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ECUTIV RY

The potential effects of forest practices on stream temperature were identified as a major concern
during negotiations of the Timber/Fish/Wildlife Agreement of 1988. The direct effects of imber
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 60°F. 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 temperatuze 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 temperattire. 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
altemnatives. 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 commeon 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) Comimittee 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 sweams 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 wibes, industrial forest managers, small gee 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 of the 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
1eaches 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 TFW 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 confirm that past
riparian management practices had significantly affected temperature in forest streams.

All basins showed general warming of water tempetature 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 imber 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 stteam
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, fotal stream shading of 50-75% afier
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 TFW 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.

AR

S ——

g



TimberiFishiWildlife Temperature Study Final Report

The temperature sensitivity screen based on site elevation and shading forms the basis for the
reccmmended TFW 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 temperarure 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 TEMPEST) were rigorously evaluated for prediction
accuracy and practicality of use. A sensitivity analysts was performed to determine 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 TFW 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 1o
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 TFW 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 TEW 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 smdy. 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 temperature within water guality
standards can be determined. This temperature screen can adeqguately predict temperature of most
sites. I 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 1o the
following chapters for discussion of elements of the study of interest to them:

» TEFW 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.

TNt
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Project Scope and Rationale 1

" CHAPTER 1
PROJECT SCOPE AND RATIONALE

TIMBER/FISH/WILDLIFE
TEMPERATURE ISSUE

Swream temperature is important to aguatic life,
affecting fish directly and indirectly through all parts
of the ecosystemn (Hynes 1970). Local and
downsiream changes in temperature with timber
harvest is an important land use consideration. Many
studies throughout the United Siates have
documented the effects of riparianvegetation and its
removal on summer stream temperatures with
consistent results {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 effects during the winter
months, if any, have not generally been studied.
The summernime effects are most pronounced in
smaller streams. Because timber harvest patermns
create a mosaic of vegetation conditions within
watarsheds, and because heat can move downstream
with flow, there are also concemns that inadequate
temperature prolection measures in upstream waters
may have adverse downstream impacts.

Prior to the Timber/Fish/Wildlife (TFW) Agreemient,
in 1988, temperature has been an often volatle and
sometimes misunderstood issue. The potental effects
of forest practices on stream temperaure were
identified as a major concern during negotiations of
the TFW agreement. The direct effects of imber
removal on the temperature of larger, fish-bearing
streams (Washingion sream types 1-3, WAC 222-
16-020) was addressed by riparian zone management
rules that specified leave tree requirements along
streams that were designed, in part, 1o preserve
shading and protect [emperature,

Through TFW negotiations it became clear that
additional information was needed 1o develop
scientifically-based procedures for identifying
situations where riparian zone rules may not provide

sufficient shade protection. Furthermore, past forest
practice regulations for temperature sensitive streams
were vague as 10 what special precauntionary actions
were necessary, TFW identified specific key issues
relative to management considerations that would
serve as a focus for further 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
temperatures at sites where alternative prescriptions
may be desired. The Agreement states that the
Washington Department of Ecology, industry
representatives, other agencies, tribes and interested

process 1o identify lemperature-sensitive basins. A
model or methods shall be established to predict
temperature increases associated with any futare
management activities.”

The envisioned management process could be as
foHows: 2 general screening tool would be used 10
identify temperature sensitive basins or iocations.
‘Where sensitivity was not identified, riparian zone
managemen! 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
include analyzing temperature effects for both
individual forest practice applications and basin
planning TFW managers likely to use the
recommended sensitivity crileria 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 siles
int 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 mechanics of how temperature is
caiculated. The simpler models require fewer variables

¥
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while the complex models can require many variables
1o 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
their performance ) What types of variables will need
to be measured, or esumated, to satisfactorily run the
model? (Variables 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 influence how
accurately models can be expected to perform.) Will
it be feasible for field managers to use the model,
given the required knowledge, costs and staff ume?
(Most TFW field managers are charged with a wide
range of responsibilities and do not generally have
time for extensive field data collection.) Is a model
easy enough 10 use to be an effective tool?
(Familiarity with computer models varies among
potential users. Highly specialized or complicaied
models may not be desirable since only a few people
have access to the technical information driving
decisions.)

Sensitivity Criteria and Screens Semsitivity and
screening criteria that use temperature models have
not been well developed, although standards based on
biologic thresholds exist. Washingion's forest
practice regulations simply specify that the average
maximuom stream lemperature may not exceed
15.6°C {60°F) for more than 7 consecutive days
How effective these criteria are for discriminating
temperature sensitivity from a biological perspective
is not known . In addition, it was recognized that
methods o correctly identify potentially temperature
sensitive streams during the forest practice
application phase would have to be developed.

SCIENTIFIC RATIONALE

Phvsics of Stream Temperature

Stream temperature has been widely studied and the

physics of heat transfer is one of the betier

understood processes in naturaj watershed systems.

Water temperature is extremely important 1o aguatic

life, and changes in temperature in both large and

small streams may have significant effects on aquatic

communities (summarized in Hynes 1970, Beschta

and others 1987). Changes in water iemperature =
regimes in streams and river basins can arise from
human activities such as forest cover removal,
irrigation or construction of impoundments,
industrial plants, and thermal electric power plants.

Most researchers have used an energy balance
approach based on the physical processes of heat
wransfer to describe and predict changes in stream
temperature . Efforts have primarily focused on
developing models for predicting: (1) thermal changes
of larger rivers from thermat pollution (Messinger
1963, Edinger and Geyer 1968, DeWalle 1976);

(2) reservoir cooling effects on larger rivers (Raphael
1962, Delay and Seaders 1965, Morse 1970, Ryan
and others 1974) and, (3) removal of riparian
vegetation along forest sireams with logging (Brown v
1969, Beschta 1984, Theurer and others 1984, Adams B
and Sullivan 1990).

The six primary processes that transfer energy in
stream environments are: 1) solar (short-wave)
radiation, 2) radiation (long-wave) exchange with the
sky and vegetation, 3) convection with the air,

4) evaporation, 5) conduction to the soil and,

6) advection from incoming water sources (Figure
1.1). Some of these processes primarily determine
heat input and others determine 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 b
the major sources of heat foss. A detached discussion :
of these processes can be found in Brown (1969), L
Theurer and others (1984), or Adams and Sullivan =
{1990) P
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Figure 1.1 Modes of heat transfer contributing 1o the siream energy budget assuming summertime daylight
conditions. Although heat transfer can often occur both into and out of the water, arrows indicaie
dominant direction and relative importance in forest streams.

W T




4 Project Scope and Rationale

Timber{Fish/Wildlife Temperature Study

The net energy balance, which is influenced by local
environmental factors, determines the water
temperature at a particular location. Figure 12
provides a simplified example of a daily energy
budgel in mid-summer for an intermediale-size, 0pen
stream predicted by & streamn 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
environmenial factors change (Beschta and others
1987).

nvironmental ctor h nf
Temperatur

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 inchided in evaluation of heat wansfer in stream
environments is shown in Table 1.1

While there are many specific climatic and stream
variables accounted for in the energy balance
equations, a sensiuvity 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 inflow

The importance of riparian vegetation in determining
stream temperaiure has been extensively studied in
smaller streams (Brown and Krygier 1970, and many
others reviewed in Beschia 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, Holiby and Newcombe 1982,
Hewlett and Fortson 1982, Kothandaraman and Evans
1972), siream depth {Brown 1970, Theurer and others
1985) and groundwater inflow rate (Smith and Lavis
1975, Hewleti and Fortson 1982, Beschta and others
1987).

