0.02 0.35 
FLUCTUA TION 

TEMPEST -0.002 0.75 0.00 0.87 

SSTEMP 0.027 1.38 0.07 0.14 

Table 4.14 Regression statistics testing bias of model temperature predictions with variability in basin area 
(Temp=f(BA)). 

TEMPERA TURE Pr>T 
CHARACTERISTIC MODEL SLOPE INTERCEPT R2 FOR SLOPE 

MAXIMUM TEMP-86 0 0.01 0 0.93 
TEMPEST -0.001 0.56 0.02 0.48 
SSTEMP -0.002 1.31 0.04 0.29 

MEAN TEMP-86 0 0.08 0 0.74 
, TEMPEST 0 0.08 0.Q2 0.40 

SSTEMP 0 -0.24 0 0.93 

MINIMUM TEMP-86 0 0.09 0.02 0.48 
TEMPEST 0.002 -0.42 0.17 0.Q2 

SSTEMP 0.002 ·2.11 0.03 0.32 

DIURNAL TEMP-86 0 -0.08 0 0.88 
FLUCTUATION 

TEMPEST -0.004 0.97 0.10 om 
SSTEMP -0.004 3.41 0.04 0.27 



108 Size Model Evaluation Timber/Fish/Wildlife Temperature Studv 

Figure 4.23 W-Statisticsjor the model predictions in relation to riparian canopy_ 
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Figure 4.24 W-statistics/or TEMP86 model predictions as a/unction 0/ stream size 
indexed by basin area. 
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General Observations and Conclusions 

TEMPEST and TEMP86 predicted all temperature 
characteristics quite well. SSTEMP predicted mean 
water temperatures well, and did much more poorly 
in predicting temperature ranges. Three of the four 
models tested predicted well enough, with this level 
of input data, to be considered for further 
development in TFW applications. None of the 
models showed major bias with stream size or 
riparian category, although all of the showed a 
tende.ncy to under-predict at higher temperarures. 

The reasons for the difference in results between 
models even though they used the same data, may 
relate to model structure. While TEMP86, 
TEMPEST and SSTEMP are all steady-state models, 
they route the heating equations through time steps 
differently. SSTEMP relies on a 24-hour time step 
using 24-hour averages of input values to predict the 
mean daily temperature. To calculate the daily 
maximum, the model begins with the 24-hour mean 
value at solar noon, and models the stream's response 

Timber/Fish/Wildlife Temperature Studv 

up to solar sunset, predicting the maximum. 

To estimate the minimum, the model makes a mirror 
image of the curve between the mean and the 
maximulD by subtracting their difference from the 
mean. Low accuracy in predicting minimum and 
diurnal fluctuation by SSTEMP may result because 
minimum stream temperatures are more strongly 
affected by factors such as groundwater temperature 
and mean air temperature than by solar insolation, 
which affects maximum temperatures more strongly. 

The good performance of TEMPEST and TEMP86 
may stem from these model'S reliance on a shaner, 
one-hour time step for calculating heat loading, and 
both models require a new air temperature value input 
each hour. TEMPEST generates hourly water 
temperature predictions, but TEMP86 also requires a 
new water temperature input each hour. This may be 
why these two models estimate the maximum, 
minimum and flux more accurately than SSTEMP, 
since the time Step the model can run before 
recalibration with new input data is shaner. The need 
of TEMP86 to have a value supplied as input (water 

Figure 4.25 W-statistics (predicted - observed temperaturei/or maximum temperature 
predictions as a/unction 0/ temperature. 
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temperature) which is also output one hour later is 
probably the reason for the good model performance. 
The TWO does not know if this good performance 
would hold up without measured water input values, 
or using hourly values estimated from measured 
maximum and minimum temperatures. 

Accuracy of climate variables used as input could 
also affect model performance. For the more moderate 
climates of the Western Cascades and Washington 
Coast, NOAA station estimates of relative humidity 
and wind speed, used to estimate conditions at the 
study sites, might be closer to those actually existing 
at the stream reach than east of the Cascades. For the 
Eastern regions, it could be hypothesized that relative 
humidity and wind speed conditions in a riparian zone 
could differ more from the conditions at the NOAA 
index station. A less-accurate estimate of the regional 
climate parameters could affect model performance. 
The extent to which regional estimates of climate 
characteristics affected model performance at any site 
is not known. 

Model Selection Criteria and Conclusions 

Following the numerical tests and sensitivity 
analyses, the models were evaluated for their overall 
effectiveness as a 1FW management tOol. Although 
good temperature prediction capabilities were 
considered essential in the model selected, other 
practical faclOrs influencing effective 1FW 
implementation such as cost effectiveness and data 
requirements were also considered important. Where 
temperature prediction capabilities were comparable 
betwccn models, the most practical would be 
considered superior. Furthermore, after developing a 
thorough understanding of model performance relative 
to the required input data parameters, the TWO felt 
that a rating reflecting their perception of a model's 
reliability was also an important conSideration in 
model selection. 

Evaluation criteria included model petformance in 
temperature prediction, model reliabilit)' based on the 
data required to run them, and practical considerations 
such as COSt and personnel. The criteria categories 
received initial weightings reflecting the TWO's 
consensus of their relative importance. Of the total 
possible score, 40% was based on performance, 25% 
was based on reliability, and 35% was based on 
practical it)' considerations. A number of criteria 10 be 
applied to each model were developed for each of the 
three categories. Each criteria's rating was designed 10 
provide the highest score to the best performance or 
mOSt desirable features. The score for each criteria 
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varied reflecting the TWO's perceptions of its relative 
importance, as shown in Table 4.15. Each model's 
overall score was the basis for model selection. 

Model Performance Criteria 

Performance criteria characterized how well the model 
predicted temperature by appraising the accuracy, 
precision, consistency and bias of model results. 
Performance criteria were evaluated individually for 
each of the temperature characteristics: daily 
maximum, mean, minimum and diurnalfluclUation. 
For each temperature Characteristic, an overall model 
rating was estimated based on the mean value of all 
sites (33). An evaluation of excellent, good and poor 
performance as defmed below was applied and an 
overall performance score was computed by summing 
all ratings. 

Aocuracy. Model predictions were considered accurate 
when the difference berween the daily observed 
temperature and the predicted temperature (W-
statistic) was small. Rating: lO=Excellent (W-
statistic<= 1.0); 6--Good (I.O<W -statistic<=2.0) 
O=Poor (W-statistic>2.0) 

Precision. Model predictions were considered precise 
when the difference between the observed and 
predicted temperatures (Average Error),either positive 
or negative, was consistently low. This was 
evaluated by determining the average error for each 
site, and then determining the overall average for all 
sites. Rating: 100Excellent (Average Error<=l.O); 
6=Good (I.O<Average Error<=2.0); O=Poor (Average 
Error>2). 

Consistency A model was considered consistent if it 
accurately predicted temperature at most of the test 
sites. A site prediction was considered accurate if the 
average difference in predicted and observed 
temperature was less than or equal to 2.00C. (W­
statistic <= 2.0.) Raling: 100Excellent (More than 
90% of the sites were accurately predicted); 5=Oood 
(81-90% of sites accurately predicted); O=Poor (Less 
than 80% of sites accurately predicted) . 

~ Significant trends in high or low temperature 
predictions relative 10 stream size or riparian 
conditions was used as an indicator of model bias 
considered impOrtant for 1FW applications. Bias was 
determined by examining the W-statistic relative to 
basin area and riparian vegetation density with linear 
regression. Rating: 5=No bias O=Yes. 
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Table 4.15 Weigheingfactors for model seleceion crieeria. (To compUle coeal poines each model's scorefor each 
crileria (shown in Table 4.17 is muleiplied by lhe weigheing shown here.) 

CATEGORY CRITERIA WEIGHTING 

PERFORMANCE Accuracy--Maximum 10 

Accuracy-Mean 10 

Accuracy .. Minimum 10 
Accuracy-Daily Flux 10 
Precision--Maximum 10 
Precision--Mean 10 
Precision--Minimum 10 
Precision--Daily Flux 10 
Consistency--Maximum 10 
Consistency--Mean 10 
Consistency--Minimum 10 
Consistency--Flux 10 
Bias (Size)--Mean 5 
Bias (Size)--Flux 5 
Bias (Riparian)--Mean 5 
Bias (Riparian)--Flux 5 

RELIABILITY Number of Variables 15 
Model Response 15" 
Variable Measurability 15 
Parameter Sensitivity 30 

PRACTICALITY Field Personnel 15 
Field Equipment 6 
Field Training 9 
Field Data Collection 24 
Data Management 9 
Model Run Cost 6 
Computer Costs 3 
Computer Training 3 
Operation Mechanics 6 
Product Suppon 3 
Output 6 
Model Friendliness 15 
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Model Reliability Criteria 

Evaluation of model reliability was based primarily 
on the results of the sensitivity analysis where 
temperawre predictions were related to variation in 
specific model input variables. These analyses 
identified whieh variables were most important in 
determining each model's the water temperature 
predictions and suggested the reliability of variable 
measurement or estimation required to minimize 
prediction errors. Models were considered to be less 
reliable if they were sensitive to many variables. or 
to variables that are difficult to measure. Most of the 
models require an estimate of water temperature as a 
staning point for the temperature calculation. Since 
water temperature is both an input and an output 
variable, a high degree of sensitivity to. or reliability 
on. this variable was considered especially 
undesirable. 

Number of Variables. A model's complexity 
increases with the number of input variables it 
requires. Ideally, only variables necessary to yield 
good predictions without compromising the model's 
application as a management 1001 should be required 
for input Models were evaluated on the number of 
input variables and the importance of these variables 
in producing reliable results. Requiring four or more 
input variables which do not actually significantly 
affect a model's predicted maximum or mean 
temperatures was considered undesirable (poor=O). 
Models for which the majority of input variables are 
readily understood and make significant differences in 
predicted temperatures were rated good (5). Models 
requiring fewer than five input variables. for which 
information is readily available from pre-existing 
sources were considered desirable (excellent= 10). 

Variable Measurabilitv. Many environmental 
parameters can only be estimated due to difficulty in 
obtaining measurements or rapidly changing values. 
Models whose input requirements can be met by use 
of regional databases scored 10 points. If one or more 
variables can only be measured with moderate 
difficulty, a score of 5 points was given. Models 
with input variables that can not be readily measured 
scored zero. 

Model Response. It is desirable for a model to be 
responsive to input parameters. However, this 
sensitivity should match the precision with which 
variables Can be measured or estimated. High 
sensitivity to parameters that are beth difficult to 
measure and showed wide variation between study 
sites within a single region decreases the model's 
applicability. Good site data will seldom be available 
for TFW model applications. It was considered 
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desirable for sensitivity to be compatible with 
regionalized estimates for input variables and 
essential that sensitivity be compatible with our 
ability to measure fluctuation parameters such as 
humidity. 

Mean values and standard deviations for each 
parameter were calculated for the study site data with 
the sites grouped regionally. Sensitivity values were 
used to calculate the range in predicted mean 
temperature associated with one standard deviation for 
the input parameter. This model response was 
analyzed for different stream si7.es and for different 
regions for each model's two most sensitive 
parameters (Reliability Analysis, Chapter 4). Models 
with the range in the predicted mean temperature 
being less than ±1.5 oC rated good (10 points). A 
rating of fair (5 points) was awarded if the change in 
one of the sensitive input variables resulted in an 
average range in predicted mean temperature between 
±1.5 to 2.5 OC. A poor rating (0 points) was given 
to models with the average predicted range greater 
than ±2.5 oc. 

Parameter Sensitivity This rating indexed the 
relative reliability of the model based on the key 
variables that determine temperature predictions. If 
model output is most sensitive to a similar input 
variable. referred to as output dependen~ the rating 
was poor (0 points). If model results are output­
independent but are sensitive to variables it is 
impossible to measure. the rating was good 
(3 points). If results are sensitive to measurable 
variables and are oU!put-independen~ the rating is 
excellent (8 points). An additional two points was 
awarded to models sensitive to variables important in 
TFW management, such as shade. 

Practicality Criteria 

Practicality criteria considered both cost of model 
application and the user-friendliness of the model. 
COSts include equipment and personnel needed to 
collect, collate and enter data into the computer. It 
should be remembered that field data collected at a 
site could represents only a portion of the necessary 
data for some models and considerable effon could 
still be required in the office to gather the necessary 
information to run the model. The estimates of time 
and level of expertise required to perform tasks were 
based on documentation of time expended by the 
Temperature Study field crew and experience of the 
TWG in performing this study. Data acquisition and 
management costs for the model testing and 
simulation runs were evaluated by determining the 
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time required to collect the specific information used 
in each analysis. It should be noted that the costs 
listed here do not necessarily represent those 
estimated for future TFW application, since the 
commitlee will develop some modifications to both 
models and input data requirements to facilitate model 
use in routine management operations. These 
projected COSIS will be discussed in following 
sections of this repon. The intent of this section is 
to evaluate the costs and practicality of "off-the-shelf' 
models. 

Costs 

Field Personnel. The level of expertise of personnel 
required to gather the data necessary to run the model. 
Rating: 100Technician 5=General Professional 
O=Technicai Advisor. (A technical advisor is defined 
as a professional with extensive experience, and a 
specialty in this type of modeling. A general 
professional has a scientific background but does nOl 
necessaril y have any experience with temperature 
measurement or modeling.) 

Field Equipment. Equipment required to gather data 
required by the model. Rating: 100Low «$100) 
5=Medium (S I 00-$500) I =High (>$500) . 

Fjeld Training, The level of field personnel training 
required to collect data. Rating: 100No additional 
training beyond materials provided with the model is 
required 3=Additional training in a classroom or field 
setting is required. 

Fjeld Data Collect jon. Personnel costs based on 
estimates of field time (excluding travel time) 
required to collect data at one site. Rating: 
I =Stream traverse is required, as well as collection of 
measured air andlor water temperatures requiring 
multiple site visilS; 5=A stream traverse, and one­
time visit is all that is required. 100AlI needed 
information to use the model is available from 
current sources: air-photos, maps, GIS, regional 
climate or other databases. 

Data Management Office personnel COSIS based on 
estimateS of time required to get all necessary data 
into the appropriate format. Rating: 100Files used 
for input can be easily generated from commonly 
used spreadsheelS. 5= The model requires a separate 
computer generated data fIle; I =Each input value 
must be entered manually using program menus. 

Model Run Cost. Personnel costs based on time 
required to sit at the computer and run the model. 
(This task as been rated separately since the models 
differ significantly in computer run time.) Rating: 
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100Modei runs entire simulation period (30-40 days) 
from one input data se~ O=Model requires daily 
iterations neceSSitating re-entry of all input values for 
each day modeled. 

Computer Equipment Is a computer required to run 
the model? Rating: 5=No O=Yes. 

User-Friendliness 

The user-friendliness of the model was defined as the 
level of training required to run the model and the 
cxtent to which unsolvable computer problems were 
encountered as the models were run. Tied to the 
extent that problems occurred was a consideration of 
the quality of product suppon to solve those 
problems. Because many problems were encountered 
by the TWG in performing model tests, this aspect 
of using the models was considered imponant in 
finding a satisfactory model for TFW use. (Since 
Brown's model was nOl computer-based, it was 
awarded the maximum points where specific criteria 
were applied.) 

Training. The degree of operator training required to 
run the model. Rating: 100No additional training is 
required beyond use of materials provided as model 
documentation; 3=Additional training in a classroom 
setting is required to effectively use the model. 

Operation Mechanics. The occurrence of recoverable 
and nonrecoverable errors (requiring exiting the model 
or starting again) during model operation. Non­
recoverable errors are those where the program ceases 
to run with no recourse. The occurrence of 
recoverable errors was considered, as well as how 
well the model checked for errors and informed users. 
100Modei performs error check on data entry, and 
clearly explains errors; 5=Model contains recoverable 
errors, or allows some user information; 
O=Occurrence of unexplained, unrecoverable, or 
undocumented errors. 

ProduCJ Snpoon. Was help available if problems 
with the model were encountered during its use? 
Rating: 10= The model was fully supponed by 
phone, access to qualified personnel and had 
documentation; 5=Limited model documentation, or 
some source code was available, but no phone 
SUppoD; O=No help was available and 
documentation was very limited. 

Output. The manner in which model output is 
generated determines the ease with which output can 
be used in for management decision-making. Rating: 
10= The model generates graphic output, andlor 
values that can be easily imponed into a spreadshee~ 
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5=The model generals" llJe wbicll,n:quires exJellSive 
'edition:1O obtain needed IDformation; O=No computer 
OmpUl ~ :gent:llW:d._ ' 

'Model ftjenilliness, SUDjeciive mng -of 1he;o\irnlJ 
CaseoT :modeJuse based on the 'CltjlCrience of'lWG 
after exIenSive model 1esting, The IaIingIl!llgcs 
beIW= o and 10 where 10=FricntllyandO=RostiIe, 

Results ,of Applying Criteria 

Perforl!l!1nce Two of lhefow- site models:were 
found lOJlTedic:,temjJerature paniculaily 'well 
(Ratings'and:scores.areJl!Ovided'in Iable4.16:and 
depictedpapbi::alJy inFigw-e42Q) :Remar'kably, 
TEMP~86 scored :lilI'of'lhe:possilile 1300 pOints 
-wJiile T:EMP.EST was'll .close:seconil :scoiingJ180. 
These:rwomodcls :consislf:iu1y;predic:ted:lill 
'ternpe:amre cllarnaeiisti:: =1y JIIId with ,good 
precision, ,Although all site models were oexpecu:d:1O 
perfonn fairly well:at the outset of this.study, the 
ver}' good 'a::..--=y of these 'two modcls over such ,a 
wide'nmge of conditions was 'both.stDJlrising and 
promising in suggesLing :that ,a saLisfaCIOl)' model 
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,could be jdentified ,for TFW 2JlJllication, 

The.other~wo:modcls:diil:nOt;predict~ 
:ri=lyz"WclL TheSSIENIP:moilcl:diilli iood30D 
ofpreclictiniDlCiin,tlal1Y:reinpczaWre,'hUl]ldfCJllDcd 
poorlym ;prediciiti.&maxJmum, :m"inimum:and' " 
diurnal :Ducwaiions. SSTEMPs POOI"rediction of 
diurnal :fJm:lnations may.resuh:from the way:thaI 
characterisLic :is :maihemaLicalJycomputed,The 
overall ]lerfonnance:score for SST:EMP was OIily:58 
of BOO ')Joints. ' , _, ~ 

, llrowrismodcl:n:<:Civcdll'VD:ylow:pcrformance= 
(60 ~rJ300),Jargely hecauselhemoilclmily:predictl 
,maxunum "lCIl!Jl=1I1re=d i1ocs:nOl;pn:dia mast:of 
'!he If:II!JlC!l!lUr:d!mactetistics:tba!-..creinCludedln 
lheseiection:c:ritt:iia;;Evcnso, 1he:moilcl'Wl!S:nOI 
,consis\enlln JlICilicIin.& lheiuaiimum:u:mperawre, 
]lfetliciin.t .... elI:atsomeSitCs;and;poorlylll1ithC3. 

No model was found "10 bave,significant bias in 
accUIll.-JI cif'1e!IlJlCl'lI1l predicLion !elalive"tO stream 

size or :shading conditions. 'This 'was:a1so:a }JOsiLive 
Tesull for.future 7FV,' :applications. 

FiguI:C426 :Perjol7TlDncc..scores based on TTIlJdel-leslingTesuilsjorjoUT site TTIlJde/s, 
Scoresarecompuled based on.cnleria descri&edinlhe .ezt. The:loUrI 
possible score jor each model-was BOO. 

Mo'de] 

'Brown 

:JFIM • 

Tempest-

Temp-8S 

o :200 

lMode:1 iPerfDr.manCe 

-400 ',60,0 

PeTiormance 
:8.0.0 

Score 
1001) 
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Table 4.16 _ P~rfornwlJ.ce statistics for sile temperature modds and scores shown ;n 'he 
upper riglu hand DD:l:. (Score Drt: c:aJodaled basu on 'he ralings described in ,he luI 

mullipljed by lk crlleria wdghling in Table 4J5 .J 

CRITERIA T~m.p-86 TEMPEST SSTEMP Brown 

1 100 I 100 ~ 1 0 
Accu Til. c.y-- Maximum 

0.01 0.39 1. OR -2.96 

AccuracJ--Mean 1100 ~ I 100 0 I 0 
0.05 0.13 -0.26 

A ceu ra cy--M in jmu m I 100 -0.25 ~ 160 0 ~ 0.05 -1.94 

A cell T a c,)' .... D iu rnal Flux -0.03 
1100 

0 .. 63 ~ .L 0 ~ 3.00 0 

0.96 1100 1.48 I 60 I 60 1 _.[60 
P Tf'C j" ion -~_M~_~bnll m 1.51 • I ~ 

~ 0.92 1100 1100 L Precis ion --M caD 0.62 0.68 0 

Pree is i on ... - Minim u m 
1100 1100 

2.06 I 0 0 
I 0 

0.64 0.76 

PrecisioD·-Flux ill.Q.. 1 60 3 .. 31 LL ~ 
0.95 1.54 0 

C onsisten cy .. -Maximum 1100 93% 
I 100 LL 30%~ 93% 78% 

Consist en cy --M caD l.1.E.! 100%1100 .~ 0 ~ 93% 100% 

C onsist-cn cy .... M inimu m 1100 100% 1100 1 0 0 1 0 
100% 64% 

C ODS is te D cy--Flu x 1100 ~ L2-.. L 0 - 88% 97% 4? 0/0 0 

125 No \15 1 25 lo 
Bias (Size)--Mean No No 0 

I 25 No l2.i.. L2- 0 ~ 
Bias (Size)--Flux No Yes 

125 ~ No 
I 25 0 ~ 

Bias (Riparian} .. M eaD No No 

1 15 lll1 No [25 \ 0 
Bias (Riparian)--Flux No No 0 

Performance Score 1300 1180 555 6 0 
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It is imponam to note that the excellent results of 
the TEMP-86 model in this test may have been 
something of an artifact of the way in which the test 
was run. Sensitivity -analysis showed that TEMP-86 
is very sensitive to input water temperatures. Since 
'hourly measured values of water temperature are 
required.as input to the model, it stands to reason that 
the model would predict temperauue quite well since 
the model can only adjust the temperature slightly . 
Over a one-hour period. Thus, the model prediction is 
"conected" hourly based on observed data. Very low 
ermrs would be expected with such a shan prediction 
period. The other models were challenged to predict 
the.reailemperauue with no such correction. The 
TWG was notsure !harthe excellent performance of 
TEMP-86 would hold up when no measured water 
lemperauue data would be available to run iL In that 
case, the investigator's ability to ·estimate the 
temperawre would determine the model's accuracy. 
These concerns were expressed in the reliability 
scores. 

Reliabilirv Reliability of model results reflected the 
imponance of-input variables required by the models 
and their effect on predicted temperature. Three of the 
models were rated to have good reliability, including 
Brown's, SSTEMP and TEMPEST. (Reliability 
scores are provided in Table 4.17 and shown 
graphieall.y in Figure 4.27). Only TEMP-86 scored 
low in this category, largely due to the large effect on 
input water temperauue on prediction results. A 
ratiJig of good was given to SSTEMP model even 
though it requires a number of variables that do not 
Significantly affect results since suitable default 
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values are provided for many sueam conditions. 

Generally, the simplest models requiring the fewest 
input variables scored the highest (Figure 4.27.) 
Brown's model and TEMPEST each require relatively 
few variables to run them. It should be noted, 
however, that requiring few variables does not 
necessarily ensure good model performance as 
indicated by the results of the r..rformance scores 
(Figure 4.26). The SSTEMP model scored slightly 
lower than Brown's or TEMPEST, largely because of 
the large number of variables required by the model 
that add relatively little to its predictive capability. 

Practicalirv. Practicality criteria weighed such factors 
as personnel requirements and costs to run each 
model. Tracldng of costs and time expended during 
field data collection and model runs served.as the 
basis for this analysis. As with the reliability 
criteria, the simplest models tended to score the 
highest in practicality. (Practicality SCores are 
provided in Table 4.17 and shown graphically in 
Figure 4.28). 

Brown's model was the most practical, requiring little 
effon in the field and not necessarily demanding 
computer equipment or skills. However, running tltis 
model over longer time frames than a single day 
significantly increased the difficulty of its use. 
TEMPEST rnted .nearly as high as Brown's model in 
practicality, largely because field data collection is 
relatively simple, and the computer modeling aspects 
of data input needs and model output format were 
considered easy to use. Based on the extensive 

Model 

Figure 427 Reliability scoresfor four site models based On model-Iesting resullS. 
Scores arecompUiedbased on crileriadescribed in lire 1eJ:/. The 100ai possible 
reliability score for each model was 750. 

Brown 

IFIM 

Tempest 

Temp-a6 

o 100 200 

Model Reliability 

300 400 500 
Reliability Score 

600 700 
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Table 4.17 . R~litJbility and praclicality slatislics jor .silt: lemp~Talllr~ rrwdds. AClu.al razings 
as tUscriiJed in. Ik Jal are shown in the main bo::: and Jnt. .rcore calculJued bas~d on lhe 
rating mulliplied by Jht. crizerw w~igluing in T.abJe 4J.5 -Dre .shown in l~ upper rignl, haJUi 
bozo 

CRITERIA Temp-86 TEMPEST SSTEMP Brown 
. \ 0 I 150 ~ 1 0 L 150 Number of Variables 0 1 0 5 

Model Response 5 
I 75 1 0 ~ 0 l 0 5 I 75 

Variable M easureab ilit)" 5 
i 75 

5 
\75 

5 
\ 75 1 0 l2.£.. 

\ 0 .~ L300 ~ Parameter Sensitivity 0 1 0 1 0 8 

RELIABILITY SCORE 150 675 450 
.... -

6 15 

5 I 75 5 I 75 5 
\75 1 0 1150 

Field Personnel 

I 6 l6 I 6 10 ~ FieJd Equipment 1 1 1 

I 0- 1 0 \ 90 I ,- 10 ~ - I 
Field Training 3 3 - I 

Field Data Collection 1 
I 24 

1 
L24 

1 w.. iO ~ 

DaU! Management \ 9 1 90 ~ ~ 1 1 0 1 1 

I 0 I 60 1 0 L 0 
Model Run Cost 0 1 0 0 0 

Computer Equipment 
\ 3 ~ I 9 I 30 

1 1 1 1 0 

Computer Training I 30 I 30 I J 0 t 1 3 
10 1 0 1 0 5 

Ope!'"ation Mechanics I I 0 130 ~ ~ 0 3 1 0 0 

Product Support 5 
1 15 

5 
11.5 

3 
I 15 

5 
lIS 

Output I 0 ~ 1 0 l£L 5 
I 30 L 0 

0 

Model Friendliness 1 
1 15 

8 l.!22.. 5 9 5 
I 75 

Practico.lit), Score 204 603 360 684 

Total I 1654 2458 I 1390 1359 
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number of modeling runs perfonned by the TWO, 
TEMPEST was considered to be the most user­
fnendly of all the models. 

The SSTEMP and TEMP-86 models scored lower in 
practicality because. of the large volumes of data 
required for input, and relatively awkward handlingof 
data as input and output. It was clear dunng modehng 
exercises that the authors of these models did not 
anticipate the long modeling penods used by the 
TWO in model-testing, and their use in this way 
represents a deviation from their standard application. 
For applications outside of TFW, the practicality 
cntena might have rated differently for these two 
models and users might find them more practical than 
we did. For TFW's purposes, however, these models 
were considered moderate to difficult to use. 

Conclusions and Recommended Site Model 

When the perfonnance, reliability and practicality 
categones of selection cntena were summed, there 
was a clear best choice (Figure 4.29). TEMPEST 
scoreG nearly 2500 of the total possible 3100 points 
and 800 points in front of the nearest nval. It should 
be noted that there was always competition between 
two or more models within each category (Figures 
4.26,4.27, and 4.28), and that each of the models 
scored well in at least one category. However, only 
TEMPEST scored well in all three categones rating 
perfonnance, reliability and practicality, accounting 
for its relatively large score. In contrast, each of the 
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other models scored poorly in at least one category. 

Because of its good perfonnance and user-friendliness 
the TWO recommends TEMPEST as the best site 
temperature prediction model for TFW applications. 

This recommendation is based on selection critena 
specific to proposed TFW application of site 
temperature models. The proposed use of the model 
(described in later sections) is to simulate temperature 
for a thirty-day time period from July 15 to August 
15 when the warmest stream temperatures occur. The 
prediction will be evaluated to detennine whether 
post-treatment stream shading will be sufficient to 
ensure that current temperature criteria will be met. 

For temperature model users outside the TFW forest 
management environment, the results of this model­
testing study may be of use in comparing model 
perfonnance. However, each user's final selection 
criteria may vary from that used by the TWO and 
their conclusions on the best model for their 
purposes could vary from those of this study. Since 
several of these models are already used extensively 
in project applications and arc familiar to some TFW 
participants, we summarize our general impressions 
of these models: 

The SSTEMP model perfonns well in predicting 
mean temperatures but was disappointing in its 
ability to accurately estimate the maximums and 
minimums. These temperature characteristics are 

Figure 4.28 Practicality scores for site models based on model-Iesling resuilS. 
Scores are compUJed based on praclicalily crileria described in lhe lex/. The lotal 
possible score was 1050. 

MOdel~ ________________________________________ -, 

TEMP-86 

TEMPEST 

SSTEMP 

Btown 

o 200 400 
Score 

600 800 
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considered important to aquatic life and their accurate 
prediction is an important aspect of model 
performance that could be improved. The model is 
user-friendly and is well supported by its authors. 
The auxiliary solar calculation model (SSSOLAR) is 
well-suited for use by TFW. The shade model 
(SRSHADE) is easy to use, but requires extensive 
field measurements. Importantly, the model-testing 
results clearly showed that the model predicts 
temperature as well or better when a more simplified 
total sky view factor that is directly measured in the 
field with a densiometer is substituted for the 
SRSHADE output This substitution allows greater 
Oexibility in using the model for predictive game­
playing and greatly simpiIfies its field usc. 

TEMP-86 appears to be an excellent temperature 
predictor when sufficient water temperature data is 
available as input. (Both maximum and minimum 
water temperatures and their time of occurrence are 
required inputs) The TWG was concerned about the 
sensitivity of the model to input water temperature, 
but did not extensively explore whether this would 

--------------
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be a serious Oaw in its general application. We 
recommend that users of this model satisfy 
themselves that model results are acceptable given 
the level of input data they have available. The model 
has many programming bugs, making it frustrating 
to use, and it is not well supponed. 

Brown's model is very simple to use and may provide 
a reasonable index of change in the maximum 
temperature with a change in stream shading. (It does 
require an estimate of pre-treaunent conditions.) 
However, the model is inconsistent in its 
performance and may result in large errors at some 
sites while predicting well at others. It is noted that 
it was a precursor to all of the models tested and 
predates the current ready-availability of personal 
computers. Many of the advantages it once held arc 
now a less important consideration in practical model 
applications. 

Figure 4.29 Toral score for site temperature models based on model-testing results. 
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CHAPTER 5 
BASIN MODEL EV ALUA nON 

INTRODUCTION 

Two elements of basin-scale temperature concerns 
related to forest management must be addressed by 
basin temperature models. First, what is the magnitude 
and extent of downstream temperature response to a 
forest management activity occurring at an upstream 
location? In assessing the potential effect of a forest 
practice, it is important for managers to have the 
capability to predict how far downstream, and to what 
degree, temperature changes from that activity will be 
significant. Defining the distance downstream that a 
stream can be expected to show a response to a change 
caused by a forest practice will help managers to 
identify specific areas of concern and fully assess the 
risk associated with the proposed activity. Reach 
models can predict the change in temperature along a 
stream segment where the activity is planned, but 
cannot determine the downstream zone of influence. 
Second, what is the cumulative effect of multiple forest 
practices within a single basin? 

The TWG envisions the use of basin models, (if any 
are found to work well enough in a TFW context) to be 
primarily in evaluating alternative management 
strategies, defined here as "gaming". Two examples of 
gaming include the definition of the length of a 
downstream impact zone from a timber harvest practice, 
if one exists, and the use of a basin network model in 
annual timber harvest planning. 

The three basin models tested were QUAL2E, 
SNTEMP, and MODEL-Y. (See Chapter I for 
description of these models.) Two of these models, 
SNTEMP and MODEL-Y have counterpan reach 
models (respectively, SSTEMP and TEMPEST, 
discussed in Chapters 1,2, and 4.). The three models 
vary in the manner that data is entered, heat transpon is 
modeled, and the stream network that is constructed for 
calculation steps. Major considerations in evaluating 
these basin models was their ability to simulate a host 
of different management options in the hasin, and of 
even greater fundamental imponance, their ability to 

reliably predict temperature given the realistic 
constraints imposed by their expected use within TFW. 

The basin models were far mOre complex to use than 
the reach models. Data and modeling requirements were 
intense, and it should be anticipated that general 
managers are not likely to be able to routinely commit 
the time or resources required to run a basin model. 
While documentation is available for the three basin 
models, they require considerable technical background 
to successfully generate useful information. Model­
users are likely to be specialiSts requiring field and 
classroom training, and preferably possessing previous 
experience. For these reasons, it should be understood 
at the outset that use of a basin model in TFW is likely 
to be much more limited than reach models, which 
were simple to use and understand and very reliable for 
many applications. 

METHODS 

Basin Study Sites 

The basin models were tested in three basins where co­
operators were able to group study sites. Basin model 
tests were performed on watersheds which met the 
following criteria: (I) There were at least three primary 
study sites representing typical conditions within the 
basin, (2) There was a thermograph site at the lowest 
point of simulation. (Individual sites within the study 
basins were also included in the site-model evaluation 
described in Chapter 4.) Study basins included the Little 
Natches River in the southeastern Cascades (Figure 5.1; 
4 sites), the Coweeman River in the south western 
Cascades (Figure 5.2; 7 sites), and the Deschutes River 
in the central Cascades (Figure 5.3; 6 primary sites and 
3 secondary sites). Site characteristics are provided in 
Table 5.1. 
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Table 5.1 Characteristics of sites used in basin temperature model analysis. Stream and 
vegetation characteristics were measured at primary sites (see table 2.1 ). Characteristics were 
estimated at secondary sites (indicated as a). 

Sky Bankfull 
Site Elev View Distance Discharge Depth Width 

Basin Code Site Name (m) (%) (km) (m 3!s) (m) (m) 

Little Natches 
River 

CA Bear Creek 956 63 7.9 0.07 0.24 7.3 

CB S.Fork Little Natches 949 44 16.2 0.16 0.26 9.1 
River 

CD Crow Creek 827 71 27.8 0.60 0.34 10.1 

CC Little Nalches River a1 813 81 30.0 1.32 0.37 24.4 
Kaner 

Coweeman 
River 

AJ Baird Creek 216 40 7.9 0.28 0.28 10.1 

All Mulholland Creek III 39 13.7 0.16 0.30 13.7 

AI Goble Creek 48 40 12.9 0.27 0.30 12.8 

AN Coweeman River (above 209 59 17.4 0.78 0.35 12.2 
Baird) ( 

AI( Coweeman River (above 115 51 29.1 1.12 0.44 21.3 
Mulholland) 

AL Coweeman River (above 43 78 40.7 1.63 0.59 22.9 
Goble) 

AM Coweeman River (above 27 72 43.8 1.57 0.54 30.2 
Andrews) 

Deschutes River 
AR Hard Creek 450 0·25' 1.9 16·25' 

AA Ware Creek. 436 93 3.0 0.03 0.16 10.7 

AC Huckleberry Creek 197 17 5.8 0.03 0.13 

AD Thurston Creek 292 40 5.2 0.12 0.22 

M. Little Deschutes Cr. 269 31 9.4 0.07 0.23 9.3 

AG Deschutes River 342 70 9.8 0.48 0.34 15.2 
(RK75.5) 

AF Deschutes River 168 67 26.5 1.14 0.29 16.8 
(RK60.2) 

AS Deschutes River (RK 75·100' 43.6 .41·.60' 
41.7) 

AW Deschutes River (near 20' 75·100' 85.6 
Offu! Lake) 
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Stream System Description 

The most difficult aspect of basin temperature modeling 
is describing the stream system in sufficient detail to 
accurately predict water temperature. Basin temperature 
models require the division of the stream system into a 
series of dIscrete segments, referred to as 
"computational e1emen~:' (Figure 5.4). The energy­
budget equations are solved to calculate the net heat 
change for each computational element and calculate 
temperature, and the result is numerically transponed to 
the next element downstream, where the process is 
repeated. The models usc a complex series of data arrays 
to manage data between timesteps and in routing the 
temperature from one segment to the next. Calculated 
temperatures for each computational element are 
extracted from the data arrays and provided to the user. 
Depending on the detail used in dividing the stream 
system into computational elements, a large array of 
information must be generated, managed, and 
manipulated to effectively usc a basin model. Even for 
the relatively few sites per basin used in this study (for 
example, 8 for the 450 km2 Deschutes basin), the 
computational and data requirements were quite large. 

The basin models further characterize a watershed as a 
skeleton of reaches and nodes. Reaches arc lengths of 
stream where the environmental parameters of shading, 
climate, hydrology, and stream geometry are assumed 
constant. Each reach (containing a number of 
computational elements) begins and ends with a nod~ 
defming a designated location where a particular type of 
computation is performed. Typically nodes are 
designated as either initializing points, where 
calculations are initialized with beginning assumptions, 
or locations where physical conditions change such as 
where tributary streams enter the skeleton, or where 
changes in the riparian, Climate, or Channel-geometry 
conditions occur. Node types generally needed for TFW 
simulations are: I) headwater nodes (the first node on a 
stream); 2) branch nodes (indicating the presence of a 
tributary); 3) junction nodes (the first node below a 
tributary indicating mixing of flows); 4) change nodes 
(indicating a change in environmental parameters), and 
5) the termination node (the most downstream node in 
the basin). 

Stream Network Definition. The first step in model 
testing required defmition of the stream network for the 
three basins. This was a challenging process that 
required balancing the need to describe the system in as 
simple a manner as possible to facilitate modeling 
against the need for sufficient description to accurately 
represent the highly complex basin conditions. 
Complicated network descriptions that closely match 
the real basin drainage pauem can be built, but they 
may exceed the capacity for model calculations (not to 
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mention an organization's resources to collect the 
required input data). Conversely an overly simplified 
network may lack the needed precision and resolution 
for good simulation. 

The Deschutes basin network was derived from a PC­
ARC-INFO® I :24,000 scale geographical information 
system coverage. The networks for the Coweeman and 
Little Natches watersheds were digitized from USGS 
topographic maps at a scale of I: I 00,000 and 1:62,500 
respectively, since ARC-INFO information was not 
available for these areas. The ARC-INFO coverage, 
dc\eloped by the Puget Sound River Basins Team, 
contained TF\V water types I through 5 over the entire 
Deschutes watershed. The stream segment lengths and 
node attributes were expaned from PC-ARC-INFO® 
and edited to form the stream network skeleton needed 
for deve.Joping the model-specific stream network. The 
editing included sorting the reaches into downstream 
order and deleting those tributaries not contributing at 
least 10% flow. 

Once this base network was developed the model 
specific networks were built. The QUAL2E network 
was developed first. This model limits the tributaries to 
six. (This feature was considered a limitation in TFW 
applications, since most watersheds of interest to TFW 
have a greater number of tributaries that would 
signiticantly affect temperawre). This and other 
restrictions dictated the configuration of the network to 
some extent. All tributaries were treated as point 
sources. 

The SNTEMP network was developed next. This 
required adding tributaries, branch,junction, and 
riparian change nodes to the basic skeleton network. 
The reach lengths and tributary mileposts (alonr the 
main channel) were determined. The same network was 
used for MODEL-Y, although the reaches were broken 
at locations corresponding to the distance water navels 
in one timestep (typically one hour). (The average 
velocity function presented in Chapter 3 was used to 
split reaches into the one-hour long computational 
elements.) A spreadsheet containing lookup-values 
based on the travel time function was used to calculate 
milepost points for standard computational-element 
nodes. 

The procedure was to move downstream along the 
mainstem staning from a headwater node at I km from 
the drainage divide. A branch node' was entered when a 
tribUlal'\' was encountered. Before moving downstream, 
the model computed the temperature of the tributary by 
backing up to the headwaters using timesteps 
determined as above, initializing temperature at the 
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Figure 5.4 Basin temperature model system description. 
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source, and calculating temperature downstream to the 
junction. Tributary temperature was recorded at the 
branch node, and then flow from the tributary and the 
mainSlem was mixed. The ncw temperature was 
recorded at the next timestep at a junction node 
identified at the end of the next downstream reach. 
Predicted temperature can be reported at any 
computational element or node. 

Data Requirements 

One the system skeleton of reaches and nodes basin 
temperature models was constructed, the arrays of 
environmental data satisfying model input requirements 
was created. Input parameters included: shading, 
streamflow, groundwater inflow, relative humidity, 
wind movemen~ air temperature, channel depth and 
width, elevation, and basin latitude (see Table 2.3 for 
parameter list). Although these data were needed for 
each computational elemen~ they are specified at the 
reach or basin scale. 

H vdrology. Streamflow data are important for 
calculating the transfer of the heat from one reach to 
another. In addition, tributary inflow must be accounted 
for as cooler or warmer streams merge. A simple flow 
mixing equation was used for tributary inflow 
following Brown and others (1971): 

(TI*Ql) + (T2·Q2) 
T3 = 

QI + Q2 

Where: TI and T2 are the temperature of the two stream 
reaches joining. QI and Q2 are the respective Stream 
flows of the adjoining reaches, and T3 is the resultant 
stream temperature immediately downstream of the 
junction. 

Streamflow was assumed to be constant over the 
modeling period. Headwater flows were initialized at 
zero, and increased with distance by the relationship 
described in Chapter 3. Streamflow was assumed one­
directional with uniform mixing. 

Groundwater inflow was treated as a residual in the flow 
mass balance of QUAL2E and SJ\'TEMP. Groundwater 
influx was held constant at the median value from all 
sites in the temperature study for MODEL-Y. 
Groundwater temperature was approximated by a 
relationship to mean annual air temperature as described 
in Chapter 3. 

Climatological Data. Basin models required data to 
describe the climate of the watershed including solar 
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radiation, relative humidity, air temperature, cloud 
cover, wind speed, and mean annual air temperature. 
Each model's specific requirements were somewhat 
unique. QUAL2E demanded the most detailed climate 
data, accepting values of cloudiness, dry-bulb 
temperature, wet-bulb temperature, barometric pressure, 
and wind speed every three hours. These data were 
obtained from the NOAA Local Climatological Data 
for Washington for Olympia and Yakima (NOAA 
1988). 

SNTEMP required mean daily air temperature, mean 
daily wind speed, mean daily relative humidity, and 
mean daily percent possible sun. These data were 
supplied from the NOAA Local Climatological Data 
siles. 

MODEL-Y utilized internal climatologic and solar 
profiles developed from regional data collected during 
this study. Derivation of hourly air temperature profiles 
is described in Chapter 3. Regional daily values of 
relative humidity (corrected to 250 C) and sky cover 
were derived from Quillayute, Olympia, and Yakima 
NOAA climatological stations. Solar values for 
MODEL-Y were calculated using the USF& WS 
SSSOLAR model using median values for input 
parameters. These values were then corrected to 
observed data published by Cinquemani and others 
(1978), and Critchfield (1978). 

Channel geometry. Channel geometry data are required 
to describe the channel width, depth, roughness and 
average stream velocity. The velocity and roughness 
affect the routing of heat downstream; the channel 
width and depth effect the heat balance of the 
computational elemenL 

Each of the models have somewhat different 
requirements for describing the hydrologic budget and 
the shape of the stream channel. QUAL2E offers two 
options for describing average velocity and channel 
depth. One is the trapezoidal channel shape method and 
the other is the discharge coefficients method. The 
coefficient method was used with the slope set to 0.0 
and the intercept was the measured field value for 
velocity and depth. (This assumed constant flow over 
the modeling period). SNTEMP also used this 
coefficient method. MODEL-Y used channel depth as a 
direct measure of flow geomeo)' appropriate for heat 
transfer relationships. Depth was determined from the 
relationship between depth and the distance downstream 
from the watershed divide developed in Chapter 3. 
MODEL-Y also assumed depth was an adequate 
surrogate for flow in the tributary flow mixing 
equation. 
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Rioarian and Topograohic Shading. Values for shading 
were obtained by measurement in the primary study 
sites within the study basins. No anempt was made to 
measure shade conditions of other reaches, although 
shade values for unmonitored siles were estimated from 
primary siles with similar size and riparian cover. 
Shade values for SNTEMP were calculated with the 
USF&WS SRSHD reach model as described in Chapter 
4. Shade values for MODEL-Y were the view-to-the­
sky factor measured at primary study sites within the 
study basins. QUAL2E does not require a shaebng 
factor. 

Water Temperature. Values for waler lemperature were 
needed as estimaleS for initial conditions, point 
discharges, and calibration of the QUAL2E model. The 
headwaler nodes were initia1ized at groundwaler 
lemperature, and tributary streams were treated as point 
discharges. Mean waler values for the modeling period 
were used as the tributary temperature values. 

Model Tests 

Calibration. Several of the basin temperature models 
were designed to be used with a calibration Slep. A 
typical calibration step would consist of changing 
model input paramelers to force model output to match 
observed lemperature values at locations where water 
lemperature has been measured. The question of model 
calibration poses ebfficult problems for model usc in 
TFW applications since regional or site-specific stream 
characteristic input values could be available, but 
observations of waler temperature would probably not 
be. (This might nOt be the case for experimental basins 
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where water lemperature data could be gathered before 
running models.) For this tes~ Ille models were run 
using Ille best available input data, but were not 
calibrated to observed values. The TWG recognized that 
III is represented a depanure r rom normal use of 
QUAL2E and SNTEMP and probably does not fully 
express predictive ability of these two models. 
However, this test does adequately represent realistic 
limitations in the models' envisioned use in TFW. 

paUl processing and simulation, All data manipulation 
was performed with personal computers. A 
combination of programs supplied with the models 
supplemented with customized file-handling programs 
developed by the TWG were used for me-building and 
to reformat model output for statistical analysis. 

RESULTS 

Sensitiyity Analysis 

Two of the basin models are constructed from reach 
prediction models, simply adebng heat transfer 
calculations to transpon heat downstream. SNTEMP 
uses the same energy-balance algorithms as the 
SSTEMP reach model. MODEL-Y is derived from 
TEMPEST. Results of the sensitivity analysis of 
environmental factors on predictions Illat were 
performed on SSTEMP and TEMPEST (Chapler 4) 
were assumed applicable to their corresponding basin 
models. Using similar methods, sensitivity analysis for 
QUAL2E was performed using input paramelers listed 
in Table 5.2. The sensitivity of predicted maximum, 

Table 5.2. Sensitivity input values for for the basin model QUAL2E 

Variable Standard Value Range 

Air Temperature (OC) 18.72 9.36-37.44 

Humidity (%) 15 0- 100 

Groundwaler Inflow Rale (m3/s/km) 0.00303 0.00003 - 0.01515 

Clouds (% of sky) 100 I - 100 

Starting Waler Temp. (oC) 16.4 14.1 - 32.8 

. Stream Velocity (m/s) 0.24 0.Q2 - 1.2 

Stream Depth (m) 0.31 0.16-1.5 
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mean, and minimum temperatures to input variables 
was performed for small, medium and large slTeams 
(depths 0.16 m, 0.4 m, 1.0 m respectively). The 
sensitivity of predictions to depth was interpreted from 
the model's response in diurnal temperature. 

As with the reach models, QUAL2E was most 
sensitive to air temperalUre and starting water 
temperature (Figure 5.5 and Table 5.2). The 
temperature of larger slTeams was more sensitive to 
starting water temperature than smaller streams. 
QUAL2E was more sensitive to staning water 
temperature than SSTEMP and TEMPEST, but less 
sensitive than TEMP86. Other environmental factors 
such as humidity and cloudiness had little effect on 
temperature predictions. 

Sensitivity of the basin models to network factors (as 
opposed to environmental factors) were of interest to 
the TWG but were not thoroughly explored. All basin 
models use similar flow mixing equations in transpon 
heat downstream. The sensitivity of predicted 
temperatures at a downslTeam point to changes in input 
parameter values in upslTeam reaches was not teSted. 
The minimum size tributary to include in basin 
networks was also of interest. Generally, tributaries 
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with less than 10% of the mainstem flow arc neglected. 

An estimate of the effect of tributary mixing (assuming 
a temperature of lOoC for the incoming stream) at 
various proportions of tolal slTeamflow and 
temperatures of the mainstem arc shown in Figure 5.6. 
Tributaries contributing 10% of the flow reduce 
temperature by 1°C, suggesting that this is a good 
assumption. 

Model E"aluatjon 

As a consequence of the complex process of running· 
and interpreting basin model results, the TWG 
concluded that the evaluation criteria would necessarily 
have to more subjective than for the site model-testing, . 
Many factors were difficult to account for or quantify. 
Using these models turned out to be something of an 
art compared to site models, which were simple to use 
and understand. For the most part, the TWG found the 
basin models to be far more frustrating and less 
insightful for TFW applications then was hoped when 
testing began. The TWG evaluated model performance, 
reliability and practicality considering the TFW user a~ 
was done for the site models (Chapter 4). However, 

Figure 55 Sensitivity analysis of environmental variables in QUAL 2£ 
predicting mean temperature for medium sIze streams. 
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most of the criteria used for the site models had to be 
relaxed considerably for the basin models. In fact, few 
suict criteria were specified. Performance is judged 
based on general trends in predictions within basins, 
and practicality and reliability are discussed based on the 
experience of the group. The models were not formally 
raIed. 

Performance 

Basin model performance was tested in much the same 
manner as the reach models. (An in-depth discussion of 
the statistical strategy can be found in Chapter 4). The 
difference between predicted and observed temperature 
(W-Slatistic) was used to evaluate each model's ability 
to accurately maximum, mean, and minimum 
temperatures, and the daily diurnal fluctuation. The 
accuracy, precision, consistency and bias of model 
predictions were considered as described in Chapter 4. 

Overall performance of the models where all sites are 
averaged are summarized in Figure 5.7. 5latistics 
computed for each site within the three basins are 
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shown by model and basin in Figures 5.7-5.15. 

(No overall basin performance was determined.) Trends 
in performance were examined relative to riparian 
shading levels, stream size, elevation, or position of 
the site in the stream system. This latter analysis was 
to determine if the model predictions systematically 
gained or lost errors from node to node irrespective of 
stream conditions. 

QUAL2E 

QUAL2E does not consider stream shading in the 
calculation of heat transfer, and so would nOt be 
expected to perform well in predicting the temperature 
of headwater streams where shading is known to 
significantly affect temperature. Not unexpectedly, the 
model poorly predicted all temperature characteristics in 
the upper reaches of both the Coweeman (Figure 5.8) 
and Deschutes Basins (Figure 5.9). Maximum 
temperatures tended to be more than 6'C too high at the 
most upstream locations in the watersheds (both are 
approximately 16 km from the watershed divide.) 

Figure 5.6 Temperature effects from tributary mixing. The calculation assumes 
that tributary water temperature is 10 deg C. 
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Figure)./ I'erjormance SlalislicsJor baSin model-Iesllng averagedJor all siles (A) 
w-slalislics (predicled-observed). B)Average daily error. C) siles correclly predicled. 
siles lesled. 
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The model pelfonnancc improve<! progressively in the 
downstream direction where presumably shading had 
less influence on the temperature. In lower reaches, the 
model predicted maximum and mean temperature better 
than in the upper reaches, although it continued to 
underprcdict the minimum temperature and diurnal 
fluctuation. Temperature pre<!ictions in the lower 
reaches of the river were well within acceptable levels 
(generally within I-20C). Because of the poor 
pelfonnance in headwater streams, the overall 
pelfonnance statistics of the model were only poor to 
fair (Figure 5.7). Maximum temperature was predicted 
correctly (within 2oC) at only 40% of the sites, 
although mean temperature predictions were better 
(77% of sites). 

This model would appear to be a good pelforrner in 
larger rivers where shade is not an influence on 
temperature, but would be a poor pelfonner for 1FW 
applications where the purpose for using the model is 
to predict the effects of forest management on shade. 
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SNTEMP 

The overall pelfonnance of the USF& WS basin model 
appeared far better when average<! for all sites (Figure 
5.7) then it was within any of the basins (Figure 5.10, 
5.1 I, and 5.12.) Although the average W-statistic for 
the maximum temperature was 0.40 (better than in the 
site model test), the maximum W -Statistic within 
basins range<! from large and positive in the Deschutes 
basin (model overpre<!icts) to large and negative in the 
Coweeman basin (model grossly underpredicts.) Results 
varied in the Little Natches Basin (Figure 5.12) where 
the model tende<! to pre<!ict high in the smaller streams 
and low in the larger river. The overall consistency of 
model predictions from site to site was on 15 to 70% 
correct, varying with temperature characteristic. The . 
SNTEMP basin model was not consistent from site to 
site, but it did tend to show similar trends within the 
same basin. For example, the model underpre<!icted all 
characteristics at all sites in the Coweeman Basin 
(Figure 5.10). Predictions varie<! in the Deschutes 
Basin, but tended to be in the same throughout the 
basin (Figure 5.11) 

Figure 5.8 W-STATlSTlC for QUAL2E in the Coweeman Basin 
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Figure 5.9 W-STATISTIC for QUAL2E in the Deschutes Basin. 
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The general perfonnance of the models relative to 
maximum and minimum temperatures was somewhat 
surprising, given the results of the site model test 
SSTEMP reach model calculates maximum 
temperature. and simply assumes minimum 
temperatures the be the same amount below the mean. 
As a result, when maximum temperatures were in error, 
minimum temperatures were typically in error an equal 
amount and in the opposite direction. explaining why 
the model was such a poor predictor of diurnal 
temperature fluctuation. Although a similar 
relationship was expected with the basin model, it was 
nOl observed. The TWG does not know whether model 
mechanics vary in calculating these temperatures 
between the reach and b<.:;in models. 

Although the SNTEMP basin model predictions for 
maximum. and mean temperature were fairly good 

considering the estimates that go into running the 
model, the TWG felt that the perfonnance as too 
inconsistent to recommend it for routine application. 
Many factors could have contributed to our inconsistent 
results, although we do not understand precisely why 
the model perfonned as it did. No calibration step was 
perfonned, which could certainly have affected overall 
perfonnance within a basin. No calibration step would 
be possible in TFW application. We were unclear as to 
whether the number of measured sites within each of 
the basins was sufficient 10 provide the model enough 
calculating points, although maintaining 8 to 9 sites 
within one watershed was an intensive field e!fon 
requiring considerable resources including labor and 
equipment We were also not sure that our basins were 
actually 100 small to achieve good results from the 
model. although we saw no consistent improvement in 
perfonnance in the lower reaches of the rivers as we did 
with QUAL2E. 
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Figure 5.10 W·STATISTICS for SNTEMP for the Coweeman Basin 
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Figure 5.11 W·STATISTIC for SNTEMP for the Deschutes Basin. 
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Figure 5.12 W-STATlSTlC for SNTEMP for the Little Natches Basin. 
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MODEL-Y was the best overall perfonner (Figure 5.7) 
although it did not predict maximum temperatures as 
well as the SNTEMP basin model on average. The 
model was particularly accurate in the Coweeman Basin 
(Figure 5.13), fair in the Deschutes Basin (Figure 5.14) 
and poor in the LitOe NalChes Basin (Figure 5.15). 
(The reach model TEMPEST also perfonned poorly at 
the sites in the Little Natches Basin so poor predictions 
here were not surprising.) 

The model showed similar behavior as the site model, 
but predictions were less accurate. This can probably be 
auributed lO the [act thal most of the input values lO 
MODEL-Y were estimated from regionalized 
relationships rather than measured as they were in the 
modelteslS. Neither MODEL-Y or SNTEMP were 
expected to predict temperature with the degree of 
precision tha' was observed in the site modelteslS. (For 
that maller. :'EMPEST and SSTEMP would nOl be 
expected to predict as accurately if input data that the 
model is sensitive lO is estimated rather than measured). 

MODEL-Y was the most consistent model, both in 
predicting all temperature characteristics, and in the 
number of sites predicted accurately. However, 
maximums and means in particular were not predicted 
as well on average as with the SNTEMP model. Only 

CD CC 
SITE 

about 50% of the sites were predicted within 20 C 
(Figure 5.7). Although this model shows promise, the 
TWG felt that it also did nOl perfonn well enough at 
lltis time to recommend its use. 

Comparison Be/ween Site and Basin Model 
Predictions 

Reach models were shown lO predict temperature 
accurately, even though only about 600 meters of 
Stream characteristics were described as input val ues and 
basin conditions upstream of the sites were nOl 
quantified (Chapter 4). Reach modeling results 
suggested that water temperature could be considered a 
local phenomenon, dependent primarily on relatively 
close-by stream and riparian conditions (although the 
spatial influence was nOl identified.) Nevertheless, heat 
moves downstream with flow and important questions 
remain as lO how far, and lO what extent riparian 
conditions in upstream reaches influence temperature in 
downstream reaches. Indeed, this is the primary 
motivation for attempting to use the inherenOy more 
complex and diffIcult basin models. 

It was hoped that differences in the predictions generated 
from the basin and site models could be used as an 
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Figure 5.i3 W -STATiSTIC for MODEL-Y for the Coweeman Basin. 
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conditions beyond the immediate reach. Improvement 
in predictions by basin models could be interpreted as 
indicating that offsite effects were significantly 
influencing the site. However, model results were so 
much less accurate in the basin test because so much of 
the data was estimated rather than measured, that it was 
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impossible to draw definitive conclusions. 

It can be said that basin models were imprecise, and 
only gross differences in temperature would be 
detectable using them. It was also shown that site 
models predicted well without characterizing much of 
the basin, although this is not helpful for interpreting 

Figure 5.i4 W-STATISTIC for MODEL-Y for the Deschutes Basin. 
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the near-site downslream effects of a timber harvest 
activity. 

Sensitivity and ReliabiHty 

No specific tests were performed on the basin models to 
determine their reliability relative to ranges of input 
variables for various parameters. Although these tests 
were performed on the site models, it is not clear that 
they are directly applicable for the basin models. 
Predictions from both the SSTEMP and TEMPEST 
models were shown to vary over the naturally occurring 
range of the input variables, although SSTEMP tended 
to more sensitive than TEMPEST (Chapter 4; Figure 
4.6). Since many of these parameters were not 
measured as they were for the basin tests but estimated 
from regional relationships, it was likely that the 
models would perform less reliably. The SSTEMP 
model was particularly sensitive to air temperature, 
which was measured for the site test but estimated from 
regional relationships for the basin test Estimating 
these parameters rather than measuring them 
undoubtedly accounted for some of the decline in 
performance between site and basin models. 

Timber/Fish/Wildlife Temperature Study 

Practicality 

Similar practicality criteria were considered for the 
basin models as for the reach models, including data 
requirements, model user-friendliness, and field data 
collections costs (Chapter 4). 

All three models required collection of reach-specific 
data. MODEL-Y relied on regional estimates for rravel 
time, stream depth, groundwater inflow, climate, and 
loeal air temperature, needing only a riparian and 
topographic view-to-the-sky-factor as the user-supplied . 
reach data (assumed to be estimated in the field). 
(Improving performance of this model may require 
increasing the site-measured data inpUlto it rather than 
relying on gross estimates from regionalized 
relationships.) QUAL2E required reaCh-specific channel 
geomelry data, but did not require any shading factors. 
SNTEMP was the greatest consumer of data with 
multi-parameter shading information, channel 
gcomelry, and hydrology data needed on a reach basis. 
Gathering this information for more than a limited 

Figure 5.15 W-STATlSTlC for MODEL-Y for the Little Natches Basin. 
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number of sites would be a limitation in ilS routine 
use, although it may be applicable on an experimental 
or project basis. A unit cost per basin cannot be easily 
established without knowing the number of sites that 
would be required by that basin's unique topography. 