Figure 1.2 Example of daily 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

EXAMPLE

GEOGRAPHIC

latitude, longitude, elevation

CLIMATIC

air temperature, relative humidity,
wind velocity

STREAM CHANNEL CHARACTERISTICS

stream depth, width, velocity,
substrate composiition

RIPARIAN OR TOPOGRAPHIC SHADING

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

{1 f For Management on Stream
Temperatur

Considerable research has been conducted in foresied
watersheds on iemperature changes as a result of
removing shade along channels during simber
harvest. Brown and Krygier (1970) demonstrated that
reduced stream shading results in generally higher
seam 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 o forest canopy
removal. Studies conducted in various locations in
the United States have also shown potentiatly large
increases in daily maximum temperatures with
rernoval of forest vegetation. Beschta and others
(1987) provide a complete review of harvest effects in
forest streamn environments from previously
published studies, summarized in Table 1.2 taken
from that report.

The magnitude of potential temperature change with
removal of swreamside vegetation varies with stream
size (Brown 1969, Adams and Sullivan 1990). One
of the largest increases in daily maximum
temperature (160C, maximum 1-day temperature)
was documentzd by Brown (1969) in a very small
stream in coastal Oregon. More typically, increases
of 3-70C in daily maximum temperature can be
expected with removal of significant amounts of
shade from the streamside zone. Brown (1969) noted
that net energy exchange differs between small and
large sireams because of the rapid response times of
shallow streams to changes in solar radiaton. Energy
transfer process studies in the forest environment
have been conducted primarily in relativelv small
streams.

The beneficial effect of sreamside 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 sufficienily wide
vegetation buffers (25-100 ft) along streams can be as
effective as undisturbed forests for protection of water
temperature. Swift and Messer (1971) reporied from

. the southern Appalachians that water heated in

upstream clearcats tends o retarn 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 ripanan buffers. Hewlett and Fortson
(1982) concluded that buffers along sweams 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 iemperature have not been
well-documented.

Several heat transfer temperature prediction models
have been developed for use as management w0ols 1o
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 tequirements as par
of riparian zone management practices.

Where shade is reduced during harvesting, recovery 1o
full mature forest shade levels may take
approximately 5 to 10 years to reach 50 and 75%
shade respectively according 1o a riparian survey
conducted by Surmmers (1982). Old growth forest
sites averaged approximately 84% shade and recovery
to this level of shading was estimated 10 take
approximately 14 years.

|
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Table 1.2 Summary of summer temperature changes associated with forest management activities on forest
watersheds, Pacific Northwest (from Beschta and others 1987).

Location Treatment Stream Temperature Temperature
Variables Change (oC) Reference
Alaska Clcar:cut and natural A Temperature per 0.1 to 1.10C/100 m Meehan (1970)
(southeast) openings 100 m of channel Average = 0,7°C/100m
British Columbia ~ Logged (Tributary H)  Average June-August 0.5to0 1.80C Holtby and
(Vancouver Island) diurnal temperature increase over pre- Newcombe (1982)
range treatment levels
Logged and burned Average June-August 0.7 to 3.20C Holtby and Newcombe
(Tributary J} diurnal temperature increase over pre- (1982)
range treatment levels
Oregon Clearcut Average June-August 4.4 to 6.70C Levno and Rothacher (1967)
(Cascades} maximum
Clearcut and burning Average June-August 6.7 to 7.80C Levno and Rothacher (1969)
maximum
Oregon Clearcut Average June-August 2.8 to 7.80C Brown and Krygier
(Coast Range) MAaximum (1967)
Clearcut and burning Average Junc-August 910 100C Brown and Krygier
maximum (1970)
Oregon Mixed clearcut and A Temperature per 0 to 0.70C/100 m Brown et al. (1971)
(Cascades) forested reaches 100 m of channei
Tractor striped area A Temperature per 15.80C/100 m Brown et al. (1971)

100 m of channel
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Transport

Of increasing concern in Washington and elsewhere
are the downstream or cumulative effects that
removal of vegetation along headwater streams may
have on larger sireams 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 (1671) showed that
local water temperature can change measurably at
locations where cooler or warmer water joins a
stream . Temperature changes occur in proportion o
the discharge and remperature 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 temperature at a watershed
scale with history of timber removal in the basin.
Beschia and Taylor (1988) observed an increase in
maximum lemperatures in a larger river over time.
This increase reflected general harvest patterns in the
basin and the occurrence of large natura! storm events

that may have significantly modified channels during
the measurement period,

Heat can be transported downstream with flowing
water, although water temperature adjusts to local
environmental conditions as it moves. The influence
of mixing processes on the downstream transport of
heat has been studied by Brown and others (1971) and
is treated in existing basin temperature models. As
water moves downstream, its temperature seeks an
equilibrium with air temperature dictated by the local
environmental factors The rate of adjustment and
background ambien: conditions vary with stream size
{Edinger and others 1968.) The equilibration of water
1o air temperature has not been exiensively studied,
and needs o 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 temperature tends 10 increase in the
downstream direction from headwaters 1o lowlands,
even under mature forest conditions, and creates
characteristic basin temperature profiles (Hynes 1970,
Theurer and others 1984, Sullivan and Adams 1990},
Most of the important environmental variables that
control stream temperature also vary sysiematically
within watersheds The general increase in

Figure 1.3 A conceptual temperature profile of a stream system based on the physics of
head! ransfer and geographic relationships (After Theurer and athers, 1984},
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temperature from headwaters to lowlands occurs for
several reasons: air temperature increases with
decreasing elevation, groundwater inflow decreases in
importance compared to the volume of flow already
in the channel in larger rivers, and rivers widen
resulting in decreased shading by riparian vegetation
(Beschta and others 1987). A conceptual diagram of
basin temperature with longitudinal distance from
divide is shown in Figure 1.3 ( Theurer and others
1984).

1 Prediction Model ’
Methods

A number of analytical models have been developed
to predict onsite and downstream temperature
response to 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 esiimating the variables used by the
models to evaluate the energy balance including
stream flow, shading, meteorology, valley
orientation, 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 into two
categories. Reach models predict temperatres in
relatively short reaches of stream (hundreds to
thousands of meters) by characterizing conditions
within the reach. Basin models attempt to predict
temperature for entire watersheds. They generally do
so by predicting temperature at specific locations

using a reach model, then routing water downstream
to the next prediction location while attempting to
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 reguirements are defined
for a relatively finite area. Using basin models is far
more problematic. Stream and riparian conditions are
difficult to 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 eguation
(1970) was developed for general use by foresters for
developing silviceltural prescriptions. To allow easy
application of 2 model based on heat transfer
processes, Brown simplified some of the energy
transfer relationships and restricied the aspects of
temperature regime to-be modelled. Specifically,
Brown's equation uses a few variables to predict the
maximum gdaily change in temperature at a site with
different levels of iparian shading

More detailed characterizations of an energy balance

approach have been developed in recent years, and -
encompass factors left out of Brown's (1970) original )
work. Recent versions more ¢closely resemble the
SSTEMP and TEMP-84 models, and may be more :
accurale in a wider variety of conditions, but have

also become more complex. We remain interested in

the simple equation since compulters are not

universally available to landowners.

e fBE e

Table 1.3 Temperature prediction models evaluated in the Timber!FishiWildlife

Temperature Study.

Reach Models

USF&WS SSTEMP, Ver.3.3
TEMPEST

TEMP-86

Brown's Equation

Basin Models

USF&WS SNIEMP, Ver. 3.5
EPA QUALZE
MOBDEL Y (Basin TEMPEST)
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TEMP-86

Recently, two heat transfer models have been
developed for use on computers that treat heat transfer
relationships more completely (Theurer and others
1984; Beschia 1984). Both models require extensive
consideration of riparian shading factors and can be
used to predict iemperature 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 1©0
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 predicied water
temperatures. While this model calculates heat-
loading similarly to the SSTEMP model the shade,
analysis is more delailed. The model predicts howrly
temperatures for any selected day.

USF&WS--SSTEMP

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

TEMPEST

Adams and Sullivan (1990) developed a heat transfer
model (TEMPEST) that considers each of the heat
transfer processes in detatl but simplifies the
variables needed 1o describe them. This model was
designed to perform sensidvity analysis of stream
heating processes although the full model can be used
with relatively few parameters to predict water
lemperature at a site. It is intermediate in ease of use
between Brown's equation and other 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 lemperature for river basing { USF&WS
SNTEMP Flow Network Model, EPA QUALZE, and
MODEL.-Y). These models first estimate siream
temperature for specific reaches as described above

They then route heat downstream and account for
additional heat inputs and losses from groundwater
inflow and wibutary mixing.

QUAL-2E

QUALZE is a general water quality model supporied
by the U.S. Environmental Protection Agency (EPA)
Center for Water Quality Modeling. QUAL2E isa
comprehensive water guality model used primarily to
simulate wastewater treatment plant discharges. It can
simultangously simulate up tc 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 the
National Council of the Paper Industry for Air and
Stream Improvement (Brown and Bamwell 1987).

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

SNTEMP

SNTEMP is a steady state model developed by the
U.5.Fish & Wildlife Service (Theurer and others
1984). (The SSTEMP reach mode! was developed
from the SNTEMP model.) Input parameters are
entered as the constant averages for the time-step
used. The minimum time step (the shortest period of
ume for which an individual temperature prediction is
made) is 24 hours. The model predicts maximum,
minimum and mean temperatures at user-specified
points in the stream network. Regression smoothing
and calibration modules are aiso included. The model
can be run on microcomputers with a math co-
processor. The user can specify the network geometry
with relatively few consiraints. There is essentiatly
no minimum reach length, and ne upper limit 1o the
size of basin that can be modeled. Efforts are being
made to improve the friendliness of this model,
although currentlv it is advisable to receive some
special training in its use.

I
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MODEL.Y

MODEL-Y is a simple basin mode! utilizing the
TEMPEST model's energy balance equations
combined with ravel time, stream depth, and
regional air-temperature profiles developed as part of
this study (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 Geographical Information System
interfacing, and an easy method of tesung different
scenarios, MODEL-Y’s strength is it's data
requirements: only the sky view factor, (described in
Chapter 2), ecoregion, and the stream 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
iemperatire data become available the simuiation
period can be expanded. MODEL-Y is still under
development and documentation is limited to the
current version (version 1.0).

Modet Evaluation

The models described above differ in regard to ease of
use, predictive capabilities, cost of application, and
appropriate smeam conditions. Brown's equation has
been widely used. Some documentation of its
predictive capabilittes for Washington forest streams
is available in Wooldridge and Stern (1979) and for
an Oregon stream 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 mode!l
appears to predict temperature reasonabiy well

{within approximately £10C) in small to
intermediale size streams over relatively short
reaches, particularly where incoming groundwater or
ributary inflow is aot a factor. However, the model
does not appear to work as well for larger streams 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

TEMPEST model (Adams and Sullivan, 1990) has
not been verified at specific sites. Instead, general
temperature relationships predicted by the model
based on important environmentat 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 results were not 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
madels is necessary given the difficulty in predicting
offsite temperawre effects. Basin femperature
prediction is more difficult than local site prediction
because of the way the models treat downstream
transport of heat and because of the difficulty of
characterizing important environmental parameters,
such as riparian vegetation, for entire drainage basins

har risti mperatur

Despite the considerable temperature data that has
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. It is unlikely that all Washington
streams are temperature sensitive in relation 1o forest
practices (i.e., exceed the current sensitivity
staridards). To properly identify sensitive streams,
characterization of typical siream 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 Washingion
forest streams.

Sensitivity criteria and model predictions must be
evaluated as to their ability 10 correctly identify when
the standard will be exceeded with a proposed forest
practice. Stream heating models have yiclded
conclusions about siream temperaure that have
proven helpful in management considerations. In
addition o site-specific and basin modelling,
generalized temperature characteristics ¢an be helpful
for predicting effects of forest management.

o

B
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The physical models identify a number of climatic,
geographic, stream, ang vegetation characteristics that
influence stream temperature. However, past
emphasis on temperature prediction, especially in
iand use considerations, has led 1o perceptions that
stream temperature is uniguely determined at each
stream location based on a complex array of site
characteristics As a result, predictive models are
increasingly viewed as a necegsary basis for land
management decisions. The specificity of models in
capturing heat transfer variables, as opposed 10 more
generalized technigues, bears directly on cost of
application.

In contrast to the exten: of analytical research and
modeling, there has been little attempt to identify
general rends and patterns in siream temperature in
relation 1o basin characteristics. Furthermore, many
previous field studies have emphasized the
importance of streamside vegetation in providing
shade while excluding consideration of other
imponiant 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 iemperatures is needed

Sallivan 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 demonstraie
that parameters can be identified that atlow
meaningful comparison of temperature from stream
1o stream. When important environmenital 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
demonsgating their relationship 1o stream
emperature 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 iemperalure responses
can be improved, iemperature sensitive locations
where modeling and monitoring efforts should be

focused can be identified Furthermore, characterizing
probable temperamre changes with a reasonable
degree of certainty based on general relationships may
provide a suitable alternative o costly temperatore
modelling in many situatiions

1 Sensitive S

Criteria for temperature concermns may include a
stream's natural or management history suggesting
where particularly high temperatures may be
expeciled; 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 shatl not
exceed 15 60C for more than seven consecutive days.

What stream lemperatures are most critical 10 model
from a biological viewpoint are not agreed upon, but
some treatment of both average as well as extreme
temperatures is probably useful. Maximum and
minimom temperatures may be more important for
censideration of detrimental or lethal temperature
conditions. Becanse most aquatic organisms are
poikilothermic (cold-biooded), 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 iemperature prediction
Maiching sensidvity screening and model
performance 10 biologically-derived standards such as
the exceedance threshold over a ime period adds a
new dimension to emperature prediction. Prediction
models have not in the past often been used 10 model
realistic temperatures over longer time periods,
although most of those available can be used 1o do so
with some modification. Continuing biologic studies
are working to improve understanding of what
temperatures are of importance to fish, and o
describe their occirence. Application of the stady
resulis may be aided by the development of models
capable of predicting the occurrence and distribution
of those temperatures.

PROJECT OBJECTIVES

A number of objectives rejating to model
performance and practicality, and iemperature
sensitivity screening criteria were carefully developed
in the 1988 temperature study to provide a useful and

TEF T
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verified temperature method to meet TEFW needs. The
scope of the study included a thorough evaluation of
model performance, and an analysis of temperature
data collected throughout the stawe

The objectives of the 1988 TFW temperature study
were 10

« Evaluate the ability of models to predict
temperature at a site and downstream and
select a methed {or 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 waiershed and ripanan
conditions.