Data Management 

Data management COSIS were closely related to the 
complexity of the model data requirement. Data input 
and output features were an important consideration. 
MODEL-Y, with ilS simple data needs required only 
one spreadsheet-type data file to run, and output 
exponed into simple spreadsheet-type arrays was easy 
to handle and interpret. QUAL2E required two carefully 
fonnatted, but fairly small, data files to run. However, 
QUAL2E output was very cumbersome and required a 
substantial amount of post-simulation processing by 
custom-built TWG programs to refonnat the output 
into a useful data base. SNTEMP required eight 
carefully fonnatted and cross-referenced data files to run 
it. Although the USF&WS suppon services offered a 
very handy file-checking program to assist the user, file 
building and data management were still fairly tedious. 
SNTEMP suppon services also offered a utility 
program for refonnatting the model output into a useful 
spreadsheet fonnal 

Generally, getting data into the computer and running it 
through the models was more difficult than using the 
output. However, if attempting to use a basin model, 
be prepared to handle an enonmous amount of computer 
infonnation to obtain stream system predictions. For 
most of the models, gaming of alternative basin 
prescriptions would require difficult and repeated re­
entry of infonmation for each iteration. 

Network Flexibility 

Satisfaction with a model stems panly from the ability 
to set up the network in such a way that useful resullS 
for interpreting management effects can be generated. 
The consuuction of a suitable network was a very 
imponant pan of the process. Each of the models had 
cenain restrictions that limited the flexibility of the 
stream network. MODEL-Y is resrricted by the travel 
time distance of the reaches. For example, tributaries 
must enter the network at a travel-time defined reach 
breaks. (This limits length to generally 200-500 
meters). QUAL2E is probably the most constrained of 
all the models. It bounds the number of tributaries that 
can be included to six, the number of headwater nodes 
:0 seven, the number of computational elements to 
~50, the number of computational elements per reach 
to 20, and funher mandates that all computational 
elements in the network be the same length. SNTEMP 
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allows unlimited network configuration (limited by the 
available disk space) but places resrrictions on the 
length of reaches and the network at large based on the 
24-hour travel time requiremenlS. 

User Friendliness 

The user-friendliness of the models was defined as the 
level of training required to run the model, ease of 
model usc, and the extent to which unsolvable 
computer problems were encountered. The quality of 
product suppon was also considered. Given the level of 
complexity of data management required by basin 
models, this is a far more imponant consideration than 
it was for the site models, which can be run by anyone 
assuming basic computer skills. None of the basin 
models were easy enough to run to consider them 
practical for general use in TFW applications. Using 
any of the basin models required a higher level of 
computer skills, training, or specialization (although 
some were considerably easier to use than others). 

Operation Mechanics and Product Supoon 

All three models suffered from lack of error trapping 
and recovery. Unlike the reach models, none of the 
basin models contained internal data-range checking and 
warning infonnation. SNTEMP, through its user 
suppon, does offer an external data checking program. 
lIS use is highly recommended. Both SNTEMP and 
QUAL2E suppon services offer periodic training 
seminars. At this JX)im such training is not available 
for MODEL-Y. SNTEMP suppon services provided 
much assistance to the TWG during this modeling 
effon. 

CONCLUSIONS 

This review of basin temperature models was based 
srriclly on the need to recommend a model for TFW 
applications and should not be viewed as a rigorous test 
of any these model's ability to predict temperature with 
more controlled testing conditions. However, our 
experiences during model-testing reflect the hazards 
likely to be encountered when using basin temperature 
models in routine forest management decision-making 
in TFW. Such use imposes many constraints, 
including: J) satisfactory perfonmance in relatively 
small basins, 2) no opponunity for calibration steps, 3) 
reliance on regional relationships and estimates for 
some input parameters, and 4) the need to be able to 
manipUlate the model data to provide gaming 
opponunities for testing alternative prescriptions on 
temperature at a basin scale. 
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First, the TWG cautions that use of any basin model is 
sufficienlly complex, and as yet of undcmonstrated 
value, that a general use of basin temperature models 
does not appear warranted. Furthennore, none of the 
basin models tested here perfonned well enough, were 
sufficicnll y practical and reliable, or had appropriate 
gaming capabilities to recommend their use. However, 
the TWG recognizes the worth of an operational basin 
model for the gaming and basin planning functions 
described above and encourages further development of a 
basin model on a limited experimental basis. 
Considering the existing strengths and weaknesses of 
the models, which might be the most appropriate? 

OUAL2E does not consider riparian shading and 
therefore is not useful for 1FW applications. Unless 
future versions of the model add this factor, this model 
should not be considered further. Additional problems 
with this model include its unfriendliness to users (it 
requires unacceptably complex segmentation for nodes 
and computational elements) and requirements for data 
that cannot be satisfied (relative humidity functions in 
particular, are among the most difficult to measure 
accurately). This model appears to work well in larger 
rivers, and would probably be a satisfactory choice for 
applications other than forest management 

Timber/Fish/Wildlife Temperalure Study 

SNTEMP: The model is complex, and should only be 
implemented by a trained and experienced uscs. The 
model is wcll·supponed, and training is available, 
making its use feasible if 1FW concerns warrant 
However, it would require a specialist to apply it. The 
model demands a lot of infonnation, and is not 
particularly suitable for simulating alternative 
management scenarios since data management is 
difficult. The basin model is less accurate on average 
than the reach model, and was inconsistent in its 
performance. The model pcrfonned poorly at some 
nodes, including those below tributary junctions where 
it should have perfonned better. These and other 
specific aspects of the model'S perfonnance remain 
unexplained, leaving the TWG uneasy about its 
reliability, especially for decision.making relative to 
basin layout of harvest plans. 

MODEL· Y: This model seems to have the most 
potential for use in 1FW applications since it is user· 
fricndly, requires relatively Iitlle data, and has the best 
capacity of gaming. However, the model does not 
perfonn with sufficient reliabihty at this time to 
recommend its use. Some continued development of 
this model on an experimental basis may be warranted. 
If perfonnance could be improved, the ability to game, 
or iteratively evaluate different riparian situations could 
prove extremely useful to 1FW. It is likely that 
performance could be improved by increasing the 
amount of measured data input to the model. 
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CHAPTER 6 

CHARACTERISTIC TEMPERATURE REGIMES 

·General trends and patterns of water tempernture in 
relation to forest management and climate are 
documented in this chapter. Data collected from 92 
sites located throughout Washington were used in 
this characterization of stream temperature from a site 
and basin perspective. The period of maximum 
summer temperatures (J uly to September) were the 
focus of this analysis. since forest practice 
regulations specify maximum temperature criteria. 
and data were readily available and most organizations 
measure temperature during this time. Eight sites 
were also measured during the winter months and 
these data were examined to determine possible 
changes during the colder months in relation to forest 
management 

Average summer temperature characteristics of forest 
streams throughout Washington are described 
(Summer Tempera/ure Regimes). Stream temperature 
regimes and their relationship to environmental 
characteristics such as riparian shading are analyzed. 
and results are used to identify methods to easily 
characterize stream temperatures based on sile and 
basin conditions (Relationship 10 Environmental 
Factors). Winter lemperature regimes from a limited 
number of siles are explored (Winter Temperature). 
Characteristic basin temperature patterns are discussed 
using data collected at sites clustered within three 
walersheds. as well as by considering all sites in 
relation to their relative position in the watershed 
(Basin Temperature Pallerns). 

Temperarure characteristics in relation to water 
quality regulatory standards and the effectiveness of 
riparian management stralegies in protecting stream 
temperature are presented in Chapler 7 along with 
TFW temperature modeling recommendations. 

A VERAGE STREAM TEMPERATURES 
OF WASHINGTON 

General temporal and spatial temperature 
characteristics of Washington streams are investigated 
in this section. Daily maximum. mean and 
minimum. and diurnal fluctuation are the temperarure 
characteristics considered in various analyses. 
Although many factors influencing temperature are 
discussed. the effect of shading by riparian vegetation 
is emphasized. Average temperalure during the 
warmest 30-day period of the summer (July 15-
August 15) are provided along with stream and basin 
characteristics of siles in Table 6.1. Two definitions 
of shading considerations used throughout this 
chapter are important view faclor refers to the 
proportion of the total horizon visible to the stream 
surface (expressed as percent); shade refers to the 
remaining proportion of the horiwn blocked by all 
elements. including vegetation and topography. (also 
expressed as percent). The view factor and shade 
combine to take in 100% of the horiwn. 



TobIt! 6.1 Site CMraCl('fi,ri(J nnd ovutlRt! maximum. mean and minimltm temperaturi! for the period between July 15 aM AU8u.ff 15. Stream and vegetation characteristics :b 
were measured aI primary si,t.r (.fCC lablt! 2.1). Characferi.uicJ were estimated at secondary sites (indicaJed as n). '" 

r Slto Maximum Meln Minimum Elov VIew DI!lance DI.chargo Dopth Banklu!! AzImuth • , 
Cod. Sit. Nom. (oC) (oC) (oC) (m) ('Yo) from DIvIde (mJ/') (m) WIdth (dogro .. ) Q 

(km) (m) ;; , 
• 
'" • M Ware Creek t6.9 14.5 12.2 436 93 3.0 0.03 0.16 10.7 303 
~. 

AB Schultz Creek 19.9 15.7 12.9 540 94 7.3 0.04 0.29 7.0 344 • ~ 
AC Huckleberry Croek 13.6 12.9 12.4 197 17 5.8 0.03 0.13 348 

AD Thurston Crenk 14.8 13.5 12.4 292 40 S.2 0.12 0.22 4 

AE Unle Deschutes Cr. 15.2 14.0 12.8 269 31 9.4 0.07 0.23 9.3 315 

AF Deschutes River 18.6 16.0 lJ.8 168 67 26.5 1.14 0.29 16.8 271 
(RK60.2) 

AG Doschutes River 15.0 13.5 12.0 342 70 9.8 0.48 0.34 lS.2 357 
(RK75.5) 

AH Mulhol1.nd Creek 18.2 16.1 14.4 111 39 13.7 0.16 0.30 13.7 231 

AI Gobfo Creek 18.5 16.5 14.8 48 40 12.9 0.27 0.30 12.8 316 

AJ B.lrdCreek 16.3 14.5 12.8 216 40 7.9 0.28 0.28 10.1 211 

AK Cowoomen River (above 18.2 15.7 13.6 115 51 29.1 1.12 0.44 21.3 317 
Mulholland) 

AL Cowoeman Rlvor (nbove 19.8 17.6 15.6 43 78 40.7 1.63 0.59 22.9 183 

~ GobI.) 

AM Cowooman Rlvor (above 19.1 17.5 16.4 27 72 43.8 1.57 0.54 30.2 247 • "-Androws) 
~ 

AN Cowoomen RIVer (above 16.2 14. t 12.0 209 59 17.4 0.78 0.35 12.2 273 1!: 
BaIrd) ~ 

AO Hemnglon Crook 17.1 15.0 13.3 375 64 6.3 0.Q7 0.19 5.5 276 §; 
~ 

AP Porter Creek 15.6 14.4 13.3 109 12 13.2 0.13 0.23 8.2 242 .., 
• 

AQ Hoffsladl Creek 22.0 16.9 12.7 587 100 7.3 0.10 0.23 15.2 237 ~ 

• 
AR Hard Croek 12.5 11.0 10.2 4SO 0·25a 1.9 16·25· 303 

, 
e • 

AS Doschutes Rlvor (RK 42) 16.8 16.1 15.1 120 SO·7Sa 43.6 
, 

.41·.60· • 
'" i 
~ 
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Silo Maximum Mean Minimum Elev Vlow DIstance Ol.chargo Oeplh Bank lull Allmulh <>-
~ , 

Code Silo Name (DC) (DC) (DC) (m) ('Y. ) Irom Olvldo (m 3,s) (m) Wldlh (degrees) :;; 
(km) (m) ~. 

it 
~ AT Gobnr Crook 17.6 14.6 12.0 80' 5.6 0.20' " '" AW Deschutes Rivor (near 17.0 15.7 14.6 200 SO-75a 85.6 ;;. 

Oflul Lake) ;;' 
BA Abernathy Creek (Lower) 15.8 13.9 12.0 178 33 7.4 0.20 0.27 11.0 t46 

~ , 
BB Oerm.ny Creek (Upper) 17.5 15.2 12.8 184 38 7.9 0.09 0.32 11.0 160 !>. • 
BC Na selle River 14.4 13.1 12.3 288 59 4.1 0.02 0.18 7.9 267 

, 
~ 

'" BO Smith Creek 20.2 18.5 17.2 67 93 12.8 0.10 0.60 4.3 211 ;;: 
"-< 

BE Boar River 14.5 13.5 12.6 92 19 3.5 0.03 0.19 7.0 352 

ElF Abernathy Creek (Upper) 16.6 14.9 13.2 25-50· .26·.40a 

CA Bear Creek 14.2 11.8 10.2 956 63 7.9 0.07 0.24 7.3 154 

ca S.Fotk LIttle Natchos 13.9 11.5 9.9 949 44 16.2 0.16 0_26 9.1 44 
River 

CC lInlo Notches River at 17.1 13.9 11.1 813 81 30.0 1.32 0.37 24.4 158 
Kanor 

CD Crow Creek 15.4 12.7 10.1 827 71 27_8 0.60 0_34 10.1 69 

CE B~m Creek Watorshed 14.0 13.2 12.5 317 25-50a 9.8 .26-.40a 
(Basollno) 

C1' Wind Alver (Basollne) 14.3 12_8 11.2 341 25-50· 19.1 .26-.40· 

CO Trout Creok (Baseline) 13.2 12.8 12.2 341 25-50· 15.9 _26-.40a 

rn Trapper Creek (B,sellne) 13.6 13_1 12_6 415 25-50· 7.1 .16-_25a .., 
DA Pllchuck Alvor (AK 15A) 19.1 16.9 15.0 38 95 18.5 1.78 O.SO 23.5 177 

~ 

~ 
DEl P~chuck Alver (AK 2.7) 16.2 14.6 13.3 49 37 16.5 0.10 0.21 6.4 164 ~ , 

Q 

EA Coo Coo Ah c.-eek 11.9 10_2 8.8 1048 70 6.1 0.03 0.14 3.7 190 ;;: , 
~ 

EB Chamokano Crook 20.1 15.8 12.1 446 93 46.4 0.72 0.28 14.0 216 '" ~ 
Fe Norwegian Crook 12.0 10.0 8.0 1154 55 2.4 0.00 0_07 2.4 334 § 

~ 

GA Aed Creek (Tributary) 16.2 14.8 13.3 41 15 4.0 0.07 0.21 5.8 258 ~ 

A 
W 
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Sile Maximum Mean MinImum Elev View Dis lance DI.charge Deplh eanklull Azlmulh ~ 
Code Site Name (oC) (oC) (oC) (m) ("!o) Irom Divide (m 3/.) (m) Wldlh (dogr ••• ) • , 

(km) (m) 0 

" , 
• 

GB Red Croek 19.3 17.5 15.8 61 82 7.6 0.68 0.50 300 '" • 
GC Red Croek (Site 2) 15.4 15.0 14.7 3 
WI Utile Deer Creek 17.6 15.1 12.4 463 77 10.6 0.23 0.41 17.7 173 • ~ 
HB N. Fork Stilloguamlsh 13.5 11.4 9.7 40a 0.61· 

(up. Doer Cr) 

fC Squire Crook 13.6 12.3 11.2 792 51 18.0 0.77 0.52 325 

flJ Higplns Creek 17.3 14.9 13.2 130 87 3.9 0.04 0.36 7.3 316 

HE S. Fork Nooksack River 105 97 26.7 3.94 0.39 331 

fF Trioolary 10 $, Fori<. 12.8 12.8 12.8 122 19 6.5 0.01 0.12 6.7 237 
Nooksack 

HG N. Fork SHllaguamlsh 16.4 14.9 13.6 275 72 20.5 0.27 0.40 18.0 204 
(RM 38.8) 

I+i Deer Creek (above 19.3 15.4 12.3 487 76 14.0 0.27 0.39 27.7 299 
Deroresl~ 

HI DOOf Creek (at mouth) 18.2 16.5 14.7 58 89 38.5 1.37 0.37 30.2 211 

HJ S. Fork Nooksack (Upper 18.4 16.7 15.0 25 0.5 0.50 
river) ::I 

" HK Sogelson Croek 8.6 8.0 7.4 lOa 0.08a <:r • , 
HI. N. Fork Sli11nguamlsh 17.6 15.5 13.2 70 0.46 ;;; 

~. 

(do. Deer Cr) "" 
IA ren Creek 16.1 14.8 13.8 

~ 
~ 

IC S. Prairie Creek (upper) 12.4 11.5 10.8 527 43 7.7 0.21 0.26 9.1 314 .. 
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Summer Temperature Regimes 

Temporal Patterns 

Annual Temperature Patterns Stream temperature 
tends to reach annual maximums during July and 
:""ugust and minimums in December and January, 
Illustrated for a small, partialJy shaded stream in the 
headwaters of the Deschutes River basin shown in 
Figure 6.1. Mean water temperature tends to stay 
relatively close to mean air temperature throughout 
the year. Water temperature reaches its maximum in 
August close in time to when maximum air 
temperature occurs in late July·early August. Solar 
radiation peaks earlier in June. This timing of annual 
maximums was similar for all sites regardless of 
stream size or condition of shading. 

The general influence of riparian vegetation shading 
and stream size (indexed by average depth) are 
illustrated with temperature profiles from six selected 
sites chosen to represent very shallow (0·0.15 m), 
shallow (0.16·0.24), and moderately deep (0.26-0.40 
m) streams with vegetative conditions ranging from 
fully shaded to fully open (or nearly so) (Figure 6.2). 
Average monthly maximum temperature of the 
selected sites (chosen from their respective groups 
based on their length of record) are shown. 
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It was hypothesized that streams of each size category 
could be affected by removal of vegetative shading 
along their banks and in nearby upstream reaches. 
Differences in Stream temperature in relation to 
riparian vegetation conditions persist during all 
summer months, although they tend to be greatest 
when the warmest temperatures of the year are 
observed in July and August. Maximum temperature 
tended to be approximately 4 to 50C higher for the 
open sites compared to the shaded SiteS in all stream 
size categories. The sites in each stream size group 
are not paired with regard to all important 
characteristics known to influence stream 
temperature, su:h as groundwater inflow and 
elevation, so these graphs should be interpreted as 
indicative of relative rather than absolute 
relationships between open and shaded reaches. For 
the examples shown in Figure 6.2, the sites in the 
shallow category were actually somewhat warmer 
than the deeper streams. This simply reflects . 
differences in other local environmental factors of 
these sites. Although many sites fell within a similar 
temperature range as those depicted in Figure 6.2, 
some sites were higher or lower than those 
illustrated. 

Figure 6.1 Average rruJnthly air temperature (squares), water temperature (circles), 
and direct solar ratJjation (diamonds) of a small, partially shaded stream. 
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Figure 62 Daily maximum average by month for open and shaded sites of three 
depths: (A) very shal/ow. (B) shal/ow. and (c) moderately deep. 
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Daily Temperature Patterns. Daily water temperature 
follows the same general trends as the monthly 
temperature, although daily temperature is more 
variable in response to changing weather conditions. 
Examples of daily temperature regimes of three 
stream, and rivers in Washington are provided in 
Figure 6.3. Similar daily temperature graphs for all 
92 sites are provided in Appendix A. Huckleberry 
Creek (AC) is a fairly small stream in the Deschutes 
River basin in the western Cascade Range that was 
fully shaded with second-growth alder. Temperature 
in this stream never exceeded the Washington forest 
practice standard of J5.60 C and showed relatively 
little daily diurnal fluctuation. Daily maximum 
temperatures as high as 22.50 C were observed for 
lengthy periods during the summer in the Coweeman 
River (AL) and Wenatchee River (KA) representing 
larger and more open streams. Diurnal fluctuations 
were between 5 and 70 C in both rivers. 

To provide a perspective of short-tenn fluctuations in 
water temperature, hourly water temperature during 
the month of August are shown for three sites where 
hourly air and water temperature data were available 
in Figure 6.4 . Several characteristics of temperature 
behavior common to all streams are evident. Water 
temperature tracked variability in air temperature 
rather closely at all sites, although the exact 
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relationship between air and water temperature varies 
from site to site reflecting local reach conditions. 

Cee Cee Ah Creek (site EA) is a very shallow, high 
elevation (1048 m), and partially-shaded stream (30 
% shaded) in northeastern Washington. Although air 
temperature was high over prol0nged periods of time, 
the riparian canopy provided sufficient shading to 
protect the stream from solar energy and temperatures 
stayed low (near the groundwater temperature of 
approximately IOOC). Diurnal fluctuation was only a 
few degrees and a small proportion of the daily 
fluctuation in air temperature. On the other hand, 
Hoffstadt Creek (site AQ) in the Ml. SL Helens blast 
zone had a wide diurnal water temperature fluctuation 
that varied nearly as much as air temperature (Figure 
6.4b). Stream AQ is somewhat larger and at lower 
elevation than EA, and has no shading at all. Site 
AN on the Coweeman River is a larger river that is 
only 40% shaded. Like the small stream (EA), the 
diurnal fluctuation of the river was about 50C 
(Figure 6.4c). However, the entire water temperature 
profile of the river site fluctuated more with air 
temperature than the small stream, and was not so 
apparently constrained by the groundwater 
temperature as evidenced by daily minimum water 
temperature. Groundwater inflow would have a much 
larger influence on small stream than on larger ones. 

Figure 6.3 Daily maximum and minimum temperature during the summer of ]988 
for three sites of differing depth. 
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Figure 63 Continued 
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Figure 6.4 Hourly air and willer lemperalure oflhree siles. 
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Shon-term changes in water temperature occurred 
with weather pallern, marked by varying air 
temperature. Stream response to weather was within 
a day for all streams shown (Figure 6.4). Even water 
temperature in the small stream (EA) with relatively 
lillie daily temperature fluctuation was somewhat 
lower when air temperature was cooler during cloudy 
periods. The rapid response time of temperature to 
wcather patterns, and the tendency for weather to vary 
significantly during even the warmest periods of the 
year over durations of several days is an important 
consideration in determining whether temperature 
water quality standards specifying temperature 
thresholds over sequential periods are likely to be 
exceeded. For example, site AQ exceeds IS.6°C 
nearly every day during the period while site AN 
exceeds this threshold less ofter. and never for 7 
sequential days as specified in the Washington forest 
practice rules. 

These results are an imponant consideration for 
temperature modeling. Models have often been used 
to predict the maximum temperature with different 
shading characteristics. To simplify the required input 
data, climatic variables are estimated for the warmest 
possible time (e.g., clear sky conditions in mid­
summer). If models are to be used for realistically 
determining whether temperature standards specifying 
duration of temperature relative to thresholds are me~ 
it is imponam to run models using realistic climate 
data that simulates normally observed variability in 
weather. More effon should be devoted to developing 
joint probability distributions of meteorologic 
variables based on long-term wcather records. 

Maximum Equilibrium TemoeralUre Another 
important charaCteristic of temperature behavior is 
the tendency for all streams to reach an upper limit 
on the maximum water temperature. Note that each 
stream shown in Figure 6.4 achieves a daily 
maximum water temperature that it does not pass 
even when air temperature goes higher. For example, 
the highest daily maximum water temperature 
observed frequently in stream AQ is approximately 
240C. This temperature coincides with air 
temperature on days 8 and 9. However, air 
temperature is greater than 240C on at least 7 other 
days, but water temperature never exceeded 24oC. 
However, when air temperature was lower than 
24OC, water temperature was commensurately lower. 
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The same behavior in maximum water temperature 
can be seen at sites EA and AN, although the actual 
equilibrium temperature differs between sites 
(approximately 120C at EA and 17°C at AN.) 

The equilibrium temperature is such an important 
concept in stream heating (Edinger and others 1968) 
that further discussion of its background and mcaning 
is useful. The water temperalUfC observed at any 
location within a stream system reflects a balance 
between heat input and heat loss. The rates of both 
input and loss of heat are influenced by local 
environmental factors. Heat input is determined by 
the amount of direct solar radiation reaching the 
Stream environment (Brown 1969) which varies daily 
and seasonally with position of the sun, and with 
shading by riparian vegetation or topography. The 
exchange of heat across the air-water interface is one 
of the more important factors that govern the 
temperature of the a water body for a given solar 
input. Heat loss is largely regulated by the difference 
between air and water temperature. Conduction to the 
streambed and groundwater inflow also accounts for 
heat loss but this is generally a relatively small 
percent of the total energy budget during the summer. 

As a stream is heated by solar radiation and 
convection over a daily solar cycle, heat loss from 
evaporation and radiation back to the sl..")' also 
increases rapidly. Some stream temperature will 
always be reached where heat loss balances heat gain 
and no further change in water temperature occurs 
with increased energy input Edinger and others 
(1968) referred to the water temperature at which heat 
input just balances heat loss as "equilibrium 
temperature". 

Since most of the energy exchange terms involve air 
temperature, this factor will be very influential in 
determining the equilibrium stream temperature 
(Adams and Sullivan 1990). Air temperature 
continually changes in response to varying 
meteorological conditions on a daily and seasonal 
basis and there is an equilibrium water temperature 
for each air temperature (Edinger and others 1%8). 
The water temperature is continually driven towards 
the air temperature with the rate determined by the 
difference between the twO. As a resu It, water 
temperature tracks air temperature during solar cycles. 
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Imponantly, rapid heat loss at high temperatures sets 
an upper limit to Stream t.emperawre relative to air 
t.emperawre that is independent of stream size. 
During hot summer days when the t.emperawre 
differential is greater than this amount., the heat loss 
from evaporation and radiation losses is also great 
and additional incoming heat to the water is quickly 
lost back to the air. Thus each stream has a 
maximum temperawre observed at a threshold level 
of air temperawre. Assuming maximum energy 
loading, for air temperatures above this level there 
will be no increase in the observed water temperature. 
We refer to this temperature as the "maximum 
equilibrium temperature." A maximum equilibrium 
temperature such as those apparent in Figure 6.4 
exists for each stream reach reflecting its site 
conditions. 

This principle of maximum equilibrium temperature 
reveals why most investigators have observed a lack 
of correlation between maximum air and water 
temperature in forest streams (e.g. Beschta and Taylor 
1988). Although air temperature is imponant in 
detennining water temperawre, there is an 
inconsistent (non-linear) relationship between daily 
maximum air and water temperature due to the 
threshold described above. Daily mean water 
temperawre is less affected by the upper equilibrium 
temperawre and is generally bener correlated with 
daily mean air temperawre. 

The actual maximum equilibrium water temperature 
at a location largely reflects the balance of other 
stream characteristics that regulate heat trartsfer. For 
example, shading reduces solar input limiting heating 
in a reach or large amounts of groundwater inflow 
cool the stream. In either case, the maximum 
equilibrium temperature is lower than it would be if 
shading or groundwater inflow was less. These and 
other characteristics combine to detennine the 
equilibrium temperature observed at any location at 
any time. Changes in the local environmental 
conditions are likely to cause a change in the 
equilibrium temperature to a new value. The 
maximum equilibrium temperature. is generally what 
is predicted by models such as Brown's or TEMP-86 
(Beschta and Weatherred 1984) when maximum 
energy-loading climatic conditions are used as input 
values. 

Thc existence of a maximum equilibrium temperature 
is very useful for comparing the effects of stream 
characteristics on temperature of different streams. If 
the equilibrium temperawre can be identified, it 
should relate to site characteristics in identifiable, 
albeit complicated, ways. Each site's equilibrium 
temperature is detennined by its unique combination 
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of physical characteristics. Numerous site 
characteristics contribute to detennining stream 
temperawre, and these may vary inter-<iependently, 
independently, or inversely. Thus, quantifying 
relationships between sites in generalized form is 
somewhat difficult. Nevertheless, common 
relationships between maximum equilibrium water 
temperarure and site conditions are explored 
empirically and using model simulation in following 
sections. 

It should be noted that the major advantage to using a 
model to estimate temperature is that the site 
characteristics determining the maximum equilibrium 
temperature (the deterministic element) and the 
climatic variability (the transient element) can be 
treated simultaneously. Thus physical models are 
likely to be more accurate when modeling over time 
than generalized empirical models. However, 
empirical relationships between temperawre and 
stream characteristics may be very useful for 
identifying streams where temperawre is likely to be 
affected by management activities. 

Regional Averages 

Maximum, mean, and minimum temperawre 
averaged for July for 92 stream sites located 
throughout Washington are shown in Figure 6.5 
grouped by major geographic regions. Average daily 
maximum temperawre ranged from approximately 
90C in smaller, densely canopied streams to about 
21 0 C in completely open streams. Means ranged 
from 8 to 180 C, and minimums ranged from 6 to 
l70 C. Interestingly, the observed range of 
temperature characteristics was similar between 
eastern Washington, western Cascades and Puget 
Lowlands sites. The warmest daily maximum 
temperawres of 21 OC was observed in Chamokane 
Creek (EB), an open stream located in the Pend 
Oreille region of eastern Washington that flows 
through long lengths of pastureland; in Hoffstadt 
Creek (AQ) in the MI. SI. Helens blast zone; and in 
Smith Creek (BD) along the Washington coast. 

Coastal streams were generally deep slow-moving 
streams found in low-gradient coastal wnes and 
tended to show warmer than expected temperatures. 
This may be due to the low elevation which indicates 
warmer air temperawres. (No sites were located in the 
fog belt along the coast, which could have had cooler 
air temperatures.) Minimum temperatures tended to 
be somewhat high in the coastal streams (Figure 
6.5c). For example, Smith Creek (BD), a sile with 
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Figure 65 Average July maximum, mean, and minimum temperature grouped by 
regions (A) western Cascades and Puget Sound lowlands, (B) eastern WaslUngton 
and (C) coastal WaslUngton 
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Relationship to Environmental FaclOrs 

While each stream location had unique site and basin 
characteristics, stream temperature characteristics 
should relate to the dominant environmental variables 
controlling temperature, Environmental conditions 
thought to be directly important in determining 
stream temperature arc shading provided by 
vegetation or topography, air temperature and related 
meteorologic variables, Sb'eam depth and width 
(because it influences shading), and groundwater 
inflow rate and temperature, Other important 
variables identified as important in the scientific 
literature are channel orientation and streamflow, 

General relationships between these sb'eam 
characteristics and water temperature observed at the 
observed at the 92 study sites were analyzed with 
regression analysis, Some of the sites had very 
detailed site data available, while most of the 
secondary sites had only very general estimates of 
important features such as riparian shading and depth, 

General b'ends were determined by grouping data into 
broader categories of shading and depth using data 
from all sites wherever possible, The relative 
importance of the dominant variables was considered 
and patterns common to many Sb'eams were 
determined to the extent possible, It is evident from 
the statistics for simple regressions of temperature 
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characteristics as a function of single site variables 
(Table 6,2) that many factors significantly influence 
temperature (probability of the T ,smtistic less than 
0,05 or 0,10), although no one characteristic by itself 
is a good predictor of temperature (low values of R2). 
Simple predictive relationships were difficult to 
identify because many of these variables change 
systematically in stream systems and relative to one 
another. As such, observations arc not entirely 
independent. 

General Patterns 

Riparian Vegemtion (Shadel. As expected, shade had 
a major influence on water temperature, particularly 
the daily maximum. Each site's highest value of 
daily maximum water and air temperature (an 
indicator of its equilibrium temperature) averaged by 
shade category are shown in Figure 6,6. (Incidentally, 
air temperature did not appreciably differ under more 
open canopies characterized by shade ranging from 0-
75% of the Sb'eam surface area, although air 
temperature was several degrees lower, on average, 
under dense shading.) The highest water temperatures 
were observed under open canopies (shading less than 
25%), with the hottest observed temperature 
averaging as high as 21 oC during the warmest)­
month period of the year (July IS-August IS). Where 
shading was 26-50% of the stream surface area, the 
warmest observed temperature was 17OC, four 
degrees lower than fully open Sb'eams. There was 

Table 6.2. Simple linear regression equations for the relationship of various stream characteristics to water 
temperature (n=36i. 

Dependent Independent Regression Prob>T 
Variable Variable Slope Intercept Statistic R2 

Daily Maximum Vicw-lo-Lhe-sky (0/0) 0.043 14.0 0.02 0.16 
Mean Air (oC) j .120 -('.29 0.00 0.27 

Discharge (m3!s) 1.989 15.8 0.02 0.17 

Elevation (m) -0.003 17.8 0.02 0.15 
GW Proportion (%) -9.10 17.7 0.10 0.06 
Bankfull Width (m) 0.218 14.0 <0.01 0.30 
Depth (m) 10.23 13.7 <0.01 0.23 

Daily Mean Vicw-to-the-sky (%) 0.018 13.4 0.24 0.05 
Mean Air (oC) 0.926 .47 <0.01 0.30 

Discharge (m 3!s) 1.799 13.7 <0.01 0.23 

Elevation (m) -0.004 16.0 <0.01 0.49 
GW Proportion (%) -6.52 15.2 0.14 0.05 
Bankfull Width (m) 0.195 12.1 <0.01 0.39 
Depth (m) 9.913 11.6 <0.01 0.30 
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virwally no difference in the warmest temperatures 
for shading categories of 26-50% and 51-75%_ Where 
shading was as much as 76-100% of the stream 
surface, the average warmest temperature was 15OC. 
This value was somewhat high for a completely 
shaded Stream, although a number of small, 
moderate, and even some larger streams were included 
in this category where membership was based on 
shading alone. Since larger streams are generally 
warmer, stream temperatures shown in Figure 6.6 are 
undoubtedly higher than if only small streams had 
been included. If only small streams were included, 
the maximum temperature should average closer to 
II-120C, or near groundwater temperature. 

Holtby and Newcombe (1982) also showed a similar 
pauem of changes in temperature indices in relation 
to proportion of stream bank vegetated. They 
observed a large increase in centigrade thennal units 
when 25% or less of the bank was vegetated, with 
significantly lower but intennediate values at slightly 
greater amounts of shading. They observed little 
difference in thennal units with shading ranging from 
30 to 75% vegetated bank, but lower values were 
observed when banks were 100% vegetated. 
(Presumably proportion of bank vegetated 
corresponds to proportion of stream surface area 
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shaded as described in this slUdy.) 

Similar relationships between riparian shading and 
water temperature characteristics were observed 
considering average. daily values for the entire period 
of record (not just the one or two warmest days) . 
Average daily maximum, mean, and minimum 
temperature for July varied with shade category 
(Figure 6.7). The general trends were consistent 
among all sites, although individual sites were often 
higher or lower than the average values. The 
influence of shade on the daily maximum was most 
significant, although even the minimum 
temperatures tended to be higher in open reaches than 
shaded ones. Only streams in the 0-25% shade 
category averaged daily maximum temperatures in 
excess of IS.6°C. Sites in other shade categories 
were significantly lower, with those in the densest 
shade averaging only about 120C. The daily mean 
temperature averaged by shade category varied from 
14.5°C in the open streams to about 12.00C in the 
fully shaded streams. Daily minimum temperature 
averaged 12.0oC in open strcams and approximately 
IO.OOC in shaded streams. 

As observed by Brown (1969), the daily maximum 
temperature of fully shaded streams tended to equal 

Figure 6.6 Average wannest air and water temperature (99th percentile) by shade category. 
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thc daily minimum of unshaded streams. It is 
possible that increased minimum tempcratures 
indicate changes in tcmperature of shallow 
groundwater draining to streams from the soil mantle 
due to warming of soils with timber harvest. No 
groundwater temperature was measured in this study. 
However, comparing the minimum temperature of a 
two nearby paired watcrsheds where one was clcarcut 
(AA) and one was mostly forested (AR) shows a 20 C 
difference in minimum temperature (Table 6.1). 
Hewlen and Fortson (1982) concluded that 
groundwater temperature could be increased with 
timber harvest affecting water temperawrc. 

Riparian shading was important in determining water 

Timber/Fish/Wildlife Temperature Slud't, 

tcmperature and of primary interest in 1FW 
considerations. However, when site characteristics 
were considered singly, many othcr stream 
characteristics wcre bCllcr predictOrs of stream 
tcmperature than shading (Table 6.2). The 
relationship between mean and maximum Water 
temperature and stream shade is illustrated in Figurc 
6.8. There was a relatively low correspondcnce 
between sky view and mean water temperature, and a 
significant, though highly variablc relationship with 
maximum temperature. Clearly, other factors besides 
riparian vegetation were influential to water 
temperature and must be considered when estimating 
thc effect of riparian shading on stream temperature. 

Figure 6.7 Average July daily temperature characteristics by shade category. 
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Figure 6.8 Average daily maximum (A) and mean (B) temperature for July in relation 
to proportion of s/ream surface shaded. 
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Figure 6.9 Correialion (r) between lire environmenlalfactors and Ihe mm:imum. 
mean and minimum waler lemperalure for July averaged for siles in general 
shade calegories. 
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Other environmental variables likely to influence 
water temperature that are directly suggested by heat 
uansfer processes are air temperature, stream depth, 
and groundwater inflow. Correlations between 
temperature characteristics and these site variables are 
shown in Figure 6.9 and the relative relationship of 
parameters to maximum temperature within open and 
shaded streams is provided in Figure 6.10. (Note that 
correlations shown in these figures computed by 
shade category may nOt agree with those listed in 
Table 6.2 computed for all data.) The discussion of 
environmental faclOrs below reference Figures 6.9 
and 6.10 and Table 6.2. 

Groundwater Inflow ProPOrtion Groundwater inflow 
proportion to total flow was expected to have a 
depressing effect on stream temperarure. 
Temperatures were negatively correlated with 
groundwater inflow proportion. Groundwater inflow 
proportion tended to have a much lower correlation 

Figure 6.9 Continued 
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with temperatures when hackground temperature was 
low, such as under fully-shaded conditions and for 
daily minimum temperatures. Groundwater inflow 
proponion tended to have less influence than other 
channel characteristics, as was also suggested in the 
model sensitivity analysis (Chapter 4). 

Stream Depth. Stream depth was also better 
correlated with temperature when background 
temperatures were lower. The influence of depth on 
the maximum temperature was greater under shaded 
conditions than open conditions. However, depth and 
air temperature combined were highly correlated with 
maximum temperature under fully-shaded conditions. 
This good correlation between temperature 
Characteristics and stream depth and air temperature 
under fully shaded conditions probably reflects a 
strong interdependence between these site 
characteristics as streams get larger. However, it 
could also be an artifact of low sample size in this 
shade category. 
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VARIABLE 

Mean Air Temp 

Depth 
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Figure 6.10 Correlalion belween maximum daily waler lemperalure and 
environmental variables/or open (A) and shaded slreams (B) 
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Air Temperature. As opposed to slTeam depth and 
groundwaLer inflow, water Lemperature Lended to be 
beuer correlaLed with air Lemperature when waLer 
Lemperature was higher, such as in open streams and 
for daily maximum Lemperature. 

Figure 6.11. Average monlhly lemperatures from 
May Ihrough OClober for all siles where 
air and waler lemperatlUe was measlUed. 
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The veT)' high correlation between air temperature and 
water temperature under dense forest canopies may 
actually represent a conlTolling effect on air 
temperature by the waLer temperature. The dense 
canopy acts as a greenhouse preventing evaporation 
losses. 

The daily mean water Lemperature averaged monthly 
relative to mean air temperature is shown for-'!!..l sites 
in Figure 6.11. Considering the vast difference in 
sites, there is clearly a general relationship between 
daily mean air and water temperature. However, for 
any given air temperature, the monthly mean water 
temperature varied between sites over a range of 5·8 
OC. Other site factors such as riparian shading, 
groundwater inflow, depth, width and so on 
determined the exact relationship between mean water 
and air temperature at each site. 

The daily mean air and water temperature for three 
unshaded sites are shown plotted day by day in 
Figure 6.12. For higher daily air temperatures, there 
was much less scatter in the relationship, and 
slTeams experiencing the same air temperature tended 
to have similar water temperature. For example, it 
would appear that the most significant difference 
between site AA and the two other sites was that air 
temperatures at the site were consistently lower. For 
lower air temperatures, there was greater scauer in 
the air/water temperature relationship at all three 
sites, but the range of values was similar despite site 
differences. 

Figure 6.12. Mean daily waler lemperature in relation to mean daily air lempera/ure 
allhree opensiles (M··Deschules, AB·Mt. SI. Helens blast zone, EB·northeasl II'AJ. 
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Stream azimuth. Forest practice guidelines have in 
the past conditioned buffer strip shade requirements 
based on channel orientation. Streams flowing north­
south have relatively shon periods of direct overhead 
solar rndiation, and therefore riparian shade mighl be 
less imponant than along east-west flowing streams, 
where more stream is directly exposed during 
maximum solar angles. Under this hypothesis, 
contribution of riparian vegetation to shading would 
vary depending on channel orientation and which 
bank was prolected. 

No effect of channel aspect on stream tempernture 
was observed in this study. Rose diagrnms of 
maximum, mean and diurnal fluctuation of 
tempernture in relation to channel azimuth are shown 
in Figure 6.13. There are no strong trends in higher 
or lower values with compass direction in any of the 
three tempernture characteristics. (Similar diagrnms 
depicting only open siteS show the same patterns as 
these diagrnms with all sites included.) 

For streams flOwing due easterly or westerly, there 
appears to be slightly lower maximum and mean 
temperature and diurnal flu=tuation. Unfonunately, 
there were relatively few streams with this direction 
of flow, and those that do are partially shaded, 
making comparisons tenuous. 

Lack of a strong effect of channel orientation on 
temperature appears to be consistent with other 
studies where this influence was considered. Swift 
and Messer (1971) observed no influence of channel 
orientation during the summer months in southern 
Appalachian streams (although south-flowing 
streams tended to be slightly warmer during the 
winter.) Few other studies have directly analyzed this 
effect. Given the imponance of other factors 
influencing stream temperature besides direct solar 
insolation, it may not be surprising that channel 
orientation has less influence on stream tempernture 
than previously thought. 

FiglUe 6.13 Average temperaJure/or 
the period/rom July 15 10 August 15 in relation 10 
channel mimUlh (A is daily maximum, B is mean, 
and C is dilUnal jluclUltion. 
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Other Channel and Basin Characteristics, The simple 
regressions provided in Table 6,2 indicate that several 
other stream or basin characteristics are significantly 
relaled to slream temperature, although these 
variables are not directly relaled to processes of heat 
exchange, These include slreamfiow volume, channel 
width, and site elevation, (Brown, 1969, suggested 
that slreamfiow volume was directly related to 
temperature in his heat Iransfer equation, although 
dimensional analysis of the equation verifies that the 
primary variable of importance is Slream depth.) 

Many stream characteristics such as stream width and 
shading, slreamfiow volume and depth, air 
temperature and elevation are typically strongly 
correlaled with one another (for example, see Chapter 
3), Such slream characteristics may integrate many 
important temperature-determining factors, and 
therefore may serve as good indicators of Slream 
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temperature relationships, Many of these correlating 
variables arc simpler to estimate than those directly 
involved in heat Iransfer equations, and therefore the 
task of predicting slream temperature may be 
simplified with their use_ For example, slream width 
is strongly relaled to water temperature (Table 6,2) 
and is one of the easier site variables to measure Or 
estimate. 

Regional Water Temperature Model 

Derivation of Relationships, While the simple linear 
regressions between site characteristics and slream 
temperature indicaled the variables related to stream 
temperature, no one variable was an adequate 
predictor of temperature. Multiple linear regressions 
were performed using data from the prim8J)' sites to 
establish empirical relationships that could bc used as 

Table 6.3, Multiple linear regression equationsfor the relationship of a nwnber of stream characteristics to 
average daily maximum, mean and minimum water temperature (n=36), 

Dependent Independent Variable Parameter Prob>T 
Variable Slope Statistic R2 F Value 

Maximum Intercept=4 .3 0.63 7,987 
Sky view (%) 0,053 <0.01 
Mean Air (OC) 0.740 0.Q2 

Discharge (Q) (m3/s) ·1.498 0.Q2 

Elevation (m) -0.004 0.02 
Azimuth (degrees from -0.005 0,10 
north) 
Bankfull Width (m) 0.202 <0,01 
Depth (m) -4.850 <0,01 

Max Water Temp=4.3+«0.740 x Mean Air)-(4.850 x Depth)-(O,004 x Elev)+ 
(0,053 x Sky view)+(0.203 x BF Width)-(J.50 x Q)) 

Mean I ntercept-7.5 0,81 18.948 
Sky view (%) 0.029 <0.01 
Mean Daily Air 0.444 0.Q2 
Temperature (0C) 

Discharge (Q) (m3/s) -1.0S2 0.13 
Elevation (m) -0.004 <0,01 
Azimuth (degrees from -0,003 0.23 
north) 
Bankfull Width (m) 0.141 O.OS 
Depth (m) -1.798 0,64 

Mean Water=7.S+«O,029 x sky view)+(O,444 x mean air)-(1.0S2 x Q)-(O.OO4 x Elev)-
(0,003 x azimuth)+O, 141 x BF Width)-(1.798 x Depth)) 
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general predictors of water temperature (as opposed to 
using physical prediction models). The objective was 
to identify site variables providing satisfactory 
indicators of temperature sensitive streams that could 
be readily obtained. 

Initially, all of the variables in Table 6.2 were used 
as independent variables predicting the daily 
maximum, mean. and minimum water temperature 
and diurnal fluctuation averaged for the period from 
July 15 through August 15. These included the view 
factor, mean air temperature, slTeamflow (Q), 
elevation, depth, bankfull width and stream azimuth. 
The regression statistics arc provided in Table 6.3, 
including each parameter's regression coefficient, 
intercept, and probability that it contributed 
significantly to the prediction. Maximum 
temperature had an R2 of 0.63 (all paramelC.rs 
contributed significantly to the equation). Mean 
temperature had an R2 of 0.8 I (view factor, mean air 
temperature, elevation, and bankfull width most 
significant.) Minimum temperature was also 
predicted very well with an R2 of 0.88 (elevation, 

Table 63 continued 
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and bankfull width most significant). Diurnal 
fluctuation was relatively poorly predicted with an 
R2 of 0.40 (view factor and mean air temperature 
mOSt significant). Many of the variables that 
individually were significanlly related to temperature 
(Table 6.2), albeit wilh relatively low precision, did 
not slTengthen the predictions when combined with 
other variables. 

In the next step, variables that did not contribute 
significanlly to the prediction equations were 
removed from lhe model. An attempt was also made 
to simplify use of the predictive model in TFW 
applications by removing difficult to estimate 
variables such as mean air temperature. The best 
multiple Iin= regressions were developed by 
minimizing lhe number of variables while 
maintaining a reasonably high R2. Prediction models 
based on easily obtained dala were preferred. 
Removing variables resulted in similar, or 
occasionally better prediction equations as lhose 
using lhe larger variable list. The recommended 

Dependent Independent Variable Parameter Prob>T 
Variable Slope Statistic R2 

Minimum Intercept= lOA 0.88 
View -to-the sley (%) 0.010 0.12 
Mean Daily Air 0.144 0.28 
Temperature (0C) 

Discharge (Q) (m3/s) -0.844 0.11 

Elevation (m) -0.004 <0.01 
Azimuth (degrees from -0.001 0.56 
north) 
Bankfull Width (m) 0.102 0.06 
Depth (m) 1.409 0.64 

Min Water Temp=IOA+«O.I44 x Mcan Air)+(1.409x Depth)-
(0.004 x Elev)+(O.OlOx Sky view)+(O.l02 x BF Width)-(0.844 x Q» 

Diurnal Intercept=-6.3 0.40 
Fluctuation 

View-to-the-sley (%) 0.040 <0.01 

Mean Daily Air 0.558 0.04 
Temperature (0C) 

Discharge (Q) (m 3/s) -1.135 0.31 

Elevation (m) 0.0005 0.64 
Azimuth (degrees from -0.003 0.48 
north) 
Bankfull Width (m) 0.106 0.31 
Deplt·.lm) -S.559 0.35 

Diurnal Fluctuation=-6.3+(0.040 x sky vie\\')+(0.558 x mean air)-(U35 x Q)-(0.0005 x Elev)­
(0.003 x azimuth)+O.I06 x BF Width)-(5.559 x Depth» 

F Value 

30.372 

3.448 
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prediction equations are provided in Table 6.4. 

Although maximum temperature required five 
variables for adequate estimates, the mean, minimum 
and diurnal fluctuation were well predicted using two 
lC three variables. The view factor, elevation, and 
bankfull width was strongly influential on most, but 
nOl aU, temperature characteristics. Unfortunately, 
mean air temperature could not be removed from the 
models without significant loss of model reliability. 
A method is provided in Chapter 3 for 
estimatingmean air temperature from basin 
characteristics. 
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Model Reliability. The empirical model was 
evaluated for prediction performance in a manner 
similar to the analytical temperature models (Chapter 
4). Measured site data were used for independent 
variables in the equation. W ·statistics were calculated 
as predicted temperature minus observed temperature. 

As with the analytical models, there was significant 
variability in model performance from site lC site 
(Table 6.5), but overall the prediction capability was 
good (Table 6.6). When site· measured data were used, 
the overall performance score using the scoring 
criteria for maximum, mean, minimum and diurnal 
fluctuation temperature described in Chapter 4 was 
1040 points, or nearly 88% of the. total possible. 

Table 6.4. Multiple linear regression equotions/or the best relationship using selected stream characteristics 10 

maximum. mean and minimum water temperature. 
Dependent Independent Parameter Prob>T 

Variable Variable Slope Statistic R2 F Value 

Maximum Intercept=.3 0.69 12.815 

Sky view 0.055 0.001 

Mean Air 0.794 0.008 

Q -2.76 0.03 

Elevation -0.003 0.01 

Bankfull 0.262 0.02 
Width 

Max Water Temp=0.3+«0.794 x Mean Air)·(0.OO3 x Elev)+ 
(0.055 x Sky view)+(0.262 x BF Width)·(2.76 x Q)) 

Mean Inlercept=6.8 0.78 32.325 

Sky view 0.034 0.000 

Mean Air 0.480 0.01 

Elevation -0.005 0.000 

Mean Water=6.8+«0.034 x sky vicw)+(OA80 x mean air).(0.005 " Elev)) 

Minimum Intercept= 12.8 0.86 54.507 

Sky view 0.008 0.23 

Elevation -0.004 0.000 

Bankfull 0.078 0.01 
Width 

Min Water =12.8+«0.010x Sky view)+(0.102 x BF Width)·(Q.004 x Elev)) 

Diurnal Flux lntercept=.5.1 0.51 12.393 

Sky view 0.049 0.000 

Mean Air 0.409 0.07 

Flux=-5.1+«0.049 x sky view)+(OA09 X mean air)) 



Table 6.5 Performance results 01 Ille regionalized empirical temperalUre prediction models bascd on sllldy siles. 
Prcdicted-observed temperature is same as the w-Jtatislic 01 model·tesling in chapler 4. Summary statistics lor 
regional model performance are provided in Table 6.6. 

Model Using Measured Model Using Estimat~d Ob5~ry~d 

Indtpend~nl Varlahlu Indtrtndenl Variables Temp~rBturt 

(J' r ~d ic ted· () hser ved) Predicted (C) (r fC'd icted -0 bse r ved) Predicted oC 

S II, Max Mean Min Range Max Mean Max Mean Min Range ~hx Mean Ma. Mean 

M ·0.2 ·(J.8 0.9 ·0.2 16.7 13.7 ·0.6 ·0.2 0.5 0.3 16.3 14.3 16.9 14.5 

All .1.5 ·0.7 -0.6 ·0.9 18.4 15.0 -3.6 .1.8 -0.4 -1.9 16.3 13.9 19.9 15.7 

All 1.0 0.2 0.2 0.6 16.2 14.2 • t.7 .1.\ 0.3 ·0.5 13.5 12.9 15.2 14.0 

I\F .1.5 ·0.3 0.7 ·0.2 17.1 15.7 ·2.6 -1.4 0.9 -1.2 16.0 14.6 18.6 16.0 

NJ 3.3 1.6 1.7 1.8 18.3 15.1 0.4 0.4 1.2 0.8 15.4 13.9 15.0 13.5 

Ail ·1.0 .I.l .0.3 ·0.8 17.2 14.8 ·3.9 ·2.2 ·0.4 ·\.6 14.3 13.9 18.2 16.1 

AI ·0.4 ·0.7 ·0.5 .0.1 18.1 15.8 ·4.0 -2.3 ·0.6 .1.5 14.5 14.2 18.5 16.5 

IV ·0.4 -0.1 0.6 ·0.4 1",9 14.4 -2.3 -1.0 0.5 .1.2 14.0 13.5 16.3 14.5 

AI{ ·1.0 ·0.5 1.4 .1.0 17.2 15.2 -2.9 ·\'4 1.3 -1.8 15.3 14.3 18.2 15.7 

AI. ·0.7 ·0.4 0.1 1.3 19.1 17.2 -2.6 ·2.1 0.5 -0.1 17.2 15.5 19.8 17.6 

AM 1.8 ·0.5 0.1 2.5 20.9 17.0 -2.1 -2.1 ·0.1 1.0 17.0 15.4 19.1 17.5 

/IN -0.1 1.0 1.8 ·0.2 16.1 15.1 ·0.9 0.0 2.0 ·1.0 15.3 14.1 16.2 14.1 

N:J ·0.9 .n.s ·0.8 0.5 16.2 14.5 -2.1 ·\.4 ·0.5 ·0.3 15.0 13.6 17.1 15.0 

AI' ·\.3 ·0.5 0.0 ·0.8 14.3 13.9 ·2.8 ·1.4 0.4 .1.5 12.8 13.0 15.6 14.4 

M) ·2.4 -2.5 0.3 ·3.4 19.6 14.4 ·5.5 ·3.1 -0.3 ·3.9 16.5 13.8 22.0 16.9 

ne 1.7 1.2 0.7 1.6 16.1 14.3 0.4 0.7 0.7 1.2 14.8 13.8 14.4 13.1 

HE -0.6 0.2 0.7 -0.3 13.9 13.7 .1.5 -0.2 0.7 ·0.7 13.0 13.3 14.5 13.5 

CA ·0.7 ·1.1 0.2 ·0.4 13.5 10.7 -0.5 ·0.9 0.3 -0.3 13.7 10.9 14.2 1\.8 

en -0.8 • \.1 0.5 .1.\ 13.1 10.4 -1.1 ·1.2 0.9 -\.2 12.8 10.3 13.9 11.5 

en ·0.7 ·0.4 1.1 ·0.7 1 '.7 12.3 ·0.6 ·\.0 2.1 .1.2 14.8 11.7 15.4 12.7 

DA 0.2 0.6 \.0 2.0 19.3 17.5 ·1.4 -0.8 0.1 0.8 17.7 16.1 19.1 16.9 

DB -1.6 -0.1 0.3 ·0.5 14.6 14.5 -\.8 ·0.5 1.1 ·0.8 14.4 14.1 16.2 14.6 

FA 1.7 0.8 0.9 \.3 13.6 11.0 \.9 0.5 1.4 1.0 13.8 10.7 11.9 10.2 

FII ·0.2 0.5 1.3 ·1.4 19.9 16.3 ·2.8 ·\.6 2.8 ·3.2 17.3 14.2 20.1 15.8 

GA 1.3 \.5 0.7 2.0 17.5 16.3 0.4 0.9 0.9 1.5 16.6 15.7 16.2 14.8 

, [i 3.6 0.6 0.7 2.1 20.0 15.5 ·0.5 -0.6 0.4 1.1 15.9 14.3 16.4 14.9 

Ie 1.4 0.7 1.3 0.9 13.8 12.2 1.1 0.7 1.3 0.9 13.5 12.2 12.4 IU 

ID 0.5 0.5 1.9 0.1 16.2 13.1 0.6 0.5 2.0 0.1 16.3 13.1 15.7 12.6 
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This performance was nOl as good as TEMp·86, only 
slightly below the TEMPEST model, and better than 
SSTEMP and Brown's model. The consislency of the 
empirical model in predicting average temperature 
within 20 C was usually better than 90% of the sites. 

Temperature Resimes 169 

When all independent variables were estimated from 
generalized relationships developed in Chapler 3 
rather than from field measurements, the total score 
dropped to 840 points. The largest difference was in 
reduced consislency in predicting the maximum and 
mean temperature (Table 6.6). 

Table 6.6. Performance oj the empiricallemperalure prediclion model based on sile and walershed characlerislics 
(Table 6.3). The equalion was used wilh measured sile valuesjor independent variables, and eSlimaled values from 
relationships provided in Chapler 3. (ThirlY-lhree siles were used in Ihe analysis.) 

W·Statistic 
Temperature (predicted- Equation Used With Equation Used With 

Characteristic observed) Measured Values Estimated Values 

Maximum Average 0.0 .1.3 

Standard Deviation 1.46 1.81 

Consistency 90% 61% 

Mean Average 0.1 ·0.7 

Standard Deviation 1.11 1.24 

Consislency 94% 78% 

Minimum Average 0.6 0.8 

Standard Deviation 0.72 0.94 

Consistency 100% 91% 

Diurnal Fluctuation Average 0.2 -0.5 

Standard Deviation 1.31 1.34 

Consistency 87% 91% 
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Winter Temperature Regimes 

Water temperature was recorded through the winter at 
eight sites; seven in the western Cascades and one in 
eastern Washington (Four sites are shown in Figure 
6.14). Average monthly water temperature for these 
sites are provided in Table 6.7. Water temperature 
reached annual minimums at all sites in February. 
The lowest temperatures were observed at the highest 
elevation site (ID) on the Greenwater River located in 
the western Cascades. The eastern Washington site 
(EB: Cham okane Cr) was usually the next coldest 
site, although a distinct warming trend occurred in 
February at this site that was nOl observed at other 
locations in the state. The other six sites located in 
the Deschutes River basin in the western Cascades 
ranged between these twO sites. 

As with summer temperatures, monthly daily mean 
water temperature shows a strong relationship to 
me~n monthly daily mean air temperature (Figure 
6. I 5). At lower air temperatures characteristic of 
winter months, however, the water temperature is 
relatively higher than during the summer months 
(Figure 6.11 and 6.15) Even though monthly air 
temperature averaged below zero in somt months, 
water temperature generally reached minimums of 
approximately 3-40 C. Water's unique density 
properties at near zero temperatures help to withstand 
changes in air temperature below the freezing point. 

Timber/Fish/Wildlife Temperature Studv 

Thus, water temperature also seems to have a 
minimum threshold value relative to air temperature. 
Prolonged periods of sub-freezing air temperatures 
can cause streams to freeze, but this was nOl observed 
during the measurement period. 

Because of the relationship between air temperature 
and elevation, much of the variability in the average 
monthly mean water temperatures among sites can be 
accounted for by elevation (Figure 6.16). Mean daily 
air temperature for the month of January plOlted as a 
function of elevation shows a distinct Irend in lower 
water temperature with elevation. The influence of 
forest canopy cover could nOl be distinguished among 
the sites, although the coldest site had only 7% 
riparian cover. This was also the highest elevation 
site. 

The best opponunity for examining the effect of 
riparian canopy on winter temperatures is by 
comparing sites AA 0N are Creek) and AR (Hard 
Creek). These two neighboring sueams are paired 
watersheds within the Deschutes basin where AA is 
"early completely open its entire length and AR is 
covered by mature conifer vegetation for the majority 
of its length. Except for differences in riparian 
vegetation, the aspect, elevation and climate of the 
two sites are identical. 