« Develop methedologics to assess stream
conditions for input to temperature
prediction models.

+ Establish general temperature regimes
for various siream types in ecoregions of
the state and the effects of forest
management

» Evaluate temperature sensitivity
screening criteria

» Characterize streams likely to exceed
temperaiure critena

Effeciiveness 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 streamn temperature and
ternperature prediction models using data collected
from over 75 siweams throughout the state during the
summer of 1988 A brief overview of the project and
a discussion of how the various siedy elements fit
together is provided here. Speciiic data collection
methods and site characteristics are described in
Chapter 2~

Alir and water temperature and a number of
hydrologic, riparian, channel and metecrologic data
were collecled at monitoring sites distributed within
thirteen Washington ecoregions {(CMER-AMSC
Work Plan, 1989) Dara collected a1 these sites were
used for: characterization of stream and riparian

characteristics {Chapter 3) , sitc model evaluation
(Chapter 4), basin model evaluation (Chapter 5) and
description of general water tlemperature regimes in
forest sireams of Washington (Chapter 6). Data were
also used to evaluale the probable effectiveness of
forest practice regulations pertaining to riparian zone
vegetation 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
streamn lengths of homogeneous riparian and channel
conditions in a variety of streams throughout the
state. Model tlemperature predictions were compared
with measured water temperature at each site.

In order {0 evaluate the basin models, 2 number of
the reach sites were clustered within several basins
located in different ecoregions of the state, Thus,

sites in these basins served 1o test both site and basin
models. In addition 10 temperature and reach data,
surveys were conducted within these basins to
describe the range of conditions with respect 10
groundwater inflow rates and flow regime.

The TWG conducted several "methods™ studies in
some locations in order to improve methods for
better measuring or estimating variables inpat 1o the
model. Variables were measured in several ways to
determine the best means of evaluating them. Results
from the "methods studies” aliowed the TWG to
develop recommendations for measurement or
estimation of parameters describing channels, stream
flow and regional chimate characteristics {(described in
Chapter 3). Several model input variables were
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, conducied the model
testing with computer analysis, and interpreted the
results presented in this final report. The TWG also
provided a two-person field 1cam o perform site
evaluation of environmental variables for input into
the maodels.

ke FT
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7 1.4 Timber/FishiWildlife

1988 Temperature Study cooperators.

Co-gperator Contact Nature of Assistance
Boise Cascade Candace Parr Field Assistance
Colville Confederated Tribes Jerry Marco Operale Thermograph
Cowlitz County Conservation District Sheidon 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
Northwest Indian Fisheries Commission Dennis McDonald Funding
Plum Creek Timber Company Bruce Beckett Funding
Puyallup Tribe Mark Heckert Operate Thermograph
Quileute Tribe Mark Mobbs Field Assistance
Quinauit Tribe Greg Watson Operate Thermographs
Squaxin Island Tribe Dave Shuett-Hames Field Assistance
Michelle Stevie
Landowner Fran Moelman Operate Thermograph
Tulalip Tribe Kurt Nelson 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 Bert Wasson Data
USFS Gifford Pinchot National Forest Deigh Bates Data
USES PNW Range & Experiment Station Fred Everest Provide Thermographs
USES 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 Mclntyre Data
USFWS Leavenworth National Hatchery  Jim Mullen Data
Reg Reisenbichier
Washington Depi of Ecology John Tooley Work Group, Project Coordinator
TDavid Roberts 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 Buggart Operate Thermograph
Washington Dept of Natural Resources Jim Ryan Data
Bob Bannon Provide & Operate Thermographs
Evan Pryor Provide & Operate Thermographs
Washington Dept. of Wildtife Thom Johnson Provide & Operate Thermmographs
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 Operate Thermograph
Yakima Indian Nation Joel Hubbel Provide & operate Thermographs

Dale Bambrick

Thermographs
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Most important were the numerous cooperators
throughout the state who collected temperature data
and assisted the project in a variety of ways.

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

STUDY COOPERATORS AND
SPONSORS

This TFW temperature study was funded primarily by
the Washington Department of Ecology,
Weyerhaeuser Company, Washington Department of
Fisheries, and the Nooksack Tribe. Additionat staff
and funding was supplied by Washingion
Environmental Council, Northwest 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

assistance for the 1988 field work and model testing
These cooperators contributed resources and/or
personnel to Opcrate temperature measuring
equipment, or provided water temperature data from
their existing sites.

The cooperating crganizations 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, Washingion Department of
Ecology, Washinglon 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 § Forest Service Pacific Northwest Range
Experimental Station, and the U.S  Fish & Wildlife
Service Fisheries Research Center, Fisheries
Agssistance Office, Leavenworth & Makah National
Fish Hatcheries.

“il
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CHAPTER 2
STUDY DESIGN, SITES AND METHODS

SITE SELECTION

Study sites were established in all forested ecorggions
of the state. Data from several sites in predominantly
non-forested areas of sontheastern Washington were
aiso contribuied 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
walershed {(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 pne or more of the foliowing
criteria: 1) Temperature was measured daily or hourly
with continuous recorders (as opposed to
maximum/minimum thermometers read infrequently),
2) Air and water temperature was measured
simuolianecusly; 3) Water temperature and
stream/riparian characieristics were measured for a
reach; 4) Sysiematic 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 avaiiable 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 of 92 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 22).

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 siream and riparian
characteristics. Most of the mode! performance

evaluations was conducted using data from the 33
primary study sites (Tabie 2.1), Because of the
importance of air temperature in several of the models,
direct measurement of this variable was considered
essential 1o 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
anatysis of regional temperature regimes. Stream
characieristics were estimated at the secondary sites.

STUDY DESIGN

The study design was 10 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 iool for silvicultural
prescriptions was inferred by the model's ability 1o
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 equipment.)

Although there is no concepiual limitation 10
evaluating model performance by predicting ambient
conditions, this data collection method represented a
departure from the recommended method for using the
SSTEMP and TEMP-86 models, which gencrally
assume that calibration data is available for both the up
and downsiream end of a sudy 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 upsmream or pre-reannent calibration temperature
data will rarely be available in TFW use of the models,

e ‘l,l‘ll -
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Table 21 TimberiFish/Wildlife Temperature Study site list Sites are grouped by
ecoregion. Temperature measurement start and end dates (1988}, site code and
testing rype are listed (Models were tested at primary sites.)

TEMPERATURE
MEASUREMENT
ECOREGION SITE CODE TYPE START STOP
Northwest Coast  Red Creek Tributary _ GA Primary 29JUN OINOV
Red Creek - GB Secondary  29JUN 060CT
Red Creek (Site2) GC Secondary 29JUN 308EP
East slope Snow Creek JA Secondary  O1JAN 310CT
Olympics
South Coast Naselle River BC Primary 20JUN 040CT
Smith Creek BD Primary 20JUN 050CT
Bear River BE Primary 07JUL, 07TUL
Abemnathy Creek (Lower) BA Secondary 09JUN 30SEP
Abemathy Creek (Upper) BF Secondary 0OIUN 30SEP
Germany Creek (Uppern) EB Secondary 09JTUN 30SEP
North Cascades  Squire Creek HC Primary 05AUG _ 050CT
' N. Fork Stillaguamish (RM 388)  HG Primary 10AUG  050CT
Higgins Creek HD Secondary  13TUL 050CT
Litile Deer Creck HA Secondary 13IUL 22AUG
S. Fork Nooksack River HE Secondary 24AUG 25SEP
Edfro Creek HF Secondary 02AUG 158EP
Deer Creek  (at mouth I) H Secondary 13JUL 21AUG
Deer Creek (above Deforest) HH Secondary 13JUL 1407
S. Fork Nooksack (Upper river) HJ Secondary 28JUL 050CT
Segelson Cregk HK Secondary 07JUL 050CT
N. Fork Siillaguamish {(do.DeerCr) HL Secondary 201UL 150CT
N. Fork Stillaguamish (up DeerCr) HB Secondary 127UL 150CT
Cenwal Cascades . Ten Creek 1A Primary 29JUN 070CT
S Prairie Creek (upper) 1C Primary 21J0L 040CT
Greenwater River IS Primary 223UL 060CT
Puge: Lowlands Porter Creek AP Primary 24TUN 050CT
Pilchuck River (RK154) DA Primary 04AUG 250CT

Pilchuck Creek DR Primary 05AUG 250CT

!

fi 1
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Table 2.1  Timber/FishiWildlife Temperature Study site list (continued).

TEMPERATURE
MEASUREMENT
ECOREGION SITE CODE TYPE START S§TOP
Southwest Ware Cregk AA Primary 1TMAY OLNOV
Cascades .
Hard Creek AR Secondary 17MAY 310CT !
Huckleberry Creek AC Primary 21APR 0INOV
Thurston Creek AD Primary 17MAY 01INOV
Liule Deschutes Creek AE Primary 01JUN (40C1T
Deschutes River (RK75.5) AG Primary 01JUN 030CT :
Deschutes River (RK60.2) AF Primary 17MAY  0INOV :
Deschutes River (RK41.7) AS Primary AUG  O0INOV 3
Deschutes River (near Offut Lake) AW Secondary 10AUG 31AUG
Schultz Creek AB Primary 25MAY 060CT
Herrington Creek AO Primary 25MAY 30SEP
Hoffstadi Creek AQ Primary 25SMAY  060CT
Coweeman River (above Mulholland) AK Primary 06TUN 030CT
Coweeman River (above Goble) AL Primary 06JUN 030C1
Coweernan River (above Baird) AN Primary 06TUN 030CT
Coweeman River {above Andrews) AM Primary 06TUN 030CT B
Mulholiand Creek AH Primary 06JUN 030CT _
Goble Creek Al Primary 06JUN  030CT 5
Baird Creek AJ Primary 06JUN  030CT :
Gobar Creek AT Secondary 22APR 310CT
Muddy River (Baseline ) PA Secondary 01TUN 23A0UG ;
Clearwater Cr. (Baseline) PB Secondary ~ ONUN  31AUG =
Clearwater Creek (at rd 9300) PC Secondary  16MAY  28SEP e

Clearwater Creek {upper) PD Secondary 18MAY 30SEP

Clearwater Creek (Below. M. Bridge) PE Secondary 02TUN 310CT

Clearwater Creek (at Paradise Falls) ~ PF Secondary 18MAY  27SEP

Hungry Creek (Upper) PG Secondary 28JUN 30SEP

Hungry Creek  (Lower) PH Secondary 28TUN 30SEP

Cati Creek (above Big Cr) PI Secondary  O8JUN 30AUG -
Johnson Creek (Baseline) PJ Secondary 02TUN 31AUG

S. Fork Wiliame Cr (Baseline) PL Secondary 08TUN 23AUG

Ctear Fork Cowlitz Cr  (Baseline) PM Secondary O1TUN 23AUG
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Table 21 Timber/Fish/Wildlife Temperature Study site list (continued).
TEMPERATURE
MEASUREMENT
ECOREGION SITE CODE TYPE START STOP
SWt Cascades N. Fork Willame Cr. (below unit 66) PN Secondary 0LJUN 29AUG
N. Fork Willame Cr. (at 4700 rd) PO Secondary 01JUN 27AUG
Quartz Creek (Baseline) PP Secondary 2IMAY 30SEP
Lewis River (Baseling) PQ Secondary 16MAY 30SEP
Canyon Creek {Baseline) PR Secondary 17TMAY 310CT
Siouxon Creck {Baseline) PS Secondary 1TMAY 310CT
East Fork Lewis River (Baseline) PT Secondary 1TMAY 300CT
Northeast Cascades Wenatchee River --Suel KA Secondary 19MAY 14SEP
Wenaichee River --Site 2 KB Secondary 19MAY 14SEP
Wenatchee River --Site 3 KC Secondary ~ 19MAY  14SEP
Wenatchee River --Site 4 KD Secondary 1I9MAY 14SEP
Icicle Creek Bypass KE Secondary 02TUN 310CT
SE Cascades Bear Creek CA Primary 21JUL. 100CT
S.Fork Littie Natches River CB Primary 21JUL 100CT
Little Natches River (at Kaner Flat) CcC Secondary 21TUL. Q1SEP
Crow Creek CD Primary 21JUL 31AUG
Bear Creck Watershed (Baseline) CE Secondary 11MAY 30SEP
Wind River (Baseline} CF Secondary 1IMAY 220CT
Trount Creck (Baseline) CG Secondary 1IMAY 28TUL
Trapper Creck (Baseline) CH Secondary 23MAY 218EP
Pend Oreilie Cee Cee Ah Creek EA Primary 28JUL 180CT
Chamockane Creek EB Primary 27JUL 06SEP
Norwegian Creek FB Secondary 03TUN 110CT
Blue Mountains Tucannon R (bel M.Russels LA Secondary 01AUG (09SEP
Springs.)
Tucannon River (at Bridge 14) 1B Secondary  01AUG  200CT
M. Russels Spring--(Tucannon R) LC Secondary 01AUG 200CT
Hartstock Cr--(Tucannon R.) LD Secondary 01AUG 080CT
Tucannon River (Below Panjab Cr) 1E Secondary 1IMAY 23SEP
Tucannon River (Below Big 4 Lake) LF Secondary 1IMAY 060CT
Tucannon River (Below Deer Lake) LG Secondary 11MAY 310CT
éu)cannon River (Below Cummings LH Secondary 1IMAY 260CT
T
Tucannon River (Below Beaver Lake) 11 Secondary 11IMAY 300CT

T
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Figure 2.1 Temperatre Study Siies
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Figure 2.2 Channel width and shade characteristics of primary study sites.
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the TWG felt that it was important 1o determine how The TWG field team visited each primary site o
well the models describe temperature regimes in measure site specific variables required for model-
general. If the models could be shown to accurately testing or sweam characierization. Standardized
predict water temperature in a variety of stream measurement techniques were-obtained by having the
conditions, then the model input parameters could be TWG field team sample all sites. -
manipuated to determine what influence vegelation -
management has had, or will have, at a given site. The thermal reach refers to the entire length of stream £
at each site. Temperature measured at the downstream

Input data required both by the models and for regional end of the temperature reach reflected the riparian and
temperature regime evaluation required measurements or stream conditions found upstream. The thermal reach
estimates of a variety of parameters to describe had relatively homogeneous riparian and flow
geographic location, meteorology, hydrology, stream conditions within it, The upstream boundary of the
geometry, and riparian vegetation. Likewise, basin thermal reach occurs where there is a distinci change in .
temperature models required variables which describe riparian conditions or at the junction of a major
the overall siream systern. A summary of the array of wributary {increase in flow greater than 10%). The
non-temperature input values is shown in Table 2.3 minimum length of the thermal reach was 600 meters - z
The array of site and map-generated data from which (approximately 2000 ft). A general schematic of a )
these input values were caiculaied was stored on thermal reach and its subsampling units is shown in
spreadsheets. A description of each parameter can be Figure 2.3. The downstream end of the temperature
found in the TFW Temperature Swdy Data Dictionary reach was where the temperature recording device was

{Appendix B}

located. The upstream end was located where there was
a distinct change in riparian vegetaticn conditions or at
the junction of a major tributary .
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Table 2.2 Stream size and general riparian vegetation canopy condition mairix for study site selection.