Figure 6.14 Mean daily water temperature at 4 sites during the winter months. 
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The stream with riparian canopy tends to be slightly 
warmer than the open stream throughout the winter. 
although differences are very slight and within 
measurement error (approximately DAOC) (Table 
6.7). The cumulative thermal units for the period 
during the winter when salmon eggs incubate 
(approxImately December through April for coho 
salmon) are shown in Figure 6.17. Thermal units 
were calculated as the sum of the daily maximum 
temperature for each month. Differences in thermal 
units between the twO streams are small. However. 
differences between the forested and open sites were 
consistent. and by the end of the period the the 
cumulative thermal units of the forested stream was 
approximately 10% greater than the open stream. 
Virtually all of the difference in cumulative 
temperature units was observed in April. 

Warmer streams under forest canopies were expected. 
since the canopy acts as insulation to limit heat loss 
from the stream. During me winter. the incoming 
groundwater is often warmer than the air temperature. 
and therefore serves as a source of heat to the stream. 

Figure 6.14 Continued 
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Figure 6.15 Daily mean waler lemperature in 
relation to mean air temperature averaged 
monthly for all siles. 
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(incoming solar insolation is minimal during the 
winter months and does nOl offer a significant source 
of heat.) As hypothesized, temperatures in open 
streams tended to be somewhat lower than in streams 
covered by dense conifer canopies, but differences 
were slight. These results do not agree with Holtby's 
finding in Carnation Creek, British Columbia (1988) 
where CUlOver areas were observed 10 have higher 
winter water temperature than forested sites. 
Differences in observed temperature patterns between 
these two studies arc not explained. Interpretations of 
potential negative impacts of earlier fry emergence 
offered by Holtby as a consequence of stream 
warming due to forest removal would not appear to 
be applicable here. 

The results of winter temperature sampling at this 
limited number of sites did not offer strong evidence 
that winter temperatures are Significantly affected by 
canopy removal. In general, elevation appears to 
exen a stronger control on winter temperatures than 
does vegetation along the stream. 

Timber/Fish/Wildlife Temperature Sludv 

Figure (J./ 6 Average daily mean waler 
lemperarure during January in relation 
to eievaIion. 
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Table 6.7 Average monthly mean daily waler lemperatures. 

Month 

View a Ele\' 
Si te (%) (m) No,' nec Jan Feb Mar Apr 

AA 93 436 6.8 5.1 4.5 2.8 4.4 4.9 

AR 20 430 6.7 5.4 4,8 3.3 4.8 5.5 

AC 17 197 7.4 5,2 5.2 2.4 5.4 7.4 

AD 40 292 7.9 6.0 5.9 3.6 6.3 8.2 

AF 67 269 7.3 5.3 5.2 2.8 5.7 7.8 

AS 50 130 8.4 6.4 6.3 4.1 5.5 -

ID 95 510 4.8 3.2 2.5 - - -

EB 93 446 6.'1 3.8 5.3 6.7 - -
a VICW factor was estlmateo dunng the summer months. SHes AC. AD. AF, and AS have sl!ostanllal amounts of 
hardwood forests in L;""t,; riparian z.one. 
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Figure 6.17 Cumulative thermal unitsjor an open and ajorested site 
in the Deschutes basinjor the winter incubation period. 
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BASIN TEMPERATURE PATTERNS 

individual Basins. To study the basin scale effects of 
forest management on stream temperature, a number 
of reach study sites were clustered with each of three 
watersheds. Data for these basins were used to 
evaluate basin temperature models (Chapter 5), and 
are further analyzed here to demonstrate general basin 
temperature panerns. The Deschutes basin in the 
centra! Cascade Range of western Washington had the 
most extensive sampling network (9 sites; Figure 
5.4). The Coweeman basin in the Cascade Range in 
southwest Washington (Figure 5.3) and the Little 
Natches River in the southeast Cascades of eastern 
Washington (Figure 5.2) had six and four sites 
respectively. Schematics of each of the basins 
identifying major tributaries, sampling locations, 
their distance downstream from the watershed divide, 
and the average maximum water temperature for a 7-
day period during August are provided in Figure 6.18 
(a,b,c). Averaging periods varied for the three 
watersheds so results should not be compared 
between ri verso 

Timber harvest had occurred in all of the basins; 
most of the area has been managed with riparian 
prescriptions applied under forest practice regulations 
that predate the 1987 revisions. Riparian shading 
levels were nOl directly assessed for the entire basin, 
and discussion of temperature panerns is based on 
general qualitative knowledge of the watersheds and 
the site-specific information collected at the reach 
study sites. 

In all of the basins, water temperature tends to 
increase in the downstream direction as rivers increase 
in size from their headwaters. Water temperature in 
headwaters streams in the Deschutes basin were 
12.1oC, increasing to 16.40 C near the mouth of the 
river at Offut Lake in Olympia. The C"weeman 
River increa,ed from 15.60 C at 17A knl from the 
watershed divide to 19.3OC near the mouth. The 
Little Natches River increased from 14.goC in 
tributaries 7.9 km from watershed divide, to 17.9°C 
at 28.0 km. increasing temperature in the 
downstream direction has been identified in rivers 
thro"ghoutthe world by Hynes (1970), and discussed 
cor:cptually by Theurer and others (1984). Sullivan 
and Adams (1990) attributed the general tendency for 
incrementa! change in temperature to increa,ing 
channel width tending to reduce the effectiveness of 
shading from riparian vegetation, increasing air 
temperature, increasing stream depth, and decreasing 
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proportion of cooling groundwater inflow. (Local 
increase or decrease in temperature can also occur 
reflecting incoming tributaries, or major changes in 
stream or climatic conditions.) 

The possible effects of reduction in shading with 
timber harvest along the main river and tributary 
streams are a major concern for TFW managers. The 
extent to which these effects can be demonstrated to 
have changed water temperature on a basin scale in 
the wee watersheds studied is not c1earlv evident. 
Funhermore, the role of tributary timbe; harvest 
versus shading reduction along the mainstem itself is 
not distinct. 

The effect of tributary temperature on the mainstem 
of the ri ver seems to be more pronounced in the 
headwaters of the watershed (generally in streams less 
than approximatel y 30 km downstream from the 
watershed divide.). In the Deschutes basm, water 
temperature in a headwater tributary with mature 
conifer forests providing dense shading to the stream 
(Hard Creek) is 12.loC. A neighboring stream that 
has virtually no shading along the channel (Ware 
Creek) is several degrees higher at 15.80 C. Several of 
the other tributaries in this pan of the basin also 
have little shading (Buck and Lewis Creek). These 
tributaries may be contributing to higher temperature 
(I4.loC) in the mainstem of the river at 13.5 km 
from the watershed divide (site AO). A similar 
pallern appears to occur in the headwaters of the 
Coweeman River (Figure 6.18b). Baird Creek enters 
the Coweeman at a warmer temperature than the 
river, and probably contributes to the increase in 
temperature between site AN at 17.4 km and AK at 
29.1 km from the watershed divide. (Insufficient sites 
were available in the mainstem of the Little Natches 
River to draw inferences of the effect of tributary 
streams on the river.) 

The effects of tributaries appear to be much less 
pronounced on the lower reaches of the rivers. For 
example, in the Deschutes basin, vinually all of the 
tributaries draining to the river between site AO at 
13.5 km downstream distance and site AF a138.8 km 
from divide have similar or lower temperature than 
the upper river site, yet temperature increased from 
14.loC to 16.90 C in the 2S-km length of river 
between AO and AF. (Timber harvesl in these basins 
occurred 20-30 years ago and all of the tributary 
streams are now shaded with mature alder canopies.) 
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• 
Figure 6.18 Schematics 0/ study basin configurations. Average 7-day maximum 
temperature/or warmest period o/record is also shown. 
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• 

Figure 6.18 Continued 

B) Coweeman River 

Goble Cr Baird Cr 
(AI 12.9 km)~ Mulholland Cr 

(AH 13.7 km)1 (AJ 7.9 km) I 
.... -1II{~ __ 1_9_.3-\O 17.7 0 19 .9 17.S QO)-I_S._I ___ 17_._0Q...!.....I.OI5.6 

Cowceman R. 
at Andrews (AM) 

(43.8 km) 

C) 

Crow Cr 

(CD 27.8 km) 1 

......... ~_~OI7.9 Q 16.31 

Little Natches .R. 
at Kaner Flat 
(CC 28.0 km) 

Coweeman R. 
at Goble (AI) 

(40.7 km) 

Coweeman R. 
at Mulholland (AK) 

(29.1 km) 

Little N atches River 

S. Fk. Natches R 
(CB 16.4 km) 

I I ¢ .. , 
Bear Cr I (CA 7.9 km) 

914 .9 \ 

Coweeman R. 
at Baird (AN) 

(17.4 km) 



Timber/Fish/Wildlife Temperature Stud}' 

From AF on downstream, the temperature remains 
relatively constant for the remainder of its length, 
suggesting that the system's maximum equilibrium 
temperature has been reached at AF, at a distance of 
39 km from the watershed divide. The increase in 
temperature in this length appears to more related to 
changes in shading and channel width along the 
mainstem itself. After passing through a narrow, 
steep canyon area downstream of site AG, the river 
widens out in an alluvial valley. Aerial photographs 
indicate that the channel is clearly visible and 
therefore less shaded in the wider alluvial zone than 
in the river upstream of this location. 

A similar pattern occurs in the Coweeman River. 
River temperature increases between site AK at 29.1 
km from divide and site AI (40.7 km). even though 
Mulholland Creek (a major tributary) enters the river 
at a slightly lower temperature than the mainstem. 
The increase in temperature is not accounted for by 
tributary streams, and may be related to changes in 
shading along the mains tern. Although we do not 
have the temperature of the mainstem of the Lillie 
Natches River above where Crow Creek joins it (site 
CD), it appears that the temperature of the tributary 
is also not the cause of the river temperature, since 
the tributary is cooler than than the river at site Cc. 

Although higher temperatures in the more 
downstream reaches of these rivers appear to more 
related to local river conditions than tributary 
temperatures, there clearly can be local cooling where 
cooler tributaries enter. For example, the temperature 
in the Coweeman River appears to drop about O.60C 
where Goble Creek enters the mainstem at nearly 
20C cooler. A simple calculation on expected 
cooling influence can be made by assuming that 
Goble Creek is approximately 30% of the water 
volume and the mainstem is about 70% (based on 
watershed area). Using a mixin~ equation (Brown and 
others, 1972) where, 

Temperature=PI x TI +P2 x T2 + .... Pn x Tn 

Pn = proponion of combined flow 
contributed by each of n streams 

Tn = temperature of stream n 

In the example described above, 

Temperature=(0.3 x 17.70C) + (0.7 x 19.90C) = 
19.24oC 

This hypothesized temperature is very near to the 
temperature of 19.30C recorded 3.1 km downstream 
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at site AM. Thus, the cooling effect lasted at least 3 
km. 

Based on the three study hasins, several preliminary 
conclusions can be drawn regarding the effect of 
timber harvest on a basin scale. Effects of heating (or 
cooling) from tributaries seemed more pronounced in 
the headwaters of the basins. The riparian vegetation 
and stream characteristics of each local river segment 
strongly influenced river temperature. Clear 
distinctions between the effects of the general spatial 
distribution of timber harvest history in the basin and 
direct local effects where riparian vegetation was 
disturbed along river banks could not be made. 
Nevenbeless, it is probably safe to assume that river 
temperatures in managed basins were prohably greater 
because of both of these effects than if the watersheds 
were forested by mature conifer forests. 

All three of the watersheds shared some common 
characteristics of hasin-scale stream heating 
irrespective of the unique conditions found within 
each. To illustrate the general pallems of heating in 
each of the basins, the mean daily air and water 
temperature are shown as a function of each site's 
distance from its own source in Figure 6.19 (a,b,c). 
Most of the sites in the Deschutes basin are located 
on fully or partially shaded reaches of the mainstem 
or tributary streams, with the exception of the site at 
Ware Creek which is completely unshaded (3 km 
from divide; 14.8 mean temperature). (The effect of 
timber harvest in Ware Creek is clearly evident, as 
this site is far higher in temperature than expected 
based on the line drawn through the more fully 
shaded sites.) The water temperature tends to be low 
near the headwaters, and generally increases with 
distance from the divide (Figure 6.19a). (A very 
similar basin profile for the Chehalis River was 
provided in Sullivan and Adams (1989). The same 
pattern holds lrUe for the Coweeman and Little 
Natches River, although there are less sites and the 
rivers are much shoner. 

In all three watersheds, the water temperature tends to 
be less than the air temperature at distances less than 
40 km from divide. (An estimate of the average basin 
air temperature is represented by the dotted line). At 
distances greater than 40 km, the water temperature 
tends to be slightly greater than the air temperature, 
with little change in either for long distances. These 
results suggest that the maximum equilibrium 
temperature of the stream systems appears to occur at 
approximately 40 km from the watershed divide for 
these rivers. Sullivan and Adams (1989) termed the 
distance at which rivers reach this system equilibrium 
the "threshold distance", concluding that water 



178 Temperalurc Regimes Timber/Fish/Wildlife Temperature Study 

Figure 6.]9 Mean daily temperature profile of three river basins in relation to distance 
downstreamjrom watershed divide. 
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temperature was primarily related to air temperature 
downstream from this location. Upstream of this 
location, shading from riparian canopy was thought 
to have significant effect on strcam temperature, 
where changes in riparian vegetation could increase 
water temperature up to but nOl exceeding the mean 
air temperature by more than ±2-30 C. They observed 
that the Chehalis River also appeared to reach this 
system equilibrium at approximately 35-40 km 
downstream from the watershed divide. 

General Statewide Basin Trends. Without detailed 
accounting of riparian conditions of the sites, it is 
clear in Figure 6.19 that there was a lower limit of 
stream temperature (groundwater temperature) that 
increased with distance in all three of the basins. In 
smaller basins, the minimum temperature occurred 
under mature foreslS, and Ihe warmest temperature 
was approximately equal to the mean air temperature. 
Larger rivers were always at or slightly above air 
temperature. Within each basin, increases from one 
site to another sometimes seemed LO be related to 
differences in the shading in adjacent reaches, but 
often there was nOl a clear change in riparian 
conditions that accounted for the apparent underlying 
trend LO increase in temperature. In very small, 
canopied streams Ihe mean temperature was near 
groundwater temperature. 

Figure 6.19 Continued 
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These same general relationships appear LO occur 
within the three watersheds, as well as when all sites 
in Washington are considered as a group. The mean 
daily water temperature occurring at a "reference" air 
temperature of 200C for each of the sites is shown in 
Figure 6.20, and the diurnal fluctuation in relation to 
stream deplh is shown in Figure 6.21 based on 
measured stream temperature at each site. 
Considering stream temperature at a reference air 
temperature such as 200 C, allows the importance of 
the olher environmental facLOrs LO be determined and 
provides an indication of each site's "equilibrium 
temperature". The selection of 200 C for air 
temperature was arbitrary, although it coincides with 
the average daily mean air temperature on the 
warmest days of the year at many sites. In this case, 
riparian vegetation is indexed by shading categories 
and other environmental facLOrs besides air 
temperature are assumed accounted for by distance 
from the stream source. Included are secondary sites 
where relatively little is known about exact stream 
shading and other characteristics. 

Mean water temperature observed at the reference air 
temperature of vinually all of the sites falls between 
the expected lower and upper Ii milS, although the 
relationship LO stream shading categories remains 
highly variable (Figure 6.20). The open sites tended 
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10 have the highest temperatures and the fully shaded 
sites tended 10 be the coolest, although there was 
considerable variability in where sites in the each of 
the stream shading categories fell within the expected 
range. Some shaded streams were relativel~' warm and 
some open streams were relatively cool. (Considering 
the wide array of sites included in this analysis these 
results may actually be rather good.) Because. of the 
variability, however, no simple relationship between 
mean water temperature and distance for each shade 
category is drawn. 

There was general agreement with the hypothesized 
relationship between diurnal temperature fluctuation 
and stream depth, although there was also scaner in 
values in each shade category (Figure 6.21). The 
largest diurnal fluctuations were observed in small 
open streams, while flux tended to be low in small 
fully-shaded streams. Intermediate shading levels were 
also intermediate in temperature fluctuation. Deeper 
streams, had lower temperature fluctuation, and 
appeared to be independent of shading. 

Although there was scatter, there were clear patterns 
in diurnal fluctuation with depth by shade category. 
Lines arc calculated for each shade category according 
10 a theoretical derivation following equations of heat 
transfer provided by Adams and Sullivan (1990). 

tiT = K/Depth (shown in Figure 6.21) 
K= (heat load) x (sky view faclOr) x Cj 

Heat load is assumed 10 be 280 W 1m2 (maximum 
solar loading during mid-summer for average Pacific 
Northwest locations) and the coefficient Cj = 
0.00571. This cocfficient was empirically derived 
from the data, but matches reasonably well with 
estimates based on solving the fluctuating 
component of Adams and Sullivan's linearized stream 
temperature model with average values of heat 
transfer variables. Calculating K for the shade 
categories yields the values provided in Table 6.8. 

Table 6.8 Values of K (heat loading constan/)for 

calculating diurnaltemperaturejluctuation by s!"J 
view faclOr category. 

Sky View Factor 
1.0 (open) 

0.75 
0.50 

0.25 (mostly shaded) 

K 
1.6 
1.2 
0.8 
0.6 
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This relationship appears reasonably reliable in 
predicting diurnal temperature fluctuation based on 
stream depth and shading. 

An estimate of baseline temperature under mature 
forest conditions was estimated by plotting the 
maximum (equilibrium) temperature of sites with 
mature forest canopies that were available from the 
dataset. The maximum temperature of baseline sites 
(mature conifer canopies) are plotted in relation to 
distance from watershed divide in Figure 6.22. 
Stream temperature tends to increase in the 
downstream direction, although temperature at 
locations 20 and 50 km downstream were somewhat 
cooler than the line projected through most of the 
data. Riparian conditions may still have influenced 
stream temperature as far as 50-60 km from the 
watershed divide, rather than the 40-km distance 
suggested in the individual basins managed 
intensively for timber shown in Figure 6.19. 
Unfortunately, there was only one baseline site 
located this far downstream from divide, and so it was 
difficult to determine the representativeness of this 
site. If the site is an outlier (perhaps due to a local 
source of incoming cooler water such as a tributary 
or groundwater), then the projected relationship based 
on the 10 data points would show the effects of 
shading diminishing at about 40 km from the 
headwater source, but if the site is included than the 
cooling effect would appear to extend up to 50 km or 
farther. 

The "threshold distance" where streams are 
sufficiently wide that shading by even mature forest 
vegetation provides no significant temperature 
proteCtion can probably not be resolved with existing 
data. However, if it can be assumed that a river 
reaches the maximum system equilibrium point 
when shading is less than 25% open, (as suggested 
by the relationship between avera~c site temperature 
and shading levels), then a distance of approximately 
50 km from divide appears to be a reasonable 
estimate based on the empirical relationship between 
the view faclOr and distance from watershed divide for 
baseline siteS (mature conifer vegetation) developed 
in Chapter 3 (Figure 3.12). One of the most glaring 
data deficiencies discovered in this project was the 
lack of quantification of the riparian shading 
characteristics of mature conifer forests along larger 
rivers. Improving this knowledge would enhance 
understanding of the effects of timber harvesting on 
larger rivers. 
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Figure 6.20. Mean daily temperature (A) and diurnalf/uctuation (B) during the 
warmest30-day period as afunction of distance from watershed divide by shade 
category. 

25~----------------------------------------~ 

o 

20 ------e>---------~--------------------JO-l)------------------------------------
.. 0 0 

f, 0 mEl 

• 
~o..... . 
.• ;p'Ci iJ 0 EI 0 

o 

15 

.. 0 0-25% .. .. 
em. •• EI 26·50% 

10 • .. 51-75% 

• 76·100% 

5 
0 1 0 20 30 40 50 60 70 80 

Distance From Divide (km) 

Figure 6.21 Average daily diurnalf/uctuation of water temperature during 

16 

14 

12 

10 

8 

6 

4 

2 

the warmest 30-day period in relation 10 average stream depth. Plaited points are 
site averages. Lines for each shade category are calusing using the equation provided. 

26-5()% 

· · · · · · 51-75.% ... '. . '. . '. . '. . • 
""" \x. .... .... ~ .. ~. .... 

Sky View Category 

• 
II 

6 

• 

0-25% -- K=1.6 
26·50% ----- K=1.2 
51-75% .. _ ..... K=0.8 

76.100% •.••• K=OA 

76-100% ..... \ ~A'~ 6 
II '. #'~. f- II • 

')C", ,-;._~. -. '- - - - - - _ ':=~6 :!:::::::::::-:-:::::-:::---J ""6, .j< ... _ l. ~-'~"-"'-'''::':':':':':.::::':':.:::.---------------. -.. ____ _ 
• ~ 1& .. ' •• _ ........... _ ........ _."."'. _ .-: .. :~ ... ::__ .. :: •• :_.: .. :~ .. :::_=:: .. -.;.: 

o+---~--_.--~--_.--~--~--~--_,------~ 

0.0 0.2 0.4 
Depth 

0.6 
(m) 

0.8 1.0 



182 Temperature Rep,,.uJ Timber/Fish/Wildlife Temperature StudY 

Figure 6.22 Average daily maxirrwm lemperalure of slreams IUlder malure 
conifer foresl canopies (baseline) in relalion 10 distance from wacershed divide. 
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A generalized schematic of llIe relative change in 
mean daily temperature and llIe diurnal flucUJation 
from baseline temperature under mature forests 10 
completely unshaded streams is provided in Figure 
6.23. lmponam concepts suggested by llIe 
illustration are thac (I) there are upper and lower 
limits of changes in water temperature willi riparian 
vegetation with llIe envelope determined on the lower 
temperature scale by groundwater temperature and llIe 
upper scale by air temperature: (2) the magnirude of 
response varies willi stream characteristics of widlll 
and deplll (indexed by distance from watershed divide). 
and. (3) !here is probably a watershed location where 
shading from riparian; vegetation has litlle effect on 
local or downstream temperature. 

Generalized Basin Temperature Profiles. II was 
initially hoped that this analysis would lead 10 basin 
relationships that could provide a general indicalOr of 
probable temperature willi changes in riparian 
vegetation. Although. the general hypothesized 
relationships suggested are verified, there is too much 
scaner in llIe relationships in Figure 6.20 and 6.21 to 
develop reliable nomagraphs of generalized 
temperature profiles based on riparian shading 
conditions alone. Scaner is probably due 10 
unaccounted for local environmental factors llIat also 
influence water temperature. Nevenheless, llIe weight 

of llIe data suppon the general conclusions regarding 
temperature characteristics on a basin scale depicted 
schematically in Figure 6.23. 

SUMMARY 

Shading from riparian vegetation was found to have 
an imponant influence on stream temperature but the 
extent of its cooling effect varied with site elevation. 
However. it is not possible to predicttemperarure 
effects based solely on riparian vegetation. Oilier 
environmental factors were also imponant in 
determining water temperature, including air 
temperature, stream widlll, and so on. (Channel 
orientation was not a significant influence.) 
Typically, a combination of local environmental 
faclOrs were imponan~ and no one faclOr alone was 
ever a good predictor of Slream temperature. 

An empirical "regional" temperature model was 
developed where average temperature recorded at sites 
was predicted based on stream and watershed 
variables. The nomagraphs generated from this 
exercise represented temperature as a function of 
distance downstream from watershed divide and could 
be used as quick index of probable changes in 
temperature at different watershed locations with 
riparian vegetation management. However, the 
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Figure 6.23 Hypolhesized lemperalure pallerns for daily mean and diurnal fluclualion in walersheds. 
(Afler Sullivan and Adams 1990). 
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method was nOl accurale enough on a site-by-sitc 
basis to correctly identify temperature with sufficient 
precision for regulatory purposes. Thus, the 
temperature prediction model was found to be a 
·]Scful LOol if more accurate estimate~ of site-specific 
tempemture are required for decision-making. 

Basin temperature paLlerns were analyzed on the 
limited number of watershc:ds having a number of 
sites that were available for this study. All basins 
showed general wanning in the downstream direction 
consistent with theoretical relationships. Although 
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some local innuence of tributary healing (primarily 
nearer the headwaters) and cooling (primarily in lower 
reaches) were observed, there were no clear trends in 
the relationship of basin temperature to harvest 
paLlerns in tributaries as opposed to effecLS of timber 
removal along the mainstem of the rivers 
themselves. Mainstem temperature of all the rivers 
studied appeared LO be somewhat wanner wiLltin 
distances of 50 km from the watershed divide than 
would probably be expected in old growth conifer 
forests. Effects appeared LO be between 3 and 50 C, 
depending on stream size. 
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CHAPTER 7 

TEMPERA TURE SENSITIVITY AND FOREST PRACTICE 
REGULA TIONS 

Temperature considerations in forest management are 
directed towards maintaining low stream temperatures 
with management of shade in riparian zones. The 1FW 
Agreement strives for temperature protection through 
riparian vegetation leave requirements for fish-bearing 
streams. Alternative temperature protection measures 
are encouraged for temperature "sensitive" waters with 
sensitivity and strategies to be determined by a 1FW 
temperature method. Alternatives may include increased 
shading requirements or possible use of a basin-scale 
temperature model for developing riparian area 
prescriptions and planning distribution of harvest units 
along non-fish bearing streams to protect downstream 
temperature. 

Results of the temperature study presented in earlier 
chapters of this repon are drawn together in this chapter 
to suggest a TFW method to satisfy temperature 
protection objectives. The results of temperature regime 
analysis and model-testing provided sufficient 
information to develop sound recommendations for 
considering stream temperature in forest management as 
called for in the 1FW Agreement, although all aspects 
of 1FW temperature concerns could not be resolved in 
this study. Suggestions for addressing remaining 
questions as recommendations for future research and 
evaluation needs arc provided in Chapter 8. 

Water temperature at sites was evaluated relative to 
Washington state water quality stanc.ards criteria to 
determine whether water quality crilena were exceeded 
and what kind of site or basin conditions were likely to 
cause this situation (Temperature Sensitivity and 
Regulatory Criteria). Average temperature 
characteristics of sites meeting and exceeding water 
quality criteria are provided and a si mple method to 
identify sites likely to exceed criteria was developed 
(Observed Temperature and Regulatory Criteria). The 
temperature models were then used in a gaming mode 
to analyze whether the current riparian regulations are 
likely to provide adequate temperature protection 
(Preliminary Evaluation of Regulation Effectiveness). 

Based on this analysis, model-testing results (Chapters 
4 and 5), and temperature regime analysis (Chapter 6), a 
1FW temperature method that provides a means for 
identifying temperature of present and future riparian 
conditions and guidelines for the appropriate application 
of temperature prediction models is suggested 
(Recommended TFW Temperature Method). The 
recommended method is outlined in this reporL The 
reliability of method components are established to 
guide decision-makers in their usc. 
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FOREST PRACTICE REGULATIONS AND 
WATER QUALITY TEMPERATURE 
STANDARDS 

Forest Practjce Regulations 

Washington forest practice regulations specify shading 
requirements to protect stream temperature from adverse 
increases during the summer months. Within riparian 
zones along type 1-3 streams, the operator must leave 
all non·merchantable material providing shade to the 
stream, and whatever merchantable material is required 
to maintain 50% of the existing shade. If the maximum 
daily water temperature exceeds the forest practice 
temperarure criteria described below (=ed 
"temperature sensitive"), then the operator must leave 
75% of the existing shade. (See Washington Forest 
Practices Rules and Regulations 1988; WAC 222-30-
040). Washington forest practice regulations specify 
that the temperature sensitivity of stream types 1,2 and 
3 shall be based on field data Or records, or from a 
verified temperature model or method that demonstrate 
significant adverse water temperature impacts following 
the proposed timber harvest and shade removal. A 
stream must be designated temperature sensitive prior 
to or at the time of the forest practice application. 

The smallest streams (type 4) do not require leave strips 
of riparian vegetation, and it is unclear whether these 
less shaded StreamS significanlly affect the temperature 
of the fish·bearing streams they flow into. Because 
timber harvest pauerns create a mosaic of vegetation 
conditions within watersheds, and because heated water 
can move downstream with flow, concerns remain that 
inadequate temperature protection measures in upstream 
waterS may have adverse downstream impacts. The 
cumulative length of small but abundant type 4 waters 
relative to larger streams makes this question especially 
important. Temperature concerns along type 4 waters 
can be addressed through the priority issues process if 
significant downstream temperature impacts can be 
expected. 

The forest practice regulations pose a series of 
challenges in developing reliable methods for screening 
temperature sensitive streams and developing 
appropriate management solutions to minimize stream 
temperature effects. Which streams are likely to exceed 
the temperature threshOld, either before or after a 
proposed activity? Can they be identified without on· 
site temperature measurement? Will the 50 or 75% of 
existing shading provide sufficient temperatUTe 
protection? 
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Water Quality StandardS 

Riparian zone management regulations (jointly 
promulgated by the Forest Practice Board and the DePL 
of Ecology and administered by the Departments of 
Natural Resources and Ecology) are designed to meet 
water quality criteria in state water quality standards 
(administered by the Department of Ecology). To 
protect fish habitat and other beneficial uses, the forest 
practice regulations stipulate that the average of 
maximum daily water temperature for seven or more 
sequential days should not exceed 15.60C (600F). 
Although the exact biological importance of this 
threshold in natural streams has not been established, 
the value was presumably selected based on laboratory 
research associating this temperature with stress levels 
in salmonids. .. .. 