Depth: <041 m)

SMALLER STREAMS

MODERATE SIZE STREAMS
Depth: 0.41 m to <0.60 m)

RIPARIAN RIPARIAN

(% Shaded) {% Shaded)
REGION Open Partial Closed { Open Partial Closed

(«25%) (26- {(>75%} {{<25%) (26-74%) (>75%)
74%)

Coastal 1 4 1 G 1
Southwest WA 11 22 6 5 1
Cascades and
Puget Sound
Eastern '6 8 1 0 0

The thermal reach was subsampled for stream and
Tiparian 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 channe! 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
sream size Larger streams had fewer channel reaches
sampled. :

Riparian characteristics were evatuated in 50-f1 long
nparian transects selected within each channel reach. At
least three riparian transects were measured in each
channel reach, for a total of 9-15 transects. The field
crew measured one transect at the downstream end of
cach of the channel reaches, and evenly spaced the
remaining two within the reach  If vegetation
characieristics were not homogeneous in the reach, the
crew selected representative sites to establish transects
A ransect perpendicular 10 the stream was selected, and
riparian vegetation conditions were measured for an area
25-ft up and downstream of the transect were measured.

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 -

Jemperature

Water temperamre was measured with continuously
recording electronic or analog instruments. Several
different types of insruments 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
lemperature was also recorded where instruments were
available. Electronic recorders were programmed to
measure emperature each hour. Quiput from analeg
recorders was digitized and data was interpolated to
hourly values.
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Table 2.3 Temperature model inpu! parameter summary.

Model: Brown TEMP 8S.-  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 Cc C NOAA air temp.CD/LCD
NOAA Wet Bulb Temp. C NOAA wet bulb temp.
LCD
NOAA Barometric Pressure C NOAA barometric
pressure LCD
NOAA Relative Humidity C C C C Il\fc(:)DAA relative Humidity
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 varicus
sources
Cloudiness C C R cloud cover
Daylight Hours sssolar hours of daylight
Upsiream Water Temp. F F F sntemp QUAL water lemperature
2E entering reach
Water Emissivity M back radiation
Ground Temperature M M annual ground heat flux
Soil Heat Transfer M soil heat flux
Thetmal Gradient M thermal input from
streambed
Groundwater Infiow Rate F/R F/R E/R F/R F/R
Groundwater Temperatre MR MR M/R M/R M/R
Date F F F date of simulation
Latitude M M M
Longitude M M
Longitude of Time Zone M M
Elevation of Site M
Channel] Azimuth M M M orientation of stream
_ reach
Topographic Altitude F Average incline 1o
horizon
Sweam Width F F F E
Stream Depth F F F R
Percent Pools F
Average Pool Depth F
Reach Length F F M F
Upstream Elevation M M
Downswream Elevation M M M
Upszeam Streamflow F F F F/R FR
Downstream 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 I3 depth and velocity
constanis
M M M network of stream

Stream Network

reaches and junctions
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Table 2 3 Continued

Model: Brown TEM §S- TEMP SN- EPA MODE

PES TEM -86 TEMP QUA L-Y REMARKS
T P L2E

Water-Sky View Factor F srshd F openness facior
topographic and {orest

Avg. Angle Topo. Shade § F topographic shade in
various directions

Avg Angle Topo. Shade F

SE

Avg. Angle Topo Shade F

Sw

Avg Angle Topo. Shade L ¥ 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 E :

Percent Canopy CoverL F F F Percent forest cover on
each side

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 Diametcr East F E diameter of shade-tree
CTOWTLS

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
factor

Vegetation Density West F F

% Steam 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
iemperature 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
instrements at least once every two weeks by study
cooperators. Air and water temperature were measured
with hand-held thermometers and recorded on field
sheets. Insruments were checked for accuracy
(compared 10 hand-held thermometers) and recording
time.

Stream and Channel! Characteristics

Discharge m3/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 Corbett and others (1962) in USGS Water
Supply Paper #888. Velocity was measured with an
electronic (Swoffer™ or Marsh-McBirney™) or
mechanical (Price-AA™ pygmy) current meter with at
least 1520 measusements across the channel. Stream
depth was measurcd, and a velocity-area calculation was
made for total streamflow at the cross-section. Fiow
gaging cross-sections were established where the stream
bed in width and substrate characteristics was relatively
uniform (typically at riffies}).

Average Sweam Velocity {(m/s) Average flow velocity
was estimated with dye tracer studies performed in one
or two of the channe! reaches at each site. A small
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 ume divided by reach length
calculated average velocity. An ISCO™ automated
pumping sampier or manual method of sampling was
used

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

Autolevel Method: Gradient of the lower-most channel
reach was measured with an autolevel and story pole.
Using standard surveying technique and notation, a
difference in water ¢levation 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
terning point was made by moving the autolevel (0 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,
support pole and sighting pole. For stability the abney
level rested on the support 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 ievel
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 conversionto a
decimal proportion, taken as the tangent of the
degrees/minutes multiplied by the weighted length of
the sighting. Summing the decimal proportions 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 thermatl reach from USGS
1:24,000 (or 1:62,500) topographic 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 resolwion 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 10 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
channei unit survey of each channel reach was done by
a single individual outfitted with a calibrated pole,
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Figure 2.3 Schematic of sampling scheme of primary sites.
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rangefinder, and recording nolebook. A consecutive
inventory was kept of the units as they were identified
and measured for length, width and depth.
Measurements were kept within the stream's wetled
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 cach 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 ron roughly perpendicular 10
streamflow. Gradient breaks of water surface slope
were used as an indicator of unit longitudinal
boundaries. The up and downsiream 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 swraight,
then a simple measurernent was taken with the
calibrated pole or rangefinder . In the case of a unit with
nonparallel width perimeters such as a poel, the point
of average width was estimated by eye, with the
measurement ransect 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.

Unit Depth (m). Depth was measured in three places
within each unit using the calibrated poie. Locations
of measurements were made quickly and randomly,
although they were generally located within the thalweg
or mainflow portion of the channel. In the case of riffic
and glide unil types, the measurements generally ran
perpendicular across the thalweg. In the case of pool
nnit types, the measurements 1an parallel down the
thalweg. The average unit-specific depth was computed
as the 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 volume weighted average depth for the reach was
calculated by dividing the sum unit volume by the sum
unit surface area. A volume weighted average depth 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 substraie classes.
The classes and rough size associations used 1o estimate
them were:

clay/siit <0.063 mm
sand 0.064 - 2.0 mm
gravel 2.0-64 mm

cobble 64 - 256 mm
boulders >256 mm
bedrock

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 .Daxapod DP212 +0.2% of reading 1
UNIDATA 6507A +0.20C ' 2
RYAN RTM +0.39C 3

 PARTLOW analog +2 0 OF | 4

1 Omnidaia Intl, 1982, Operating instructions for model DP212 Two Channe! TEMP/VOLT

recorder, Version 1.0, March 1982,

2. Unidata America 1987, Starlog Poriable Daia 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 of the percentage of wetted streambed comprised
of boulder size or larger.

Bankfull Channel Width (m). 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 1iffle section
where bankfull discharge produced a recognizable active
_ channel with an adjacent {lat 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 swream's water surface. (A siream 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 1o the sky
{re-radiation). Models vary in the level of the detail in
which this sky-view factor was evalualed. TEMP-86
and SSTEMP require secuoning the sky view into
zones of quadranis 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 sdy 1o identify specific measurement locations
is provided in Figure 2 4.

A number of parameters describing riparian vegetaton
and 1opographic shading characteristics were measured
in the riparian reaches Some riparian vanables were
required by several models but may differ between
between models in esumation method. Therefore, some
variables appearing in Table 2.3 may appear redundant

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
foliowing vegetation characteristics were measured at
each site

Vegelative Communities. 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.

View-1o-the-Sky (densiometer) (%). The view-to-the-
sky was the fraction of the total hemispherical view
from the main stream surface sky can be seen. A
spherical densiometer was used to provide an estimate
of the view-io-the-sky factor. Readings were taken from
mid-channe! facing in four directions (upstream,
downstream, right bank and left bank) and an average of
the four readings was used.

View-to-the-Skv (subjective) (%). A subjective value
of the view-1o-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 1op third of the
canopy, and a visual estimate of the percentage of sky
was made.

Vegetative Density (%} Density is a measure of the
screening of the sunlight that would otherwise pass
through the shaded arca in the upper one-third of the
streambank canopy. This describes both the continnity
of riparian vegetation along the sream bank and the
filtering effect of leaves and stands of wees along the
stream. A clinometer was used from mid-stream 10
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 2 point at the
center of the siream 10 a point on the topographic
feamre producing shade, with the horizontal plane of
the stream defined as zero degrees. It was used o
desermine 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
siream t0 & point at the top of the streamside
vegetanion, 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 berween 60 and 90 degrees (C). 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, lefi side
(measured perpendicular to the channel), and nght side.
If the top of the riparian vegetation formed an uneven
horizon, the average top of the vegetation was chosen.

Vegetarion Height (m). Vegetation height was
measured with a rangefinder 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 ¢ach ripanan transect.

Vegetation QOffset (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 banks at each riparian transect.

Crown Radiys (m). The crown radius is the average
distance that the foliage radiates from the munk or stem
of the sireamside 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 height, vegetation
offset, and crown radius. Measurements were taken on
both the right and left banks at each riparian transect.

Riparian 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 feei from the bank were
usually nondetectable and such buffer widths were
considered infimte. Measurements were taken on both
the right and left banks at ¢ach riparian transect

Qverhanping Vegetatign (%) The percentage of
overhanging brush or vegetaton was measured at each
riparian transect A segment was visuaiized within the
wetted perimeter of the stream running perpendicufar to
the streamflow. This segment was then split into

quarters and a qualitative visual estimate was made of
the percentage of overhanging vegetation directly above
each guanter section. Overhanging vegetation was
subjectively evatuated as the percent of the vegetative
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
sunlight, then the percent of overhanging vegelation
was defined as 25%. Visual clumping of the closed-to-
sky area vs. opened-to sky area was done 1o make the

" estimate.

Stream Azimuth or Aspect (degrees), The stream reach
azimuth orients the general stream direction. (If the
stream meanders greatly the aspect can be separated inlo
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 North. For
TEMP-86, azimuth was expressed as a valoe between O
and 360 , with { at due North.

Measyred Climatic Values

Climate data was used from two sources. Field
measurements were laken on the day of the site visit
and in a few cases using continuous recording
meteorological inswruments. Data collecied by NOAA
and available in published records was also used (sec
regional data).

Air Temperature in Riparian Zone (OC). Air
temperature during the field crew site visit was
measured three 1o 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 raverse away from the
strearn banks throngh the riparian zone, taking a
measurement at the stream bank and at successive
intervals along the wansect If a buffer strip existed, the
transect was run into the adjacent cutover siand
Transects were measured on the right and left banks in
each channel reach.

Relative Humidity (%), Relative humidity was
measured with a sling psychrometer in mid-channel,
three to four feet above stream surface, at each channel
reach

Cloud Cover (%). The percent of cloud cover was
visually estimated in categories of 0, 23, 50, 75 or
100% for i day of site visit
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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 topographic maps were available). Placement
of the thermograph sites on the maps was corroborated
by each site cooperator.

Measurements of basin area, total perennial stream
length, and distance from the end of the perennial
stream to 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 smdy reach.

Digitizing software programs were developed to
expedite this large data collection (ALTEK3T1.BAS
AND REACHALT BAS, listed in Appendix C).

Digitizing was performed on an ALTEK™ AC40
digitizer operated by the Washington State Depanment
of Ecology.

Total basin arca 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 contributor of flow at a srream
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 sgeam lengths for each
respective site were unique and exclusive of adjacent
upstream study sites, although the totzal basin area, or

steam length of the downstream study stte, could have -

included the measurements of the upstream site.

Table 2.5 National Oceanographic and Amnosipheric Agency (NOAA ) weather stations used in the
TimberiFishiWildlife temperature study to obtain regional climate data

Mean Max  Min Deparure Percent
) NOAA Air Air Air from Rel Wind Possible  Sky
Station Number Temp Temp Temp Normal Humidity Speed Sun Cover
Olympia 6114 ¥es yes yes. yes yes yes no yes
Airport
Quiltayuie 6858 yes yes yes yes yes yes - yes yes
Airpont
Seattle/Tacoma. 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 0465 yes yes ves yes yes yes no yes
Alrport

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

(1) Upstrearn and Downstream Elevations (meters).
(2) Latitude/Longitude
(decimal/degrees,minutes, seconds}.
{(3) Average Stream Azimuth Measured from North
{(degrees).
(4) Average Stream Gradient (%).
(5) Mainstem Length to Divide (meters).
(6) Total Stream Length (meters).
(7) Basin Area (hectares).

In addition to the digitized variables, a variety of other
study site characteristics were recorded. These included
cooperating agency, TFW ecoregion, county, nearest
towr, river basin(iributary 10}, Water Resource
Inventory Area (WRIA) number (Wiltiams and others
1975), legal description, Washington stream type,
stream order (determined from 1:24 000U S.G.S.
maps), magnetic declinadon, time zone center
longitude(degrees), and dominant geologic type of the
watershed (based on Washington state geologic maps).

Esti {_Climati { Resional Val

A number of climatic characieristics 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 siations
distributed thronghout Washingion were used (NOAA
1988) (Table 2.5).

Relative Humidity (%), 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 o
local air temperature by the following formula as
described in U.S.F & W.S. SSSOLAR user
documentation (Bartholow 1987).