The water quality standards for surface waters of the 
staIC of Washington (Chapter 173-201-045 WAC), 
administered by the Department of Ecology, are linked 
to the Forest Practice Rules and Regulations through a 
provision for jOint promulgation (Chapter 173-202 
WAC). These standards and the water·related forest 
practice rules and regulations are designed to mcc: state 
requirements for non·point source pollution con~:'1 
under the federal Clean Water Act (public Law 10J-4) 
administered by the U.S. Environmental Protection 
Agency. The water quality standards establish criteria 
based on three threshold temperatures for streams of 
different classes. For class AA streams (generally 
applicable to forest Streams), the maximum water 
temperature shall no: exceed 16.3OC (61 oF) or the 
temperature increase from activities shall not exceed 
2.8OC. For class A streams (generally applicable to 
larger rivers in forest zones and elsewhere), the 
maximum water temperature shall not exceed J8.30 C 
(650F) or increase mOre than 2.8OC. For class B 
streams (generally larger rivers affected by industrial or 
agricultural activities and not typically found in forest 
land use zones), the maximum water temperature shall 
not exceed 21.3OC or increase by 2.80 C. 

A difference between State water quality temperature 
criteria and forest practice temperature criteria was nOl 
recognized during the drafting of the TFW Agneemem 
or the 1987 revision of the Forest Practice regulations. 
The Dopartment of Ecology will need to resolve these 
discrejl3llcies. Unfortunately, the existence of dual 
temperature standards was not identified until vel)' late 
in the course of the temperature study and well after 
most analyses were completed relative to the the forest 
practice criteria. In an effon to address the nonpoint 
water quality criteria, the TWG performed additional 
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analyses evaluating water temperature relative to criteria 
in the water quality standard and compared results to 
those based on the forest practice criteria. It is hoped 
that these comparisons may assist regulators and 
managers in evaluating practices based on their 
effectiveness in protecting beneficial uses. 

The criteria in both the forest practice rules and water 
quality standards assess temperature over shon time 
intervals (respectively 7-day and I-day). Since the 600 F 
threshold represents a sublethal temperature, it is 
unlikely that exceedence for shon periods would cause 
observable changes in aquatic populations. However, 
increa<;ed thermal loading over longer period may be 
significant. 

It may be useful for fisheries managers to recognize the 
longer duration temperature characteristics of Streams as 
measured by the shon interval criteria. Since 
temperature models can predict temperature over longer 
intervals and temperature characteristics from 
Washington streams are known, longer duration 
performance criteria may be informative for fisheries 
managers, even though they may not be specified by 
state law. For informational purposes, the TWG 
developed a metric based on temperatures observed over 
30 days. The 30-day criteria coincides closely with 
criteria in the water quality standards as it uses the same 
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threshold temperature values but it somewhat masks 
the peak temperature by virtue of the averaging process. 

The TFW temperature study results are expressed 
relative to both criteria to the extent possible and the 
TFW temperature method has been designed to address 
both thresholds as they exist in 1990. Results of the 
30-day evaluations are provided for informational 
purposes. 

Criteria for Temperature Categories 

The temperature thresholds for the three approaches 
deseribed above are sufficiently similar that general 
categories of temperature designated as low, moderate 
and high can be identified based on criteria specifying 
temperature thresholds and duration (Table 7.1). 
Because the thresholds are similar for the low 
temperature category (15.6 and 16.30 C or a difference 
of about 0.7OC or 1.30 F), the category designations are 
reasonably compatible for all three approaches. The 
primary difference between them is the duration of time 
over which the temperature occurs. Applying category 
terminology facilitateS discussion of general 
temperature levels and comparisons between 
approaches. All subsequent analyses refer to 
temperature categories of low, moderate, and high as 
determined by criteria listed in Table 7.1. 

Table 7.1. Temperature categories and criteria. 

TEMPERATURE CATEGORY -
STANDARD LOW MODERATE HIGH 

Water QualitJ Maximum Less than 16.3°C Maximum greater than 16.3 oC Maximum observed 
Standard and less than IS.30 C greater than 18.3oC 

(instantaneous) 

Forest Practice Dai I Y maxim urn less than Daily maximum greater than 15.6 0 C 
Rules and Regs IS.6OC (no distinction between moderate and high; all sites exceeded 
(7-day sequential) identified as high) 

30-DaJ· Criteria Average daily maximum Average daily maximum greater Average daily maximum 
(July 15-AugI5) less than l6.3OC than 16.30 C and and less than greater than 18.30 C 

IS.3 oC 
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Water OuaUty Standard cwm Criteria CDaily 
Maximum) The water quality standards specify three 
threshold temperatures for daily maximum temperatures 
(I-day) and one for allowable change .The upper 
thresholds are: Class AA streams = 16.30C (61oF) 
Class A streams = 18.30C (650F) and for Class B 
streams = 21.30C (700F). (The threshold for Class B 
would apply to few streams likely to be influenced by 
forest practices and is not included in this analysis.) 
Corresponding to the WQ thresholds are the 
temperature categories assigned in this report: Low=less 
than 16.30C, Moderate=16.4to 18.3oC, and 
High=greater than 18.3. Which threshold determines 
exeeedence of standards for any stream depends on the 
its class (Class AA, A, or B). Water quaHty 
classification of Washington rivers is listed in WAC 
173-201 -080. Generally, most forest streams are 
classed AA and some reaches of larger rivers occurring 
in the forest zone may be classed A. The allowable 
change threshold of 2.80C that appUes to all three 
classes is considered in another section and not linked 
to the temperature categories. 

Forest Practice Rule IFP) Cri)eria G-day Maximum 
Average) The forest practice rules identify one 
threshold temperature (J5.6°C or 6OOF). Streams 
exceeding the threshold are termed "sensitive". For 
consistency of discussion in this report, streams below 
the forest practice threshold will be referred to as low 
temperature and those exceeding it will be termed high 
temperature. No moderate temperature is identified. The 
FP criteria is applied to the average of the daily 
maximum temperature for the warmest 7-day 
consecutive period during the summer. 

W-Day Maximum Average. The 3D-day measure 
compares with the WQ standard in that it uses 
temperature thresholds of 16.3°C (610F) for moderate 
and 18.30C (650F) for high temperature. It differs in 
that the 3D-day criteria is applied to average daily 
maximum temperatures obscrved during the warmest 
3D-day period of the year (July 15 to August IS). 

OBSERVED TEMPERATURE RELATIVE 
TO TEMPERATURE CATEGORIES 

Daily temperature records at all 92 sites were scanned 
for days where maximum water temperature exceeded 
the threshold between low and high temperature 
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categories according to the forest practice threshold 
temperature of IS.60C (600F) (Figure 7.1). The 
temperature category of each site based on measured 
water temperature assessed relative to each of the three 
standards is listed in Table 7.2 and based on the criteria 
provided in Table 7.1. Most streams sampled exceeded 
15.6OC at least one day during the summer (78%), and 
a majority exceeded IS.6OC for seven days or longer 
(62%). 

The temperature threshold was exceeded in streams 
located in all regions of the state. (The relatively low 
proportion of sites exceeding the threshold in the ... -
southern Cascades shown in Figure 7.1 is because 
many of these sites were U.S. Forest Service baseline 
temperature monitoring sites.) The DNR Temperature 
standard was exceeded in both small and large streamS 
where timber harvest had Occurred, and in some of the 
"baseline" sites located on larger river systems where 
forest management effects were considered minimal. 
(See Table 6.1 for site characteristics.) 

Where timber harvest had occurred, activities at all sites 
except one had been conducted prior to the TFW 
Agreement and do not reflect riparian conditions left 
under the regulations enacted in 1988. These high 
observed temperatures at so many locations confirmed 
that stream temperature was poorly protected with 
forest practices used in the past. If the water quality 
thresholds are correct indicators of appropriate 
performance, then greater stream temperature protection 
measures in the TFW Agreement were justified. 

Observed TemreranI!c Ca)egory of Study Sites 
Although the criteria for each approach are unique, they 
identified the temperawre category of sites remarkably 
similarly. (Classification according to a temperature 
screen discussed in subsequent sections is also shown.) 
The WQ criteria is slightly more conservative than the 
FP criteria. A total of 72% of srudy sites exceeded WQ 
moderate category threshold (23% moderate and 49% 
high) while 62% exceeded the FP criteri.a: Of the 
additional 9 sites that exceeded the WQ but not the FP 
criteria, six exceeded the temperawre threshold on only 
1 day, 2 sites exceeded the threshold for 3 days, and I 
exceeded the threshold for 6 days. Thus, there was 
relatively little difference in the temperatures interpreted 
by the two approaches. (If the class of the Stream had 
been considered. the proportion exceeding the WQ 
criteria would have been slightly less in that moderate 
temperature is allowed in larger rivers.) 
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Figure 7.1 Days when maximum temperature exceeded 15.6 degrees C. (60 degrees F). 
If temperature was exceeded a + appears. Dotted venicallines mark the period 
from July IS-August 15. (NOIe that not all sites have equal period of record. See 
Table 2.1 for r.ecord lengthfor each site.) 
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Figure 7.1 Continued. 
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Figure 7.1 Continued. 

5. TENAME 

D 

C 

A 

HL 

HK 

H J 

H' 

HH 

HG 

HF 

HE 

HD 

HC 

HB 

HA 

, 1 
5 6 
0 5 

Northern Cascades & Olympics 
Observed Exceedance or 15.6 C 

+ 

1 
8 
0 

_ .. 
~ III • 

111111111111111 II + - -
1111111111111 III : 1111 1111111111 , -

I I II I 1111!1II 11111111 I 111111 ........ 

_______ II~':~II~II .. II 

III II III II II --
111111 , , 

II I I III 111111111 11111 II I III 111111111111 I ++-

.. 
111111111 II IIIW+ .. 

1 2 2 2 2 
9 1 2 .... 5 
5 0 5 0 5 

DAY 

+ 

+ 

2 2 
7 8 
0 5 



192 Temperature Sensj/ivitv and Forest Practices Timber/Fish/Wildlife Temperature Stud" 

Figure 7.1 Continued. 
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Table 7.2. Estimated temperature category 0/ each site based on criteria/or waler quality standards described in 
Table 7.1.lnslantaneous maximum temperature/or each site is listed. 

Site Ma. Water Forest 
Code Site Temp(C) Quality Practice 30-Day Screen 

AA Ware Creek 18.5 High High Mod High 
AB Schultz Creek 23.0 High High High High 
AC Huckleberry Creek 15.0 Low Low Low Low 
AD Thurston Creek 16.0 Low Low Low Mod 
AE Little Deschutes Creck 16.7 Mod Low Low Mod 
AF Deschutes River (RK60.2) 21.0 High High High High 
AD Deschutes River (RK7S.S) 17.0 Mod Low Low High 
AH Mulholland Creek 20.9 High High High High 
AI Goble Creek 20.9 High High High High 
AJ Baird Creek IS.9 High High Mod High 
AK Coweeman River (above Mulholland) 21.0 High High High High 
AL Coweeman River (above Goble) 23.0 High High High High 
AM Coweeman River (above Andrews) 21.9 High High High High 
AN Cowceman River (above Baird) IS.S High High Mod High 
I>D Herrington Creek 19.5 High High Mod High 
AP Porler Creek IS.0 Mod High Mod Mod 
AQ Hoffstadt Creek 26.0 High High High High 
AR Hard Creek 13.S Low Low Low Low 
AS Deschutes River (RK 41.7) IS.0 Mod High No Data Mod 
AT Gobar Creek 20.5 High High Mod High 
AW Deschutes River (near OrfUI Lake) IS.O Mod High No Data High 
BA Abernathy Creek (Lower) IS.9 High High Mod High 
BB Germany Creek (Upper) 21.1 High High Mod High 
BC Naselle River 16.5 Mod Low Low High 
BD Smith Creek 2S.0 High High High High 
BE Bear River 16.0 Low Low Low Mod 
BF Abernathy Creek (Upper) 20.0 High High Mod High 
CA Bear Creek IS.S Low Low Low Low 
CB S.Fork Little Nalches River IS.0 Low Low Low Low 

CC Little Natches River at Kaner IS.S High High Mod Mod 
CD Crow Creek 17.0 Mod Low Low Mod 
CE Bear Creek Watershed (Baseline) 16.0 Low Low Low Low 
CF Wind River (Baseline) 16.0 Low Low Low Low 
CG Trout Creek (Baseline) 11.0 Mod Low Low Low 

CH Trapper Creek (Baseline) 14.S Low Low Low Low 

DA Pilchuck River (RK IS.4) 21.0 High High No Data High 
DB Pilchuck River (RK 2.7) 16.S Mod High No Data High 

EA Cec Cee Ah Creek 12.S Low Low Low Low 

EB Chamokanc Creek 21.5 High High High High 

FB Norwegian Creek 13.5 Low Low Low Low 

GA Red Creek (fributary) 17.4 Mod High Mod Mod 

GB Red Creek 20.S High High High High 

GC Red Creek (Site 2) 16.2 Low Low Low No Data 

HA Little Deer Creek 20.1 High High Mod High 

HB N. Fork 5tillaguamish (up. Deer Cr) IS.2 Low Low Low No Data 

HC Squire Creek IS .3 Low Low No Data Low 

HD Higgins Creek 18.9 High High High High 
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Table 7.2 Continued 

S lIe 
Code 

HE 
HF 
HG 

HH 

fll 
HJ 
HK 
HL 

IA 
IC 
ID 
JA 

KA 
KB 
KC 
KD 
KE 

I.A 
LB 

LC 

ill 

1£ 

LF 

LG 

LH 

U 
PA 
PB 
PC 
PD 
PE 
PF 
pc; 

PH 
PI 
PJ 
PL 
PM 
PN 
PO 

PP 
PQ 
PR 
PS 
PT 

S lIe 

S. Fork Nooksack River 

Tributary to S. Fork Nooksack 

N. Fork Stillaguarnish (RM 3S.8) 

Deer Creek (above Dcforcst) 

Deer Creek (at mouth) 

S. Fork Nooksack (Upper river) 

Segel son Creek 

N. Fork Stillaguamish (do. Deer Cr) 

Ten Creek 

S. Prairie Creek (upper) 

Greenwater River 

Snow Creek 

Wenatchee River (Site 1) 

Wenatchee River (Sile 2) 

Wen8:tchee River (Site 3) 

Wenatchee River (Site 4) 

Icicle Creek Bypass 

Tucannon River (bel. M.Russels Sp.) 

Tucannon River (at bridge 14) 

M. Russels Spring--Tucannon 

Hartstock Cr--Tucannon 

Tucannon River (Below Panjab Cr) 

Tucannon River (Below BiS 4 Lake) 

Tucannon River (Below Deer Lake) 

Tucannon River (Below Cummings Cr) 

Tucannon River (Below Beaver Lake) 

MUddy River (Baseline) 

Clearwater Cr. (Baseline) 

Clearwater Creek (at rd. 9300) 

Clearwater Creek (upper) 

Clearwater Creek (Bel. M. Bri.) 

Clearwater Creek (at Paradise Falls) 

HungT)' Creek (Upper) 

HungT)' Creek (Lower) 

Johnson Creek (Baseline) 

Calt Creek (above Big Cr) 

S. Fork Willame Cr. (Baseline) 

Clear Fork Cowlitz Cr (Baseline) 

N. Fork Willamc Cr. (below unit 6) 

N. Fork Willame Cr. (at 4700 rd) 

Quartz Creek (Baseline) 

Lewis River (Baseline) 

Canyon Creek (Baseline) 

Siouxon Creek (Baseline) 

East Fork Lewis River (Baseline) 

Maximum 
Temp 

19.1 

14.0 

16.8 

21.S 

20.9 

20.6 

14.6 

19.1 

17.5 

14.0 

17.0 

22.0 

21.0 

19.5 

21.5 

23.5 

19.5 

21.4 

17.1 

lS.8 

12.2 

lS.3 

21.1 

21.1 

20.0 

11.0 

11.5 

17.0 

18.5 

23.5 

18.0 

14.0 

12.5 

15.0 

12.0 

11.0 

11.0 

14.5 

15.5 

20.5 

16.0 

16.0 

18.0 

17.5 
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Water 
Quailly 

High 

Low 

Mod 

High 

High 

High 

Low 

High 

Mod 

Low 

Mod 

No Data 

High 

High 

High 

High 

High 

High 

High 

Mod 

High 

Low 

Mod 

High 

High 

High 

Low 

Low 

Mod 

High 

High 

Mod 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

High 

Low 

Mod 

Mod 

Low 

Forest 
Practice 

High 

Low 

Low 

High 

High 

High 

Low 

High 

High 

Low 

High 

High 

High 

High 

High 

High 

High 

High 

High 

High 

High 

Low 

High 

High 

High 

High 

Low 
Low 

High 

High 

High 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

High 

Low 

Low 

High 

High 

30-Day 

No Data 

No Dala 

No Data 

Mod 

High 

High 

Low 

Mod 

Mod 

Low 

Mod 

No Data 

High 

High 

High 

High 

No Data 

No Data 

No Data 

High 

No Data 

Low 

Mod 

Mod 

Mod 

Mod 

Low 

Low 

Low 

Mod 

Mod 

Mod 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

Low 

Mod 

Low 

Low 

Mod 

Low 

Screen 

High 

Mod 

High 

High 

High 

No Data 
Low 

No Data 

No Data 

Low 

Mod 

No Data 

High 

High 

High 

High 

No Data 

No Data 

No Data 

No Data 

No Data 

No.Data 

No DaIS 

No Data 

No Data 

No Data 

Low 

Low 

No Data 
High 

High 

High 

Low 

Low 

Low 

No Data 

Low 

Low 

No Data 

No Data 
Mod 

Low 

Mod 

Mod 

Mod 
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Particularly unexpected was the relatively close 
agreement between the 3()'day criteria and the WQ and 
FP criteria based on I and 7-day values (Figure 7-2). A 
total of 56% of sites exceeded criteria for moderate 
temperature, similar to the FP criteria. The 30-day 
criteria tended to classify more streams into the 
moderate (32%) than the high (24%) category compared 
to the WQ criteria. However, the resultS are 
surpriSingly similar and indicate that when streams are 
warm, they tend to be warm for relatively long periods 
of time. This also suggestS that the shoner duration 
temperature criteria are indicative of longer duration 
temperature conditions. 

Modeling Interval Data were examined to detennine 
when exceedencc of the FP temperature threshold tended 
to occur. The warmest period of the summer of 1988 
occurred between July 15 and August 15 on average 
throughout the state (indicated by vertical dashed 
lineson Figure 7.1). All streams where temperature data 
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was available at this time and that exceeded the 
temperature threshold did so during this period. Many 
also exceeded the threshold temperature at times earlier 
and later in the summer. Some of the sites were 
sampled later during the year, and therefore lack of an 
indication of exceedence in Figure 7.1 during earlier 
periods does not necessarily mean that temperatures 
were lower. (Check Table 2.1 for beginning and end of 
sampling dates.) For sites with shaner sampling 
periods, the relative occUlTence of exceedence 
temperature between the sites was noted. In all cases, 
exceedencc temperatures during later periods overlapped 
between stations, indicating that all sites with 
exceedence occurring during later periods could be 
assumed to exceed 15.6OC during the selected period. 
Many streams that barely exceeded 15.6<>C did so only 
during this period. 

The TWG selected the interval of time between July 15 
and August 15 as the appropriate time to model annual 

Figure 7.2 Percent of study sites in temperature classes determined according 
to temperature criteria in the forest practice rules (FP) and the water quality 
standards (WQ) (described in Table 7.1.) 
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maximum stream temperatures. Although the 
occurrence of the wannest 30·days could vary from year 
to year, there is a high probability that it will occur 
during this time. 

Model Predictions of Temperature Crileria. Temperature 
predictions from the test of the TEMPEST model 
(Chapter 4) were examined to determine whether the 
model correctly predicted the temperature category 
according to the FP criteria. TEMPEST accurately 
predicted the observed forest practices temperature 
category of 28 of 33 test sites for a reliability of 85%. 
All of the misses occurred at sites where the maximum 
temperature was close to 16OC, JUSl barely exceeding 
the threshold. In two of the five misses TEMPEST 
over predicted the category, while at three sites it 
underpredicted the category. TEMPEST also correctly 
identified the temperature category of 90% of the sites 
according to the WQ criteria, missing only 2. Thus 
model results were consistent with observed 
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temperature categories. 

Temperature Characteristics in RelatioD to 
Temperature Categories 

The major temperature characteristic addressed by water 
quality standards is daily maximum temperature. Other 
characteristics including daily mean, minimum, dIurnal 
fluctuation and cumulative degree·hours may also be 
important biologically. Average temperature 
characteristics of streams relative to temperature 
categories are developed in this section for 
informational purposes. 

Baseline Maximum Temperature Temperature within 
reaches flowing through malure forests were evaluated 
to estimate the expected baseline temperatures within 
fully forested watersheds. Measured values of maximum 
daily temperature during the wannest summer period of 

Figure 7.3 Estimated baseline daily maximum temperature during the warmest 
summer days under a mature fares! canopy as a function of distance downstream 
from watershed divide. 
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approximately 20 forested reaches of all sizes were 
composited to draw the relationship between maximum 
water temperature and increasing stream size (indexed as 
distance downstream from the watershed divide) shown 
in Figure 7.3. This graph depicts the best estimate of 
baseline maximum daily temperature within fully 
forested watersheds available at presenL 

As expected from previous research, average stream 
temperature tends \0 increase in the downstream 
direction, even within forested watersheds. Downstream 
warming occurs because of: (I) increasing stream width 
reducing the effectiveness of riparian vegetation to 
shade the stream surface; (2) decreasing proportion of 
cooler groundwater inflow relative \0 the flow in the 
channel; (3) increasing stream depth; and (4) increasing 
air temperature at lower elevations. Generally stream 
temperature increases logarithmically with distance 
(Hynes 1971, Theurer and others 1984). Local 
deviations in this general trend can occur such as where 
cooler or warmer tributaries join the system, or at the 

Temperature Sensitivi/\' and F ore.<I Practiccs 197 

interface between rivers and oceans where air 
temperatures rna)' be cooler than similar elevations 
located inland. Therefore, the baseline maximum 
temperature in Figure 7.3 should be considered a rule­
of-thumb and can vary with local conditions. 

Small streams relatively close to the watershed divide 
are very cool (between 10 and 140C or SO-S60F). 
Temperature in the smallest streams is near 
groundwater temperature. (This represents the 
minimum possible summertime temperature). 
Somewhat larger type 2 and 3 streams are also slightly 
warmer, bUltemperature is well within the WQ 
criteria's low temperature category (applicable for Class 
AA streams). Stream reaches within forested riparian 
zones located approximately 20 or more kilometers (12 
miles) downstream from the watershed divide are likely 
to be within the WQ criteria moderate category 
(applicable to Class A streams). Those sites greater 
than 50-60 km (30-40 miles) from divide are likely to 
be within the WQ criteria high temperature category 

Figure 7.4 Average 0/ daily temperature characteristics/or 30-day wannest period 
by temperalure sensitivity class. 
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(applicable to Class B streams) during the warmest 
periods of the year, regardless of forest management 
activities upstream. This condition is reflected in the 
classification assigned to streams and the designated 
beneficial uses. 

Characteristics of Temperature Categories. Average 
temperature characteristics of the thiny-day criteria 
categories are shown in Figure 7.4. For sites in the 
high temperature category, both daily maximum and 
mean temperature averaged above IS.6°C for the entire 
period. The average maximum temperature was nearly 
190C and the minimum averaged nearly ISoC. 
Although not shown, similar values were observed for 
the 7-day period. 

The duration and magnitude of high temperatures were 
more modest for those sites in the moderate category. 
The daily maximum of the moderate category averaged 
17.(JOC and the daily mean averaged IS.(JOC for the 30-
day period (Figure 7.4). For the low temperature class, 
the daily maximum averaged 13.0oC and minimum 
temperatures were near groundwater temperature 
(I(JOC). 

Cumulative degree-hours were calculated as the 
summation of hourly temperature exceeding IS.6°C. 

Cumulative Degree-hours = l: (Hourly Temp-IS.60 C) 

For example, an hourly maximum temperature of 
20.60 C would equal S degree-hours. (If temperature was 
less than IS.60 C than degree-hours was 0.) Streams in 
low temperature categories should have haj 
significantly lower (if any) cumulative degree-hours 
over time than those in the moderate or high 
temperature category. Average degree-hours was the 
cumulative degree-hours for the period divided by the 
number of hours in the period. The average degree­
hours indicate the exposure of organisms to high 
temperature as ar. average number of degrees above the 
threshold for each and every hour during the interval. 

Sites where hourly temperature data was available (32 
sil; 'J were selected to anal)le the cumulative degree 
hours characteristics by temperatwe category. The daily 
temperature records for each were examined for the 
hottest 7 -day period and temperature categories assigned 
according to the FP criteria. The cumulative degree 
hours were summed. Site degree-hours by temperature 
class are shown in Figure 7.S. Average number of 
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degrees exceeding the IS.6OC threshold per hour for the 
7-day and 30-day periods are compared in Figure 7.6. 

Cumulative degree-hours were large in high temperature 
streams. Degree-hours for the 7-day period of sites 
within the high temperature category varied, but 
cumulative d:gree-hours averaged four times greater in 
the high calc~ory than in moderate temperature streams 
(Figure 7.5). The same relationship was observed 
during the 30-day interval. The number of degrees 
above the threshold averaged over 2.0 for every hour for 
the 7-day period and 1.3 for every hour for the 30-day 
period. The biological imponance of either the 
magnitude or duration of high temperature is not 
known but the degree-hours indicate that sites in the 
high temperature category arc significantly warmer than 
those in the moderate category for long periods of time. 

The degree-hours of sites in the moderate temperature 
category were relatively low (average 82 for the 7-day 
period; Figure 7.S).This translated to 0.60 C per hour 
for the 7-day period and OJoC for the 30-day interval. 
Cumulative degree-hours were very low in the low 
temperature category (not shown), but generally were 
less than 10 for the entire period. 

Several temperature characteristics of the temperature 
categories were interesting. High and moderate 
tempe:,uure categories over 30 days seemed to be 
equally well differentiated using either criteria of 
(I) ma,imum temperatures of 18.3 and 16.30C 
respect.vely, or (2) average daily mean relative to 
16.30(' With this method, the site was classified as 
high when both the daily maximum and daily mean 
exceeded the threshold (Figure 7.7). Temperature was 
moderate when the daily maximum exceeded the 
16.3oC threshold but not the daily mean. Also of note 
was the similarity in the assigned temperature category 
based on the 7-day and 30-day intervals. Each site 
classified by temperature during the 7-day period fell 
into the same temperature category as those based on 
the 30-day average temperature characteristics (Figure 
7.7). 

This strong relationship between sensitivity examined 
at the 7 -day and 30-day timeframes was an unexpected 
but fonuitous outcome of the analysis. These results 
suggest that longer-term averages can be effectively 
interpreted for shan-term temperature characteristics and 
vice versa. Since most available records are presented a, 
monthly averages, these may be more informative than 
previously thought. 
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Figure 7.5 Sum of the degree hours greater than 15 .6C for sites during the warmest 
seven days of the year. (High temperature category are black lines and moderate 
category are hashed lines.) 
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Finally, the single threshold criteria used in the 
Washington forest practice rules to distinguish low 
temperature streams and high temperature streams 
(termed "sensitive" in thc TFW Agreement) were not 
very discriminating in identifying streams of very 
different temperature characteristics. Indicativc of this 
differences are the cumulative degree-hours of sitcs in 
the moderate and high temperature categories shown in 
Figure 7.5. All of the sites screen similarly relative to 
the categories, yet there are marked differences in 
temperature of reaches exceeding the 6{)OF 
threshold.The FP criteria identified most streams as 
high, including several larger rivers considered 
relatively close to baseline shading conditions under 
mature conifer forests. 

The recognition of moderate and high temperature 
categories in the WQ criteria is a more realistic 
reflection of what occurs in natural forest streams as 
suggested by higher baseline temperatures in larger 
rivers (Figure 7.3). However, the location of the 
boundary between river water quality classes should be 
examined to ensure it realistically reflects expected 
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baseline temperatures for each class. 

Temperature SensjtjYity Screen 

What were the site characteristics that determined thc 
streams most likely to have low, moderate or high 
temperature? At this point in the analysis. thc most 
consistent observations are that unshaded streams tended 
to have moderate to high temperature. while fully 
shaded small to medium-size streams tended to have 
low temperature. These patterns are more fully explored 
in developing a temperature sensitivity screening 
method. 

The analysis of temperature relationships to stream 
characteristics in Chapter 6 showed that a number of 
environmental factors wcre well correlated with stream 
temperature. Several good empirical relationships 
between Stream characteristics and water temperaturc 
were developed based on 5 of the most important 
environmental variables including stream shading. 
mean air temperature, elevation. discharge. and bankfull 

Figure 7.6 Average degrees exceeding 15.6 deg C by temperature class for 7-day 
and 30·day intervals 
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Figure 7.7 Piot oj site 30-day maximum and minimum temperature. Temperature 
category zones are delineated by relationship 10 15.6 degrees C. Plot 
symbols indicate category determined by 7-day maximum temperature. 
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width (Chapter 6; Table 6.4). These same variables are 
also used in the temperature prediction models. 

In an attempt to develop a temperature sensitivity 
screen, this regionalized relationship was used to 
estimate maximum temperature which was then 
assessed according water quality criteria. It was hoped 
that this empirical equation could serve as a satisfactOry 
temperature prediction model. However, the regional 
prediction equation was not very effective at correctly 
identifying the temperature category for regulatory 
purposes. The estimates agreed with the observed 
temperature category for only 45% of the sites. The 
equations tended to predict lower temperature categories 
then were observed. 

As a next step, discriminant analysis was used to 
identify what site characteristics related to the observed 

temperature categories. As expected, sites within each 
of the temperature categories were related by the same 
stream and climate characteristics suggested by regional 
models. Elevation, shading and stream width were again 
statistically significant. 