RH=Ro * (1.064MToTa))*((Ta+273 16)/(To+273.16))

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

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

Parameter Physical Constants
Cp evaporation coefficient, 12CL<5; use Cp, =1.68
Cr adiabatic temperature cormrection coefficient; use Ct = -0.007 °C/m
Cp specific heat of water = 418 BJ/kg/Pp
Kg thermal conductiviity coefficient; use Ky _ 1.65 J/im/secOC/ for
water saturated sands and gravel mixiures
k type of cloud cover factor, 0.04<k<0.24; use k = 0.17
s solar constant = 138 J/m2/sec
n longwave radiation reflection; use f, = 0.05
Tab absolute zero correction {OK) = add 273 to 0C
p density of water = 1000 kg/m3
c Stetan-Boltzman constant = 5.68x 10-8 J/im2/sec/K4
Ew water emissivity; usé gy =0.85
Ey vegetation emmissivity; use gy = 0.95

Ly latent heat of vaporization of water, use Ly = 2440x103 J/kg
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Ro=relative humidity at NOAA index station (decimal),
Ta=mean daily air temperature at study reach (C),
To=mean daily air ternp at NOAA index station (C)

Regional Air Temperature (degrees Centigrade: OC).
Air temperature was recorded at 3-hour intervals, This
data was used to correct relative humidity values, and 10
show 1988 temperatures in relation to long-term
averages.

Wind Speed (meters/second), Windspeed was assumed
constant and should have represented the average
windspeed at the stream surface, Average daily wind
speed was used.

Cloud Cover (%), Daily percent 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. The
value was specified as 120 degrees W meridian for all
sites in Washington.

Physical  Consfapts

Some of the parameters input 10 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 stream,
watershed, climate and temperatre characieristics
were nieeded a number of times during model-testing
(Chapters 4 and 5) and to characlerize siream
ternperature regimes (Chapter 6). The derivation of
these relationships is described in this chapter. Fora
number of important variables, a discussion of their
importance 1o 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 TEW
temperature modeling methods

Daia 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 10 most
of these variabies. Other data sources included NOAA
weather station records for climatic variables, United
States Geologic Survey (USGS) stream gage and
well records for streamilow and temperature data,

Data analysis used linear regression exiensively;
analyses were performed with the SAS statistical

package.

We do not use the regionalized relationships
presented here until later analyses. For those readers
not interested in their development, the TWG
recommends skipping to Chapters 4 and 5 for a
discussion of model-iesting or to Chapter 6 for a
discussion of temperature regimes in Washington
The reader may prefer 10 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.
Swreamflow is fairly easily measured, but requires
specialized instruments (see Chapter 2). Generating
estimates of streamflow for temperature prediction
would be preferable to 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 index
of strearn or basin size for gaged streams.
Relationships determined from gaged streams can
then be extended o ungaged streams.

Streamflow was measured by the TWG field crew at
all primary study sites during the late summer site
visits when flow was approaching the annual
minimum. The relationship between flow (log1g;
m3/s) and the distance from watershed divide (logig:
km) is shown in Figure 3.1a and the relationship
between flow and basin area (logyg; km?2) is shown
in Figure 3 1b. Relationships are good using either
index of stream size (R2=0 83 and 0.76 respectively)
(The distance water ravels downstream from the
watershed divide is a useful way of looking at siream
systems from a temperature viewpoint, since it not
only indexes stream size but indicates the time that
water has been in the stream approaching equilibrium
lemperature)

Another estimate of the streamflow and basin area
relationship was made using long-term August mean
daily soreamflow records from USGS gaging stations
located in Washington (Table 3.1). The records were
selected from the hundreds published by the USGS
becanse gages were sited in watersheds that the TWG
knew were relatively small, at least partially forested,
and did not contain large Iakes or reservoir strucuures
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Figure 3 1 Streamflow in relation to distance downstream from watershed divide (A),
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upsiream of gage sites. Gages with multiple years of
record were also preferred. Ninety USGS gaging sites
fit these criteria with basin sizes ranging from
approximately 3 km? to nearly 600 km2. (It should
be noted that there was only one suitable USGS
gaging station available in eastern Washingion.)

The relationship between the long-term August
fiow and the point estimate of speamflow measured
at the TFW study sites in 1988 are shown in Figure
3.2, Regression lines drawn through each data set
show that the TFW sites have a relationship of flow
to basin size similar 1o the USGS sites aithough
estimates are somewhat lower. However, variahility
is relatively large and the slopes and intercepts of the
two regressions are not siatistically different (Table
3.2).

Either relationship can be used, but the USGS
relationship will yield an estimate of streamflow that
averages approximaiely 30% greater than that
estimaied by the relationship based solely on the
TFW sites. The lower TFW flow estimates probably
result from the fact that the TFW 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

long-term mean. For this reason, the TWG decided
that the USGS relationship is probably better for
estimating {lows on ungaged streams for model
testing (Chapter 4) It has the added advantage that it
can be compared 1o 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 (26 TFW sttes;

80 USGS sites), with relatvely few locations in

coastal Washington (6 TFW sites; 10 USGS sites)

and eastern Washington (4 TFW sites). There were

regional differences in estimated streamfiow, .
especially for smaller watershed areas (Table 3.2)
As might be expecied, streamflow estimales as a :
function of basin area tended 10 be lowest in castern
Washington and greatest for coastal streams.

. Although prediction equations differ regionaily, the
differences are not statistically significant. The wide
scatter in the data and the reiatively few data points in
the coastal and easiern regions preclude drawing

Figure 3.2. Estimated flow at USGS gaging sites for the long-term August mean and

for the TEW primary sites, measwred in 1988 (USGS: LoglO(Q)=-1.928 + 0.938] (LoglOArea),

TFW:-2.11340 957 x {LoglOArea).
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Table 3.1 Stream flow 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 (km2) (m3/s)  (m3/s/km2)
Coast TFW Naselle River BC 3.10 ¢.020 0.0060
Smith Creek BD 22.60 0.100 0.0040
Bear River BE 340 0.030 0.0090
Red Creek tributary GA 5 60 0.070 0.0130
Red Creek GB 9.50 0.680 00720
Abemathy Creek BA 22.60 0.200 0.0090
Gemmany Creek BB 24 90 0.090 0.0040
USGS Chartie Creek 12018500 15.28 0082 0.0050
E.F. Hoquiam 12038660 67.34 0.566 0.0080
Moclips River 12039220 90.65 0934 00100
Raft River 12039520 196.83 4.106 0.0210
E.F. Dickey River 12043080 103.60 0.765 0.8070
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 0144 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.E. Liule Natches River CB 39.10 0.160 0.0040
L. Natches River at Kaner cC 368.00 1.320 0.0040
Crow Creek CcD 184.00 0.600 0.0060
CeeCeeAh Creek EA 11.70 0.030 0.0030
Chamokane Creek EB - 0.720 -
Norwegian Creek FB 230 0 000 0 0000
Western  'TFW Ware Creek Al 2.90 0.030 0.0100
Schuliz Creek AB 9 .60 0.040 0.0040
Huckleberry Creek AC 5.30 0.030 0.0060
Thurston Creek AD 910 0.120 00130
Lintle Deschuies 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) AG 32.60 0 480 0.0150
Coweernan R.{a. Mulholland) AK 129.00 1.120 0.00%0
Coweemnan R. (a. Goble) AL 217.00 1.630 0.0080
Coweeman R. (a. Baird) AN 74.90 0.780 0.0100
Muthotland Creek AH 46,50 0.160 0.0030
Goble Creek Al 65.50 0270 0.0040
Baird Creek Al 2240 0.280 0.0130
Herrington Creek AD 8.20 0.070 0.0090
Porter Creek AP 24 90 0.130 0.0050
Hoffstadt Creek AD 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 C