Ignoring stream width, sites identified by temperature 
class in relation to elevation and shading is shown for 
each of the three temperature standards in Figure 7.8 
(a,b,c). Two lines dividing the low, moderate and high 
category regions are hand-filted through the points. 
Although there are some clear misses, there is a 
remarkably good sorting of temperature categories for 
all three approaches based on these two site 
characteristics alone. In addition, the placement of lines 
delineating temperature categories relative to shade and 
elevation were similar despite the differences in the 
criLeria. 
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Excluding several points that fall near the lines 
separating the categories, 89% of the sites classified by 
the screen based on site charncteristics were correc~y 
placed in the appropriate WQ temperature category 
based on measured temperature (Table 7.2). The screen 
tends 10 overesti mate the temperature category 
compared 10 observed temperawre, and is therefore 
conservative. Of the 11 % of the sites that were not 
classified the same as observed temperature, the screen 
classed six sites too high and 2 sites too low. 

The screen can be used as an estimate of expected 
temperature category of a reach 10 a proposed riparian 
harvest plan. The estimated temperature category of a 
site can be determined from site elevation and general 
level of shading based on Figure 7.8, both before and 
after a proposed harvest activity. The recommended 
level of shading can be determined by finding the 
appropriate elevation on the vertical axis and by then 
moving across the screen until the appropriate 
temperature category is reached before and after harvest. 
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An alternative formulation of the data depicts estimated 
maximum temperature in relation to stream shade by 
elevation category in 200 meter increments (Figure 
7.9). The results are similar 10 those in Figure 7.8 
since they are based on the same data. A site's estimated 
temperature and shade sufficient 10 achieve appropriate 
temperature to meet water quality standards can be 
determined by tracing the site's elevation line until the 
threshold temperature is found at the appropriate 
shading. Either graphic can be used 10 estimate 
maximum temperature or temperature class, although 
Figure 7.9 is less accurate in predicting the temperature 
category of the site. The temperature at only 69% of 
sites arc correctly categorized by Figure 7.9. 
Futhermore, the maximum temperature predicted from 
the graph was within IOC of observed at only 44% of 
the sites and within 20 e at 63% of the sites. Therefore, 
the figure is useful for obtaining an idea of relative 
changes and for estimating the maximum temperature 
value, but results must be applied carefully for 
regulatory purposes. Figure 7.8 is more accurate 
because fewer lines must be estimated and elevation is 
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not broadly estimated and is recommended for 
determining temperature category. 

The results depicted in Figures 7.8 and 7.9 have 
imponam implications for understanding the effects of 
timber harvest on stream temperature. Shading from 
riparian vegetation has a different influence on stream 
temperatme depending on the elevation of the site. 
Higher elevation streams are cooler, even under fairly 
open conditions. No high temperature streamS were 
observed at elevations greater than approximately 800 
meters (2400 ft). Conversely. low elevation streams 
were extremely susceptible to higher temperawres, even 
under fairly dense shading conditions. For example, 

TimbcrlFish'Wijdli(e Temperature Stud)' 

shading of 60% at 100 m (300 ft) would produce high 
temperature, while the same shade at just 200 to 400 m 
(600-1200 ft) would have moderate temperature. A 
majority of the sites with high temperawre were found 
at less then 200 m (600 ft) elevation. At higher 
elevations, only sites with vinually no shading at all 
had high temperature. 

The principles evident in Figure 7.8 arc consistent with 
understanding of the physics of stream heating. Water 
temperawre is highly dependent on air temperature 
which varies systematically with elevation (Chapter 6). 
The relationship is applicable throughout WashingtOn, 
and probably also valid in other states of reasonably 

Figure 7.9 Estimated maximwn annual temperature of sites by elevation group 
in relation to shade. 

25~-'----------------------------------~ 

-u 20 -
ClJ .... 
::l -CO .... 
ClJ 
c.. 
E 
ClJ 
l-

E 
:::s 
E 
>< 
CO 
~ 

15 

K 

o 1 0 

• 

• 

20 30 40 50 60 

• 100 m .. 300m 

• 500m 
K 700m 
o eOOm 

High 

• 
• Moderate 

Shade (% of Stream Surface Area) 



Timber/Fish/Wildlife Temperature Study 

similar latitude. This relationship is probably valid in 
much of Oregon and parts of British Columbia and 
Idaho, but should be verified before use in the more 
northern and southern extremes of the Pacific 
Northwest (California or Alaska). 

PRELIMINARY EVALUATION OF 
REGULATION EFFECTIVENESS 

Understanding the effectiveness of riparian management 
regulations is an important consideration in developing 
a 1FW temperature method. Determining how to 
identify locations not adequately protected by forest 
practice rules requires knowing where the rules are 
effective. 

When this study was initiated in the summer of 1988, 
there were limited numbers of sites with riparian zones 
designed according to the then recently revised 
regulations. As a result, the study did not auempt to 
directly field test the effectiveness of the regulations in 
proteCting water temperature. Instead, because the 
selected model proved to be so reliable at predicting 
temperature under all riparian conditions, the TWG felt 
it constructive to use the model to simulate the 
probable effect of the riparian management regulations 
developed in the 1FW Agreement In addition, the 
empirical relationships based on measured stream 
temperature shown in Figures 7.8 and 7.9 were also 
used to assess the effects of current regulations, much 
the same as ·the prediction model. Both methods were 
used to evaluate riparian management zone rules for 
temperature protection. 

Although not a substitute for direct field-testing, this 
modeling exercise also provides an early indication of 
whether the riparian rules provide adequate temperature 
protection. 

Water Types )-3 

Evaluation of the riparian zone regulations was 
performed with the model on thineen of the thiny-three 
model-testing study sites. It was considered essential 
thaI the analysis be conducted only on sites where air 
temperature was ditectJy measured, since significant 
errors in model predictions can result from errors in air 
temperature estimates. The sites selected represented a 
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range of elevations and stream sizes, but all had little 
existing shade (all of the sites were less than 35% 
shaded, and many were less than 10% shaded). To 
minimize the possibility of drawing erroneous 
conclusions based on model errors, only sites where 
temperature predictions in the original model-test 
averaged within) oC were included. The simulations 
consisted of running the models using measured and 
estimated input data as in the model-test (Chapter 4), 
but varying the shade factor at 25% increments. 
Shading levels of 25,50 and 75% were tested. 

As hypothesized, 30-day maximum temperatures tended 
to decline from unacceptably high levels with 
increasing levels of shading. Average maximum 
temperatures for the simulations are plotted by shade in 
Figure 7.10. According to the model, temperatures 
falling in the moderate category should tend to occur 
when streams are approximately 50% shaded. 
Temperature tends to fall into the low temperature 
category around 60-80% shading on average. This level 
of shading would not be found along larger rivers 
because they are too wide but would be common for 
water types 2 and 3, depending on the naturally 
occurring vegetation. 

Although temperature declined at most of the sites to 
moderate or low with levels of shading required by the 
regulations, some did not. Notably, temperatures in the 
high temperature category were estimated for most of 
the sites at lower elevations along larger rivers (AM 
and AL on the Coweeman River and AF on the 
Deschutes River), even when a shading level as high as 
75% was simulated. However, shading of 75% 
(assumed to be approximately the upper maximum 
amount of shade for rivers this large) decreased 
temperatures into the moderate category for these larger 
rivers. These rivers are classed A and therefore moderate 
temperature would meet the WQ temperature standard. 

Similar inferences can be drawn by examining the daily 
model predictions relative to the forest practice standard 
threshold of 15.60 C. Examples illustrating the general 
observed results are provided for four sites in Figure 
7.11. During simulations, Site AA had vinually no 
days exceeding 15.60 C at 50% or greater shading. Site 
EB in eastern Washington was initially much warmer 
and did not achieve low temperature until 75% shading, 
although the standard was barel y exceeded at 50% 
shading. 
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Figure 7.10 Estimate of effectiveness of shade levels on maximum stream 
slream remperature based on model simulations. 
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These results are consistent with the temperature 
sensitivity relationship based on shade factor and 
elevation shown in Figure 7.8. At low elevation, 
riparian shading is less effective. Consequently, 
moving across the horizontal axis from these sites' 
existing shade (approximately 30% shaded) to 50% 
would still place these sites in either the high 

temperature category or at the boundary between the 
high and moderate categories (Table 7.3). It would 
appear based on the empirical relationship that shading 
levels greater than 80% would be required to bring these 
rivers to low temperature and 70 to 80% shade would 
be needed to achieve moderate temperature. 

Table 7.3. Average shade characteristics o/TIFIW riparian zones based on Dept. o/Wildlife 
surveys (A. Carlson, Washington Department o/Wildlife.) Data isfrom 1988 and 1989 riparian 
field surveys. Values/or each stream are averages 0/2-10 observations. 

Region Water A verage Shade Range of Number in 
Type (%) Values Sample 

(%) 

East 1 15 -- 1 

2 41 -- I 

3 72 15-91 9 

West 1 61 8-96 22 

2 70 23-98 11 

3 78 32-99 57 
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Recommended shading to meet water quality standards. 
Current regulations stipulate maintenance of 50 or 75% 
of the existing shade along stream types 1,2 and 3, 
depending on the temperature category of the reach. 
Based on evaluations with temperature models and the 
temperature screen (Figure 7.8), it appears that the 
specified shade requirement in the regulation is 
insufficient to maintain stream temperature within 
water quality standards in many situations. 

Since the effectiveness of shade is dependent on 
elevation, the shading requirement should also vary by 
elevation. Recommended shade to maintain temperature 
standards is shown in Figure 7.12.The relationship was 
derived from the temperature screen shown in Figure 
7.8a. On average, managing riparian vegetation to the 
recommended shading specified by elevation should 
maintain maximum water temperature of Type 1·3 
waters within water quality standards. 
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The water quality standards also limit the incremental 
change in maximum water temperature to 2.8OC from 
nonpoint sources. Is this specification of the water 
quality standards met by following the above shading 
recommendations that limit the maximum temperature 
to 16.30 C in most type 2 and 3 streams? 

When considering that riparian zones are designed for 
both water quality, and fish and wildlife habitat 
considerations, the answer would appear to be yes. The 
baseline maximum temperature relationship (Figure 
7.3) is redrawn for the zone less than 40 kilometers 
from watershed divide to include an estimate of a 2.80 C 
increment in Figure 7.13. An increase to 16.30 C would 
be less than 2.80 C incremental increase from expected 
baseline in most forest streams. For the streams less 
than 20 kilometers (12 miles) from divide, riparian 
rules maintain temperature less than the 16.3OC 
threshold. Theoretically, the most significant changes 
in maximum temperature will be in the small sO'eams 

Figure 7.12 Estimated shading required in relation to site elevation to maintain 
maximum lemperalUre within desired water temperallUe category according 
to Washington water quality standards. 
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within this zone. For type 3 streams located between 3 
and 10 km from divide (1.8 to 6 miles), the increase in 
maximum temperature to 16.3OC is greater than a 
2.8OC change from baseline. For all other type }·3 
streams, the incremental increase to l6.3OC is less than 
2.80 C. (Temperature effeclS in type 4 waters will be 
discussed in later sections.) 

The incremental change in temperature in type 3 
streams would also vary by elevation. Referring to 
Figure 7.9, type 3 streams at high elevation will 
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increase from 11.0 to 13.00C if shade declines from 90 
to 50% of the Stream surface area. (Estimated baseline 
shading in type 3 waters is approximately 70 to 90%). 
This change is within the allowed 2.80C increment. 
Lower elevation sites can increase to a greater eXlCnt 
with shade removal, but baseline temperature also 
lCnds to be higher. If sufficient shade is maintained to 
keep maximum temperature in the low category, then 
the incremental change should be about2·30C. 
Therefore, the incremental increase is likely to be close 
to, if not below, the sl3lJdard, and may exceed it only 
in low elevation streams. 

Figure 7.13 Schematic of baseline temperature (from Figure 7.3) and potential 
incremental increase in relation 10 distance from warershed divide. Only in small 
streams close 10 warershed divide is the allowable change to 16.3 deg C greater 
than 2.8 deg C. (shown as hatched area). 
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Table 7.4 Maxmimum shade removal by elevation 
zone to meet incremental increase portion of waler 
quality temperature criteria. 

Elevation Zone Possible Shade 
(meters) Removal 

0·200 22% 

201-400 25% 

401-600 30% 

601·800 32% 

>800 45% 

A general amount of shade removal allowed within the 
2.8OC incremental increase can be estimated from 
Figure 7.9. Moving 2.80 C on each of the elevation 
lines shows that from 22 to 45% of the shade can be 
removed, depending on elevation, and still remain 
within the 2.80. (Table 7.4) In general, the maximum 
temperature criteria would restrict shade removal before 
the incremental increase criteria would. 

Since the riparian vegeration is managed to meet a 
variety of resource objectives, it is likely that some 
shade will always remain regardless of shade 
requirements. Assuming that (1) minimum shading 
levels of 50% are main rained in all slteams to meet 
other riparian zone management objectives, and that (2) 
the shade requirements mainrain maximum 
temperatures within the 16.3OC threshold, it is likely 
that the incremental increase specifications.ofthe water 
quality srandard wiD also be met in most, if not all, 
type 3 slrCams. By the warmer nature of larger slteams, 
forest management following the above 
recommendation should not cause an incremental 
increase exceeding water qUality criteria in water types I 
or 2. In general, however, meeting the maximum 
temperature criteria will also meet the incremental 
criteria. 

Riparian Shading Under Current Regulations. Surveys 
of riparian buffer zones left under the 1FW rules 
indicate that shade requirements specified in the 
regulations are generally met or exceeded during timber 
harvest activities. In fact, shading levels tend to be 
close to the suggested shading recommended above. 
Table 7.3 lists the average shade of east and westside 

Temperature Sensitivin' and Forest Practices 211 

riparian zones along different slteam types measured in 
the Department of Wildlife riparian study (pers. comm., 
A. Carlson, Washington Department of Wildlife). 
Riparian zones along large SIrCamS (type 1) tend to 
have less shading, especially on the eastside of the 
srate, although sample sizes are small. On average, 
however, landowners are leaving shading that meets 
suggested levels, including the higher shading 
requirements applied to temperature "sensitive" slteams, 
although these sites had not been so designated at the 
time of harvest. 

Water Types 4 and 5 

No shading is required for type 4 slteams, although 
typically some shade remains after logging from brush 
and slash. No overstory canopy can be expected for 
periods of approximately 5 years or more after timber 
harvest Removal of shade along type 4 waters is likely 
to result in large increases in maximum temperature 
since small shallow slteams respond rapidly to changes 
in energy (Brown 1969). No type 4 Slteams were 
included in this study. However, shallow unshaded type 
3 slteams showed the highest daily maximum 
temperatures and it is probable that type 4 water 
temperature could also increase to similar high levels . 
without shade. Observed daily maximum temperature m 
open, small slteams during the warmest periods ranged 
from 18·22OC (shown as the maximum temperature of 
type 4 waters in Figure 7.3). It is also likely that the 
temperature sensitivity of type 4 waters is probably 
similar to that of type 1·3, where high elevation 
SlrCams should be cooler than lower elevation sites. 

The downslteam effect of type 4 waters could not be 
determined with the sites available in this swdy. While 
many unshaded type 4 slteams are expected to be in the 
high and moderate temperature categories for some 
period after harvest, the extent that these waters may 
warm downslrCam fish·bearing reaches remains unclear. 
Some factors tend to diminish temperature concerns 
associated with type 4 waters. The type 4 slteams 
within a basin tend to be the highest in elevation, and 
therefore somewhat cooler.These slteams are generally 
very shallow and make up a relatively small volume of 
total flow of downslteam reaches, where riparian buffers 

. maintain low temperature. Other factors increase 
concerns. Type 4 slteams make up a large proportion of 
the length of streams in the headwaters region ora 
basin. The overall imporlance of type 4 streams to 

determining downslrCam temperature is not clear 
because of these offsetting factors. 
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Estimating the effect of changes of type 4 temperatures 
on larger downstream sites is imponant, but it is nOt as 
simple as assuming that downstream reaches will have 
the same temperature as upstream reaches. A general 
hypothesis of the effects arc as follows. 

Where a type 4 water immediately joins a larger stream, 
the effect on temperature can be calculated as a simple 
mixing ratio based on temperature and volume of the 
two water bodies (Brown and others 1971). For 
example, an un shaded type 4 waters at approximately 
200c (680F) may enter a shaded downstream waters 
ranging from 130C (550F) if they are small or 200C 
(680F) if they are large (Figure 7.3). The type 4 stream 
would probably have no measurable effect on the large 
stream, but could increase the temperature of the small 
stream. If they were of neasly equal volume, the 
resulting temperature would be approximately 160C 
(61 0 F) and neas the temperature threshold. Generally, 
the type 4 stream is of lower proportion and the actual 
temperature would be somewhat less than this. The 
situation described is probably quite common in the 
current riparian management rules. 

However, once the water enters the downstream reach, 
initially warming or cooling it, the water will adjust to 
the equilibrium temperature of the reach as it flows 
through depending on the site conditions of that 
downstream reach. If water enters the larger stream at a 
warmer temperature than the larger stream's 
equilibrium, determined from its shade and other stream 
characteristics, the water will cool as it moves 
downstrCarn until the equilibrium temperature for the 
reach is re·established. Thus, in the above example 
where the type 4 enters a small type 3 stream whose 
baseline temperature is expected to be 140 C, the stream 
would tend to cool from 160 C where it enters to 140C 
(61 0 F). 

How fast the temperature adjusts, and therefore the 
downstream extent of warming or cooling (referred to as 
response distance) is dependent on stream velOCity and 
on stream depth as it dictates a flow volume's response 
time to changes in enerry. Since small streams respond 
quickly to changes in er ergy, the downstream zone of 
influence of many type 4 streams may be relatively 
short This could not be determined in this study. 
However, temperatures of all stream reaches, including 
type 3's, were predicted accurately without knowing 
anything about the shading in upstream reaches 
(Chapter 4), suggesting that the hypothesis m.)' have 
some merit. 

Understanding and predicting the effect' of type 4 
stream temperatures on downstream fish-bearing waters 
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will requine imprOVed understanding of these heat 
transpon principles as well as direct measurement of 
temperature in the specific situation described above. A 
suggested approach to this research is funher outlined 
in Chapter 8. 

Basin Temperature Considerations 

Prior to the study, it was perceived that dispersing 
harvest units throughout a watershed guided by a basin 
temperature prediction model might be a feasible 
approach to addressing the downstream temperature 
concerns. However, after performing the study, the 
1WG felt that a basin approach introduced unnecessary 
complexity and difficulty into the management process 
without improving temperature protection. Basin 
temperature models were very cumbersome to use and' 
were not considered feasible for use on a widespread 
basis. They were also not very reliable temperature 
predictors when used in a manner the 1WG felt could 
be expected in routine TFW use (Chapter 5). Primarily, 
study results also showed that a large number of stream 
should be adequately treated under riparian zone 
management guidelines. 

Instead of trying to use basin temperature model in 
harvest planning, the 1WG recommends that 
temperature sensitivity of watertypes 1-3 be addressed 
by the TFW temperature method described below and 
that the need for alternative methods for deterrnininf 
temperature protection needs for type 4 waters be 
established after a carefully designed field study. 

RECOMMENDED TFW TEMPERATURE 
METHOD 

General recommendations for the TFW temperature 
method based on the temperature screen and the 
prediction model are offered here. The method is 
intendea to provide necessary protection to the stream 
without being overly time consuming or difficult to 
apply. A user's manual providing detailed instructions 
on the use of the method will be prepared with the 
assistance of the DNR and TFW participants who are 
likely to use it in the field. 

It should be noted that components of the TFW method 
are recommended by the Temperature Work Group only 
if they were found likely to improve stream temperature 
protection in forest management. Conclusions of what 
to include in the method are based on observed 
temperature. the ability to identify temperature 
sensitive streams based on their site characteristics, an 
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appreciation of the effectiveness of riparian zone 
management techniques established in the temperature 
study. and model-testing discussed in earlier chapters of 
this repon. The TWG effons focused on providing the 
simplest but reasonably reliable methods possible. 
Several techniques for temperature prediction other than 
models were attempted with the assumption that graphs 
are simpler to produce and easier for TFW managers to 
use. The demand to satisfy identified management needs 
for sound resource decision-making determined what 
components are recommended in the TFW temperature 
management strategy. Practicality considerations were 
very imponant in helping to select among available 
methods. including models. to use for each component. 
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No basin model is recommended at this time. The 
Temperature Work Group feels that beuer information 
can be obtained using a stream reach approach. If 
stream temperature is properly managed within an 
upstream reach. then the downstream water temperature 
will not increase from management activities. (Normal 
downstream heating as rivers increase in size can be 
expected.) Two streams with moderate temperature can 
combine to cause another moderate temperature stream 
but nota high temperature stream. Temperature can be 
no warmer than the warmer of the two combining 
reaches. 

Figure 7.14. Temperature categories for type J -3 streams based on 
Washington water quality standards. Temperature caregories are divided by 
broad dashed line. 
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Temperature impacts may be present now from forest 
practices prior to TFW. However. as the shading within 
basins recovers, more of the streams will be managed 
for low or moderate temperature. Stream temperature 
prmection in type 4 and 5 streams is nm addressed in 
the recommended method but suggestions for further 
work are described in research recommendations (section 
7.4). Recommendations will, however, be provided in 
the user's manual as they are developed based on 
subsequent research projects. 

Temperature Screen 

The recommended method is based upon the 
temperature screen for exceedcnce of water quality 
standard shown schematically in Figurc 7.14. The 
temperature screen is redrawn from data presented in 
Figure 7.8a and addresses water quality standards. The 
temperature screen is ftrst applied for existing 
conditions for the site specified in a forest practice 
application. The shaded areas on the screen indicate 
situations when models may be applied versus when 
the shading prescription can be safely made without it 
These reflect situations where small changes in shade 
may cause high temperature. Elevation and the percent 
of the channel shaded are the only site-specific 
infonnation needed at this point in the process. (A 
description of how to estimate shade will be provided in 
the users manual.) 

The existing temperature category of the site is 
detennined based on existing shade conditions. The 
expected temperature category after harvest is then 
detennined by estimating the amount of shade that will 
remain after harvest. Depending on existing and 
predicted temperature category, the method indicates 
several potential outcomes. 

If stream temperature category is predicted to be low or 
moderate before and after the forest practice, then there 
are no temperature concerns related to timber harvest 
(depending on Stream class) and the nonnal procedures 
for detennining riparian zone' leave trees should be 
followed. Shade estimates for RMZ's left under TFW 
riparian regulations indicate that 50-75% shade 
generally remains suggesting that nonnal operating 
procedures for riparian zone planning should be 
sufficient in many locations. 

Special consideration may be required for sites with 
elevations less than 200 meters (600 ft) that have 
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existing shade levels between 80% and 40%. Use of a 
temperature prediction model may be suggested in these 
circumstances to confirm the screen's estimates of 
stream temperature category and suggested shade level. 

If the estimated falls near the line dividing categories, 
the riparian leave area should be car~rully designed 
with shading being a primary design consideration 
during riparian zone layout. This design would need to 
be done on site when the riparian trees are marked 
considering the contribution of streamside vegetation to 
shading the water surface with the objective of 
achieving the specified level shading of the water 
surface. 

If the temperature category changes from either low or 
moderate to high then modeling may be warranted to. 
confirm predictions made with the screen and to assist 
in designing alternative riparian prescriptions (percent 
shade) that will maintain the predicted post-harvest 
temperature category within the desired level (low to 
moderate). 

Added care must be taken when the site is on the 
margin betwe.en categories. It is important to remember 
that the definition of the boundaries is imprecise and 
the proposed alternate riparian prescription preventing 
high temperature should place the site estimate well 
within the target category. The thick lines separating 
temperature categories in Figure 7.12 reflect the 
ambiguity in defining categories. 

Temperatun. category boundaries on Figure 7.14 are 
tight at low elevations, and relatively small changes in 
vegetation may result in relatively large changes in the 
temperature of the site. Altering the percent shade from 
80% to 50% on a site at 100 meters (300 ft) elevation 
changes the sensitivity from low to high. The same 
alteration of percent shade for a site at an elevation of 
600 meters (1800 ft) does not change the sensitivity 
rating from low. 

The temperature category screen was developed using 
data from only 42 streams although they represent a 
large variety of sites from all regions of the state, all 
sizes of streams, and all levels of shading. While other 
sites can be expected to confonn, this is a still a fairly 
small dataset on which to base the screen. Funher 
effons should focus on providing additional data to 
revise and improve the screen's predictive capacity. 
Recommendations on how to do so are provided in 
Chapter 8. 
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Site Model 

The temperature screen is not sensitive 10 local 
anomalous conditions but reflect average conditions. 
The prediction model may be useful 10 use when 
unusual circumstances may be present that may 
influence local temperature. These may include a 
variety of situations such as the presence of high 
amounts of groundwater inflow as springs.The 
prediction model is also useful for providing more 
accurate estimates of temperature where desired. More 
specific site data are required !han for the temperature 
screen. 

TEMPEST is !he temperature model recommended for 
use in !he TFW me!hod. This model was shown 10 
have excellent perfonnance in predicting temperature 
during model·testing, and was reliable and practical 10 
use. Other models were also tested, and several were 
shown 10 be good predictive tools, although none was 
rated as highly as TEMPEST considering all!hree 
qualities of predictive accuracy, model reliability and 
practicality. 

The purpose in using !he model is to predict whe!her a 
site will exceed the temperature standard with 
management of shade in a riparian wne. The 1WG 
proposes that the model predict temperature over a 30-
day time interval that coincides with the wannest period 
of the summer (July 15·August 15). The predicted 
maximum temperatures can be evaluated 10 detennine 
the amount of riparian zone shading 10 be left to meet 
temperature standards. Instructions on using the model 
will be provided in the TFW users manual. 

Reliability of the TEMPEST model reliability was 
very good (95 % of the sites were predicted within 20 C 
of the measured average) when detailed, carefully 
measured input data was supplied. Data input 
requirements include a variety of site and climatic data 
including geographic location. elevation, shade (%), and 
stream depth. The 1WG realized that many of the 
variables. particularly climatic infonnation, would be 
impossible to measure in routine TFW application of 
the model. Most climatic variables, such as air 
temperature and relative humidity, fall into this 
category. Water temperature is especially sensitive to 
air temperature and finding some way to estimate 
appropriate air temperature regimes was critical to 
successful application of the model. Methods for 
estimating as much input data as possible wi!hout 
reducing model prediction reliability are provided in the 
user's manual. 
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To provide reasonable climatic infonnation, the data 
sets of climate input values used in model·testing were 
developed into standard data sets that the model draws 
on. Choice of input values is based on infonnation the 
user supplies as easy-to-obtain watershed and regional 
infonnation. The datasets are comprised of climate 
variables from 6 NOAA weather stations and 
composites of air temperature profiles developed from 
!hose measured at !he study sites in forested streams. 
As a result, !he model predicts water temperatUTC based 
on the climatic conditions !hat occurred during !he 
summer of 1988 unless measured air temperature is 
provided. Air temperature during this period was 
slightly wanner than !he long-tenn average at all of the 
wea!her reference sites. 

SUMMARY 

Temperature at all sites was evaluated relative to water 
quality criteria to detennine whe!her water quality 
standards or forest practice rules were exceeded. A large 
percentage of the sites harvested prior to !he TFW 
Agreement exceeded temperature Ihresholds of 15.60 C 
(forest practice rules) or 16.3oC (water quality Standard) 
at some time. 

A simple relationship between riparian vegetation 
(shade faclOr) and elevation provides a surprisingly 
reliable means of initially detennining !he likely 
temperature regime under different levels of shade. The 
importance of shading and elevation were identified 
using both !he temperature prediction models, and by 
examining stream temperature data from around the 
state. Very high elevation streams (greater !han 800 m 
or 2400 ft) rarely had high temperature under any 
shading conditions, including open. Conversely, !he 
temperature in very low elevation streams (less than 
100m Or 300 ft) were !he most dependent on shade, 
requiring significant amounts to maintain temperatures 
in !he moderate or low temperature categories. 

Finally, the temperature models were used in a gaming 
mod~ 10 analyze whe!her !he current riparian regulations 
are providing adequate temperature proteCtion. Levels of 
shade specified in the forest practice regulations apP'""'" 
10 bt Inadequate in many situations to provide 
suffi~ient temJX'rature protection 10 meet water quality 
stand.rrds. Varying amounts of shade based on elevation 
arc recommended. FonuilOusJy, riparian wne surveys 
suggestlhat the shade remaining in riparian 
management zones deSigned for a variety of objectives 
in TFW generally exceed shade requirements and are 
likely 10 meet shade needs recommended by this study. 
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A simple and reliable temperature method is 
recommended for TFW use to identify and address 
temperature sensitivity concerns. The method 
incorporates riparian management regulations and 
identifies specific situations when alternative 
prescriptions may be required. The method docs not rely 
on basin temperature models which are cumbersome to 
use and would not improve TFW temperature 
management strategies. 

Recommending a TFW temperature method is the 
responsibility of the TFW Cooperators. The 
Depanments of Ecology and Nawral Resources and the 
Forest Practices Board are responsible for final 
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approval. The selccted method and specific guidelines 
for applying it along with decision criteria dirccting 
management response will be described in a separate 
"user's manual". The user's manual will be prepared by 
the Temperature Work Group with the assistance of the 
Depanment of Natural Resources, Department of 
Ecology and TFW participants. A field trial involving 
TFW cooperators likely to use the method is 
recommended to further refine it before is is widely used 
in forest management decision.making throughout the 
state. Future improvements of the method can be 
accomplished by revising the user's manual. 
Implementation of study results in TFW is further 
discussed in Chapter 8. 
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CHAPTER 8 

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

The TFW Agreement calls for establishment of a 
temperature method to determine protection strategies 
for temperature sensitive waters. The TFW 
Agreement allows for temperature protection by 
riparian vegetation leave requirements for ftsh-bearing 
streams and for possible use of a basin-scale 
temperature model for planning distribution of 
harvest units along non-ftshbearing streams to 
protect downstream temperature. 

The TFW temperature study was designed to generate 
information for two primary purposes: data was 
collected from forest streams extensively throughout 
the state to develop a temperature sensitivity 
screening method and intensively at a smaller number 
of sites and basins to evaluate the predictive 
capabilities of existing temperature models that could 
be used in a TFW temperature method. Each of these 
topics has been developed in far greater detail in 
earlier cbapters. Study conclusions are briefly 
summarized in this chapter (Study Conclusions). 

A TFW method was developed and considerations 
relating to its transfer to TFW fteld implementors are 
reviewed (Technical Transfer). Study 
recommendations involve some suggested changes to 
forest practice regulations and greater clariftcation of 
forest practice rule administration relative to 
temperature standards. Therefore, a number of policy 
steps beyond the responsibility of the Temperature 
Work Group are required before fOffilal adoption of 
any procedures recommended in this report. For the 
beneftt of TFW cooperators, these are outlined to 
assist their understanding of the incorporation of 
temperature esearch results into the TFW 
management process. 

Appropriate monitoring projects are suggested 
(Recommendations ofTFW Temperature Monitoring 
Needs) and important remaining information gaps are 
identified along with approaches to address them by 
way of research (Further Evaluation and Research 
Needs). Filling information gaps may improve 
reliability of the recommended TFW method, but 
should not significantly alter the overall method 
outlined. Management policies may be affected by 
additional information depending on the OUlCome of 
key research projects. such as the effects of type 4 
streams on downstream temperature. 

Finally, the implementation of this study has been 
unique in TFW with its inter-agency study team and 
statewide group of cooperators who made it possible 
with fteld efforts and funding. A brief discussion of 
some of the participation elements of the project and 
our TFW interactions that both helped and slowed 
our progress are provided for adaptive management 
considerations (TFW Adaptive Management). 

STUDY CONCLUSIONS 

Temperature and stream characteristics were 
monitored at ninety-two study sites representing a 
variety of riparian shading conditions ranging from 
malure conifer forests to sites completely open and 
devoid of shade. Where timber harvest had occurred, 
activities al all sites excepl one had been conducted 
prior to the TFW Agreement and do not reflect 
riparian conditions lefl according to the regulations 
adopted in 1987. At least 50 individuals representing 
33 organizations participated in the study. 
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Factors influencing temoorature at a site. Typically, a 
combination of local environmental factors including 
air temperature, stream width, and Stre3 depth were an 
important influence on stream temperature, but no 
one factor alone was ever a good predictor of stream 
temperature (Chapter 6).Shading from riparian 
vegetation was found to have an important effect on 
stream temperature but the extent of its cooling effect 
varied with site elevation. It was not possible to 
predict temperature effects based solely on riparian 
vegetation. 

An empirical "regional" temperature model was 
developed where average temperatures at sites was 
predicted based on stream and watershed variables and 
compared to recorded temperatures. While this 
method provided generally valid results in predicting 
temperature under different levels of shading, it was 
nO! able to correctly identify temperature on a site by 
site basis with sufficient precision. Thus, the 
temperature prediction model was found to be useful 
if more accurate estimates of site-specific temperature 
arc required for decision-making. 

Basin lemoorature. Basin temperature pauerns were 
analyzed in three watersheds having a number of sites 
located within them (Chapter 6). Although some 
local influence of oibutary heating (primarily nearer 
the headwaters) and cooling (primarily in lower 
reaches) was observed, there were no clear trends in 
the relationship of basin temperature to harvest 
patterns in oibutaries as opposed to effects of timber 
removal along the mainstem of the rivers themselves 
(a practice common in previous decades). All basins 
showed general warming of water and air temperature 
in the downstream direction which is consistent with 
theoretical relationships. Mainstem temperature of all 
the rivers studied appeared to be somewhat warmer 
within distances of 50 km from the watershed divide 
than would probably be expected in mature conifer 
forests. This probably reflects the effects of past 
forest management. 

Existing conditions of temperature sensitivity. 
Many of the 92 study sites were found to exceed 
water quality temperature criteria including most 
reaches with less than 50% shade but including some 
reaches with mature forest canopies along larger 
rivers. Of all sites, 62% were found to be temperature 
sensitive according to the Forest Practice rules and 
72% exceeded the DOE water quality temperature 
criteria (Chapter 7). Approximately 30% of all sites 
had high temperature (most with nearly complete 
removal of shade) and 30% had moderate temperature. 
Although larger streams were expected to have 
warmer temperatures, this large number of sites 
exceeding biologically-<letermined criteria confum 
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that past riparian management practices had 
significantly affected temperature in forest streams. 

The study further showed thattcmperature sensitivity 
could be correctly identified for a longer 30-<lay 
period, with similar results as using a shoner 
duration 7-<lay (Forest Practice Rules) or I-day (DOE­
Water Quality Criteria) period. This provides some 
assurance that the temperature standards are also 
meaningful over a longer timeframe. Since the 
15.60 C (6QOF) temperature is a sublethal standard, 
the duration of higher temperatures rna)' be of 
importance in influencing fish health. 

Effectiveness of Current Riparian Zone Management 
Regulations in Srream Types 1·3 Current 
regulations stipulate maintenance of 50 or 75% of 
the existing shade along stream types I, 2 and 3, 
depending on the temperature sensitivity of the reach. 
One of the primary purposes of this study was to 
develop a method to identify the temperature 
sensitivity of a reach prior to a forest practice to 
guide the level of shading needed to protect stream 
temperature. The effects of riparian rules on stream 
temperature were not directly measured in this study, 
although the adequacy of riparian rules was evaluated 
by analysis of both stream data collected throughout 
the state and by the temperature prediction model. An 
appreciation of the effectiveness of riparian rules for 
temperature protection was an essential element h, 
developing a method to recognize those sites I!Q! 

protected during normal administration of the 
regulations. 

Study results suggest that maintaining the total 
stream shading at between 50 and 75% minimizes 
changes in stream temperature associated with timber 
removal in the riparian zone along most (but not all) 
forest streams. Study results also suggested that the 
effectiveness of shade varies with elevation. 
Temperature protection can best be achieved with a 
shading requirement that varies with elevation. In 
general, the recommended goal is to leave 50-7:'% of 
the stream shaded after cutting, rather than leaving 
50-75% of the existing shade as specified in current 
rules. Following this guideline temperature in type 
1-3 streams will comply with water quality standards. 

Some sites will not have this level of shading, either 
because of past forest practices, natural variability of 
vegetation, or because the stream is too wide for 
effective shading by streamside vegetation. We 
estimate that, on average, streams at less than 
approximately 40 km (25 miles) downstream from 
watershed divide have the potential for effective 
amounL< of shading and that riparian vegetation is 
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most imponant for protecting stream temperature 
within this zone. For streams located at g,.eater than 
this distance where rivers are relatively wide and the 
riparian vegetation does not influence stream 
temperature sufficiently lO maintain temperature in 
the low temperature category. On average, 
temperatures are expected to be moderate in rivers at 
distances approximately 20 km (12 miles) 
downstream from divide and high at about 50 km (30 
miles) from divide. 

Surveys of riparian buffer zones left under the TFW 
rules indicate that forest managers are tending to 
leave more shade than required in the current 
regulations and that the recommended goal for stream 
shading is generally met or exceeded during timber 
harvest activities. Riparian zones along large streams 
(type I) tend to have less shading, especially on the 
east side of the state, although sample sizes were 
small. On average, however, landowners arc leaving 
shading that meet current requirements, including 
those applied to temperature sensitive streams, 
although these sites had not been so designated at the 
time of harvest. 

Temperature Sensitivity Screen (Stream type 1·3), 
Stream and basin characteristics of sensitive sites 
were evaluated lO identify what features could be used 
to recognize existing or potentially sensitive streams. 
Although many characteristics were shown to 
correlate with stream tern perature, two faclOrs were of 
such overwhelming importance that they could be 
used as a basis for a simple but reliable method for 
screening for temperature sensitivity. Riparian 
shading and site elevation (which probably indicates 
air temperature regime) were effective at soning sites 
for temperature categories (Chapter 7). The screen 
correctly identified the sensitivity category of 89% of 
the 42 Washington sites where data was available. 

The most significant concepts illustrated by the 
screen are that (I) riparian vegetation is important in 
protecting scream temperature, and (2) the importance 
of the s[ .. ding varies with elevation because streams 
at high elevation streams are cookr than those at 
lower elevations regardless of shade. It would appear 
that very low elevation sites (less than 100 meters or 
300 feet) arc more likely lo have significant 
temperature impacts from vegetation removal, even 
with high amounts of shading of the stream surface. 
Low elevation streams may require greater attention 
lo temperature protection during harvest planning. 
Conversely, higher elevation sites (2400 feet) are 
rarely temperature sensitive under any riparian 
shading levels. 
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Type 4&5 Waters. No shading is required for type 4 
streams in current forest practice regulations, 
although typically some shade remains after logging 
from brush and slash. No overstory canopy can be 
expected for periods of approximately 5 years or 
more. The downscream effect of type 4 waters could 
not be determined with the sites available in this 
study. While many unshaded type 4 streams arc 
expected lo be in the high or moderate temperature 
categories for some period after harvest, the extent 
that these waters may warm downstream fish-bearing 
reaches remains unclear. These streams are generally 
very shallow and make up a relatively small volume 
of lOtaI flow of downstream reaches, which under 
current rules, appear to have sufficient buffers lo keep 
temperatures low. However, these streams make up a 
large proponion of the length of streams in the 
headwaters region of a basin. Understanding and 
predicting the effects of type 4 stream temperatures 
on downstream fish-bearing waters will require 
improved understanding of these heat transporT 
principles as well as direct measurement of 
temperature. A suggested approach is outlined in the 
section recommending future evaluation and research 
needs. 

Temperature Modeling. Four reach temperature 
prediction models were rigorously evaluated for 
prediction accuracy and reliability and practicality of 
use (Chapter 4). Several of the models were found to 
prediC: water temperature with reasonable reliability, 
even when input data was estimated. Models varied in 
predictive capability and practicality. One reach 
model was selected that satisfied both prediction 
accuracy and practicality criteria selected with TFW 
field managers in mind. The computer model is 
extremely simple to use by anyone. 

The basin models were far more difficultlO use than 
the reach models. Data and model requirements were 
intense and it is unlikely that general forest managers 
could routinely commit the time or resources required 
to run a basin model. Furthermore, none of the basin 
models performed well enough, were sufficiently 
practical and reliable, or had appropriate gaming 
capabilities lo justify their use (Chapter 5). 

TFW Temperature Method. Modified riparian rules 
for stream types 1-3 would provide temperature 
protection, there remains a need to identify situations 
where rules would not provide sufficient protection or 
where alternate plans may be suitable. In fact, two 
distinct watershed situations of temperature 
sensitivity that arc not yet fully quantified can be 
recognized: (I) sites along stream types 1-3 that may 
require greater (or possibly less) shading to maintain 
adequate scream temperature then specified by 
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regulation, and (2) the downstream effect of 
temperature changes in type 4 and 5 waters where no 
shade is required. Temperatures in large rivers are not 
as greatly inOuenced by riparian vegetation because 
they are too wide. 

A TFW temperature method is recommended in 
Chapter 7 that combines the use of a simple 
temperature screen requiring a minimal amount of 
site-specific data, riparian zone management design, 
and a reach temperature prediction model to be used 
on a limited basis. The screen can be applied to forest 
practice applications to make a quick assessment as 
to whether temperature standards are likely to be 
exceeded. The screen may suggest to the appl ieant to 
manage the riparian management zone (RMZ) as 
usual or to more carefUlly design the leave trees for 
shading. The reach model may be used to assist in 
the design ty specifying shading level requirements if 
high temp,'ratures are expected. As currently 
envisioned, appropriate decisions can usually be made 
without using the model. 

Basin Temperature Concerns Prior to the study, it 
was perceived that dispersing harvest units 
throughout a watershed guided by a basin temperature 
prediction model might be a feasible approach to 
addressing the downstream temperature concerns. 
However, after perfonning the study, the TWG felt 
that a basin-wide planning approach to temperature 
protection introduced unnecessary complexity and 
difficulty into the management process without 
improving temperature protection. Basin temperature 
models were vef\' cumbersome to use and were not 
very reliable temperature predictors when used in a 
manner the TWG felt could be expected in routine 
TFW use. Primarily, study results also showed that a 
large number of stream should be adequately treated 
under current regulations. 

Instead of trying to use basin temperature model in 
harvest planning, the TWG recommends that 
temperature sensitivity of wat·"' types 1·3 be 
addressed by the TFW temperature method and that 
the need for alternative methods for determining 
temperature protection needs for type 4 waters be 
established after a carefully designed field study. 

TECHNICAL TRANSFER 

The 1988 temperature study was successful in 
generating a practical and reliable prediction 
methodology that appears to be .. seful to TFW 
managers. The recommended method and the 
supporting technical documentation justifying the 
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TWG conclusions are the primary products of this 
project repon. 

TFW Implementation Adoption of a TFW method 
requires funher steps by many TFW panicipants. 
Thesc include: 

·TFW Policy and Administration Committee 
(using the Field Implementation (FIC); 
the Training, Information and Education 
(TIE); and Cooperative Monitoring, 
Evaluation and Research (CMER) standing 
committees), 

• Department of Natural Resources (DNR) (Forest 
Practice Regulation and Assistance 
Division), 

• Depanment of Ecology (DOE) 

• Washington Forest Practices Board 

These groups must establish a process to reach 
consensus on the recommended temperature method 
to be adopted by TFW, forge regulatory response if 
necessary, and provide training to appropriate 
personnel in the use of the agrced upon TFW 
method. As representatives of CMER and proje<:t 
cooperators, the Temperature Work Group of the 
WatC' Quality Steering Committee will assist in this 
effon as requested (and to the extent possible). 

The recommendations offered in this repon are very 
consistent with the language in the TFW Agreement 
and Forest Practice Regulations for temperature 
sensitivity and use of a temperature method. Some 
recommendations, however, may deviate sufficiently 
from what is currently in the regulations that changes 
may be required if these recommendations are 
followed. The DNR and DOE will need to detennine 
where changes may be needed and assist the TFW 
process in implementing them. 

In addition, the difference between the temperature 
criteria specified in the water quality standards ane the 
forest practice regulations must be resolved by th 
DOE. It is recommended that these agencies consult 
with biologists and TFW participants concern in;; 
biologic temperature concerns and recommendations. 
Detenninin~ the best biological temperature 
perforrnan~ standards may require funher biological 
research. Until such infonnation is available, the 
recommended TFW method addresses the current 
water quality standands. However, the method can 
easily accommodate more complex biological criteria 
if that is found to be useful in the future. 
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Manager's Field Trial. The Cooperative Monitoring, 
Evaluation, and Research workplan Identifies a series 
of research and evaluation StepS that may be 
necessary to bring management tools, such as a 
temperature method, on line for TFW managers. This 
plan calls for steps to fITst identify the most 
promising and practical technical methods and to 
develop them with objective technical evaluations to 
demonstrate that they work (Technical Trials). Once 
methods arc shown to work technically, it is 
important to prove their effectiveness when used on a 
wider scale within TFW with management field trials 
(Management Trials). It is quite feasible that some 
tools that may work when used by specialists or on 3 

limited basis will not work as well when used more 
widely by field managers. 

Perhaps through sponsorship of FlC and CMER, 
supponive regional managers should be asked to 
perform a management trials by using the 
temperature method with followup evaluations to 
determine user satisfaction and effectiveness. These 
same cooperators should panicipate in the refinement 
of the mechanics of the method and assist the 
Temperature Work Group in producing the user's 
manual. The management trial could be conducted for 
a period of several months with useful results. The 
Temperature Work Group would assist in this 
management trial as part of the technical transfer of 
the method. Results of the management trial should 
be useful for TFW decision-makers in reaching 
consensus on the recommended method. 

Reaching consensus on a temperature method and 
implementing regulation changes (if necessary) could 
be a lengthy process. It is recommended that 
management field trials be conducted concurrent to 
discussions using a pilot temperature method 
described in a draft user's manual. The pilot 
temperature method could be used as an interim TFW 
method on a trial basis until any changes in 
regulations are implemented. Revisions of the 
method can be accomplished by revising the user's 
manual. 

Regional Workshops. Although a final TFW 
temperature method has not yet been adopted, and 
may nOt be for some time, the Temperature Work 
Group recommends that project results be 
communicated to interested TFW panicipants in 
regional workshops jointly sponsored by CMER and 
Fie. The purpose of the workshops would be (I) to 
share study results on model-testing, and the effects 
of forest management on temperature regimes of 
Washington. and the technical background for the 
recommended methods, (2) to update panicipants on 
the TFW process and its progress to date in 
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addressing temperature concerns, (3) to expose 
panicipants to the prototype method and to obtain 
initial feedback from field managers, and (4) to solicit 
panicipation by managers in the field trial. 

Specific training in the official TFW temperature 
method must await its formal adoption. Presumably, 
the Department of Natural Resources with the 
assistance of the Training, Information and Education 
Commillee will be responsible for technical transfer 
of the finalized TFW method. 

RECOMMENDA TIONS ON TFW 
TEMPERATURE MONITORING 
NEEDS 

Monitoring is needed for both model improvement 
and evaluation of the effectiveness of the 
recommended methods in protecting temperature. 

Effectiveness Monitoring Determining the 
effectiveness of the recommended meth~s requires 
establishment of a temperature monitoring program. 
MonitOring efforts should be well coordinated so that 
improved statewide databases can be establ ished and 
that concerns are addressed according to priority. 

The overall effectiveness of the the temperature 
management strategies identified in the Agreement 
can be determined by establishing monitoring 
networks within watersheds. If TFW temperature 
management strategies are working effectively,the 
temperature at monitoring sites should show either 
no change over time if uncut previously, or should 
show improvement in temperature as shade recovers 
in riparian zones harvested prior to current 
regulations. Basin monitoring should include 
temperature in tributary and mainstem sites measured 
over time. Several basins with 4 or more sites that 
are currently monitored on a routine basis by TFW 
panicipants include Deer Creek (Tulalip Tribe), the 
Deschutes River (Weyerhaeuser Company) and the 
Tucannon River (USFS and WDF). It is advisable 
that sufficient data on site characteristics be collected 
so that the baseline (fully-shaded) temperature can 
also be estimated with the temperature model. 

Temperature Screen Effectiveness Monitoring should 
also be done to determine if the screening me!hod 
correctly identifies !he temperature categories of 
ri\ers in response to forest management. The number 
Oi streams rating low, moderate and high temperature 
should be recorded according to water type. For 
SITeams wi!h special management prescriptions, the 
actual riparian shading achieved should be compared 
to !he target shading level sought. 
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Maximum/minimum thennometers deployed briefly 
during July or August would be sufficient to 
detennine the temperature category according to the 
screen. 

The screen itself can be easily verified and modified 
with data collected by field studies or monitoring by 
TFW temperatures. Maximum water temperature can 
be COllected with maximum/minimum thennometers 
or other devices during the wannest times of the year 
(preferably sometime from July IS to August IS). 
Deployment of instruments for one or two weeks 
should be sufficient The shading and elevation of the 
site can be detennined using methods described in 
this report or the user's manual. These data can be 
used to further validate and improve the temperature 
screen. 

TFW Implememation. Monitoring plans should 
evaluate how well the temperature screen and models 
are used by managers. It is important to know how 
often the model is used, geographic disoibution of 
use, and problems with methods. Statistics on the 
use of the temperature sensitivity screening criteria 
when processing forest practice applications should 
be collected. The method could be reviewed at annual 
general TFW training workshops to provide an index 
on how well the method is understood and if it is 
being properly used. This infonnation will help in 
making any revisions to the method to belter fit the 
managers needs. 

Improvement of Regional Relationshins Ufed in 
Method. A number of empirical relationships are 
used to supply data to the model and to COnstruct the 
sensitivity screen (stream characteristics such as 
depth and climate data such as air temperature and 
relative humidity). Collecting additional data for 
several of the regional databases used for selecting 
input parameter values could improve modeling 
reliability. Monitoring should emphasize the more 
important parameters, particularly snading. 
Especially lacking are shading measurements from 
streams with streamside vegetation of mature conifer 
forests along all sizes of streams. Having this 
infonnation would provide a basis for estimating 
baseline Shading conditions and would provide an 
indication of the stream size beyond which riparian 
zone shading is no longer effective for temperature 
control. Proper sensitivity screening would also be 
greatly aided by an increased knowledge of shade as a 
function of water type, and of the site's distance from 
watershed divide under natural and TFW managed 
reaches. 
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Stream reaches from a limited number of randomly 
selected forest practice applications, stratified by 
geographic disoibution and the temperature category 
predicted after harvest, should be monitored for water 
and air temperature. Additional data on stream depth 
as a function of distance from divide with data 
stratified by geomorphic stream type would be 
helpful for temperature modeling a' well as many 
other TFW purposes. Collecting additional data on 
summer stream flow related to distance from divide 
for eastern Washington and coastal areas is needed but 
is of somewhat lesser significance for improving 
model perfonnance. 

Improving functional relationships between local air 
temperature at stream sites with both basin air 
temperatures and regional air temperature profiles is 
needed. Air temperature should be correlated with a 
site's distance from watershed divide, bankfull stream 
width, riparian condition and any unique climatic 
characteristics of the site. Most newer thennographs 
can monitor both air and water temperatures. 
Temperature monitOring should address regional 
variability and allow the development of belter 
regional climatic data. More data on weued and 
bankfull stream width as a function of distance from 
divide is needed to improve regressions used to select 
air temperature profiles and groundwater inflow rates 
within the model. 

Most of these monitoring needs could be incorporated 
into work coordinated by the CMER Ambient 
Monitoring Steering Committee. Those items which 
do nOllend themselves to ongoing monitoring 
should be completed either under a special short-tenn 
study or by making a request to TFW temperature 
study cooperators. 

FURTHER EV ALUA TION AND 
RESEARCH NEEDS 

Downstream Effect of Srream Heating in Twe J 

~ Since no basin models can be recommended 
at this tim::, further exploration of reach linkage, or 
heat transler from One reach to the next, should be a 
high priority research need. Presumably, removal of 
riparian vegetation would have the greatest effect on 
stream temperature within the headwaters streams 
less than the II-mile distance. Thus, most type 2,3, 
and 4 streams would be likely to increase temperature 
from relatively low baseline values, while many type 
I waters may already be in the moderate or high 
temperature categories. This is partly addressed by the 
water quality standards by designating appropriate 
categories by assigned stream class. 
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Res~arch should focus on the downstream 
temperature effecLS from riparian management on 
type 4 waters. Temperature protection for larger 
streams are addressed by forest practice regulations. 
Specific questions that need to be addressed include 
the following. What are the temperature regimes for 
type 4 streams in Washington? What are the 
downstream temperature effecLS of type 4 streams 
(either COOling or heating)? How far downstream is 
temperature effected by management of upstream 
riparian shade? How can situations of potential 
downstream temperature sensitivity related to a type 
4 stream be identified? 

The TWG recommends a study be initiated in the 
summer 1990 with the objective of developing a 
method to address temperature concerns related to 
type 4 slIeams and downstream temperature effecLS. 
August slIeam temperatures should be monitored 
during July or August in selected sites chosen to 
represent an array of management conditions found in 
Washington forested type 4 streams. Monitoring 
would include locations within the type 4 streams 
and several successive downslIeam locations to 
determine whether cooling occurs. This would allow 
the characterization of temperature regimes for these 
slIeams and a determination of their downstream zone 
of influence. Additionally, the response distance 
within type 3 waters can be beuer understood. A 
scaled down version of the basin model (MODEL-Y) 
may be used to compare predicted to actual 
temperatures. Study site selection should consider the 
effccLS of elevation and various riparian conditions on 
temperature. Study conclusions should include a 
determination of the minimum size of type 4 streams 
which have a potential to impact larger downstream 
waters. 

Effectiveness of Regulations in Protccting 
Temperature in Type 1-3 Waters. The evaluation of 
regulation effcctiveness in this repon should be 
considered preliminary. No direct field evaluations of 
temperature in riparian zones left under the current 
regulations were performed. Instead, the prediction 
models were used to simulate the probable 
temperature regimes at sites with shading levels 
comparable to those in current slIeamside buffers. 
The temperature prediction model was very accurate 
in predicting temperature in a number of shaded and 
unshaded reaches, and may therefore be assumed to be 
reasonably reliable in estimating the effccLS of 
shading levels. Nevenheless, these model resulLS 
should be verified with specific field evaluations of 
the effcctiveness of the regulations. 
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The field evaluations should measure temperature at 
the up and downstream ends of riparian zones along a 
number of different stream sizes and locations in the 
state. Stream reaches from a limited number of 
randomly selccted forest practice applications, 
stratified by geographic distribution and the 
sensitivity rating predicted after harvest, should be 
monitored for water and air temperature. For a 
rigorous evaluation of the regulation, temperature 
should be measured hourly for a period of 2-4 weeks 
during the warmest period of the summer. The 
prediction model should also be run at each of the 
study sites to confirm the model prediction 
capabilities. All data required to run the models with 
the greatest reliability, including air temperature, 
should be collected. (For routine checks on regulation 
effcctiveness, a maximum/minimum thermometer 
could be used instead of hourly data.) Depending on 
shading level remaining in the riparian buffer relative 
to the shading before harvest, the expected 
temperature regime can be estimated with the model 
or screen, and data collected at the site will verify 
whether the expected temperature change (if any) in 
the reach. 

Riparian Conditions and Local Climate. In order to 
improve the reach model predictive ability, a better 
understanding of the relationship between local 
climate and riparian conditions is needed. Developing 
average daily humidity profiles and evaporation rates 
as a function of riparian shading would improve the 
model.Though no specific study is proposed at this 
time the need for improving regional climate 
relationships should be kept in mind in case data 
collection could be incorporated into other studies. 
This should bave relatively low priority compared to 
other information needs. 

Biological Effects ofTemuerature, As more 
information on the biological effecLS of stream 
temperature becomes available it will be possible to 
more precisely define TFW issues relative to 
temperature. A TFW study of biological effects of 
temperature is in progress. Current criteria for 
estimating temperature sensitiviLY emphasize 
maximum water temperature. The model and methods 
developed in this study can be easily adapted to more 
complex temperature criteria if they are shown to be 
of imponance to fish. Daily mean, minimum, 
diurnal temperature and cumulative degree days are 
possible parameters of future interesL The 
temperature model rccommended by the TWG can 
evaluate a number of temperature parameters over 
whatever timefrarne is of interest. As a 
result, temperature performance criteria may nm need 
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Table 8.1 Summary o/recommended temperature monitoring, evaluation and research needs to 
address remaining queslIons with suggesled prioriTy levels. 

Type of Project 

Evaluation 

Monitoring 

Research 

Topic 

a. Manager's field trial of method prototype 

b. Temperature Screen Validation 

c. Downstream temperature effect of type 4 
(small) streams 

d. Effectiveness of regulations in protecting 
temperature in type 1~3 streams 

a. Overall efiectiveness of TfFfW Agreement in 
providing temperature protection 

b. Method implementation 

c. Regional relationships--riparian shading in 
mature forests 

d. Regional relationships--stream characteristics 

a. Biological Effects of Temperature 

b. Riparian conditions and streamside climate 

c. Managemem effects on wimer stream 
temperature 

Priority 

High 

High 

High 

High 

Moderate 

Moderate 

High 

Moderate 

Mod 

Low 

Low 
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to be as simplistic with regard to input parameters or 
time intervals as the one currently used. 

Winter Stream Temoerature. Most of this study is 
based on summer temperatures. Future research on 
riparian effects on winter stream temperature may 
also be of interest Reduction in overhead canopy can 
lead to greater back radiation of heat energy to the 
sky which may reduce the stream temperature during 
the winter. This could have a significant effect on fish 
since the timing of fry emergence is dependent on the 
cumulative heat during incubation. A subtle 
temperature change with a long duration could alter 
emergence timing. The limited amount of winter 
temperature dala available in this study indicated a 
small decrease in cumulative degree hours in a 
completely open channel at higher elevations. 
Specific recommendations on the objectives of winter 
temperature studies should be developed by the TFW 
committee responsible for reviewing biological 
effects of stream temperature. 

A summary of the Temperature Work Group's 
consensus on the priority of the recommended 
monitoring, evaluation and research needs listed in 
the last two sections is provided in Table 8.1. 

TFW ADAPTIVE MANAGEMENT 
CONSIDERA TIONS 

Several situations unique to TFW aided the TWG 
during implemenlation of this project. The high 
interest shown in the project among cooperators and 
their subsequent monitoring efforts enabled many 
more study sites to be located across the Slate than 
would have been possible by the TWG alone. (In 
fact, there was more interest among Eastern 
Washington cooperators than is shown by the small 
number of east side study sites. A strike and fire 
conditions during the summer of 1988 prevented 
many volunteers from actually participating). The 
TWG encourages other cooperative studies of this 
type within TFW. The additional information 
gathered was well worth the high level of 
coordination essential for this cooperative effort 
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One of the major factors that contributed to. what the 
TWG viewed as a successful team effon was a 
commitment by the study organizers to communicate 
with TFW participants frequently and at all phases of 
project development. Another ingredient that 
contributed to the successful performance of this 
study was that the project goal was clearly Slated in 
the TFW Agreement This allowed the TWG to be 
flexible as the scope of our investigation evolved, 
with confidence in the overall project direction and 
requirements for the final product. 

A negative aspect of the project organization was that 
commitments of time and requirements for resources 
were not carefully planned. This oversight in 
planning was due both to the cooperative nature of 
the project and the continually expanding scope of 
work. The TWG did not anticipate how much time it 
would lake to build a product that would be 
responsive to evolving TFW needs. The TWG 
continually encountered unexpected difficulties from 
project beginning right through to the final repon as 
problems and conflicts surfaced. This resulted in 
repeated delays in the presentation of study results, in 
continuing requests for further funding, and in 
volunteer efforts by members of the TWG. The TWG 
is grateful for the patience and continued assislance 
shown by the cooperators during this process, and 
feels quite strongly that the final temperature model 
and methods are a much better product than what 
would have been produced otherwise. 

DATA ARCHIVE 

Temperature and site data collected during the study 
as well as all model analyses will be archived with 
the Department of Natural Resources Forest 
Regulation and Assistance Office. 
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