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Change in Temperature (C)

Change in Temperature Range (C)

Figure 4.3 Sensitiviry analysis of change in predicted mean water temperature with
change in variable with the TEMPEST model
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Figure 4.4 Sensitivity analysis of the effect of stream depth on the predicted
diurnal lemperature range for two models. (SSTEMP uses stream width but not depih
as the input variable. Depth was calculaied as a function of stream width.)
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Table 4.2 Model sensitivity values of the USF&WS SSTEMP model. Values indicaie the
relative sensitivity value of each parameter, not an actual change in temperature.

SENSITIVITY VALUE

Stream Maximum Mean
PARAMETER Size Temperature Temperature
AIR Small 15.0 15.18
TEMPERATURE
Medium 15.18 15.90
Large 11.38 11.14
GROUNDWATER Small -0.15 -0.24
RATE
Medium -0.26 -0.32
Large -0.11 -0.11
HUMIDITY Small 7.75 B 8.37
- Medium 7.58 7.64
Large 4,52 4,50
SHADE Small -1.83 -1.02
Medium -1.66 -1.03
Large -0.83 -0.58
SOLAR Small 5.49 2.50
Medium 5.24 3.20
Large 3.39 2.18
INCOMING WATER Small 0.02 0.02
TEMPERATURE
Medium 0.02 0.02
Large 6.87 7.02
WIND SPEED Small -0.71 -0.31
Medium -0.67 -0.56
Large -0.15 -0.16
TRAVEL TIME Small -0.70 0
Medium -0.64 0
Large -1.57 0
STREAM DEPTH® Sensitivity of diurnal range = 0.72

= This model uses siream width as an input variable. Depir: was calculated as funcuion of
stream width from relationships provided in Chapier 3.
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SSTEMP was most sensitive to air lemperature
valyes for both maximum and mean temperature
predictions (Table 4.2). (Sensitivity analysis was not
done for SSTEMP minimum temperatures since the
model compuies the minimum by subtracting the
difference of the maximum and the mean from the
mean.) The model was also strongly affecied by the
input value describing the length of reach, and in
many cases the model produced unrcasonable results
for the maximum temperawre when short reaches
were specified. Therefore, all model sensitivity
testing of SSTEMP used a reach length equal to the
24-hour travel time computed from water velocity,
Travel time more strongly affected maximum
temperatures than means. Small and medium streams
were equaliy sensitive to shade and depth values.
Medium streams were slightly more sensitive 10
groundwater inflow values than small streams, but
large sircams were virtually insensitive to
groundwater inflow.

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

TEMP-86 requires both a daily maximum and
minimum water temperature as input variables in
addition to the ume of their respective cccurrence.
This model proved extremely sensitive to slarting
water temperature values. Timing of input water
temperatures was not tesied for sensitivity. The time
of maximum and minimum daily lemperature used as
input was 1300 hours and 600 hours respectively. (It
now appears that 1600 hours may be a more
appropriate time to specify maximum water
temperatures.) The extreme sensilivity of the moedel
10 these 1wo starting water temperature values
effectively hid sensitivity to all the other input

parameters (Figure 4.2, and Table 4 4). TEMP-86
was slighily sensitive to pool depth in small streams
and stream velocity in bigger streams. (Durning the
course of model runs it was discovered that the values
entered on the input sereens were not all stored as
shown. Therefore, the input files actualiy used for
analysis had 10 be created without relying on the
inpul screens.)

BROWN'S EQUATION was moderately sensitive 1o
solar angle input values (Figure 4.5 and Table 4.4).
Small streams were also sensitive to percent boulder
and shade input values. Stream angle did not cause
sensitivity for any stream sizes.

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

Discussion

Analyzing model equations is particularly helpful in
understanding how a model operates and why certain
paramelers are more sensitive. Support
documentation on TEMP-86 includes an excellent
sensitivity analysis (Beschta and Weatherred 1984).

That analysis is based on the equations that the
computer model uses to predict water temperature.
TEMPEST was developed to study the sensitivity of
stream temperature 10 environmental factors and
results are reponed in Adams and Sullivan (1990).
This analysis did not determine temperature
sensitivity based on model equations as these two
prior tests, but rather tested the sensitivity of the
model predictions themselves. These two approaches
may not produce consistent results because model
mechanics and the complexity of calculations. For
cxample, TEMP-86 is sensitive 1o many of the other
input vanables within a single hour of the model's
operation as indicated in the reported sensitivity
analysis. However, the hourly starting water
temperatures provided as input essenually calibrate
the model every hour and overwhelm the model's
sensitivity to other variables.

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

; SENSITIVITY VALUE

N Stream Maximum Mean Minimum
; PARAMETER Size Temp Temp Temp
AIR Small 8.59 5.87 3.60
TEMPERATURE
Medium 8.00 5.01 3.36
Large 4.719 2382 2.86
GROUNDWATER Small -0.70 -0.43 -0.15
RATE
Medium -0.40 -0.28 -0.15
Large -0.21 -0.15 0.09
HUMIDITY Smal} 5.35 4.92 495
Medium 4,75 3.73 291
Large 290 2.04 1.31
SKY VIEW Smalt 5.51 0.88 -3.09
FACTOR (Shade)
| Medium 1.69 1.40 -1.19
| Large 1.66 0.71 20.53
SOLAR Small 9.04 3.63 0.00
Medium 6.30 2.95 0.03
| Large 3.25 1.61 0.03
|
INCOMING WATER Small 0.16 1.89 2.90
| TEMPERATURE
| Medium 5.02 5.01 7.04
| Large 9.34 8.87 9.46
WIND SPEED Small -1.49 -0.55 0.40
Medium 0.13 006 -0.02
Large 0.42 0.22 0.02

STREAM DEPTH Sensiuvity of diurnal range = -2.47
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Table 4.4 Model sensitiviry values of the TEMP-86 model Values indicate the relative sensitivity value

of each parameter, nol an actual change in temperatire.

SENSITIVITY
PARAMETER Stream Maximum Mean Minimum
Size Temp Temp Temp
AIR TEMPERATURE  Small 0 0 0
Medium 0 0 0
Large 0 0 0
GW INFLOW RATE Small 0 0 0
Medium 0 0 0
Large 0 0 0
HUMIDITY Small 0 0 0
Medium 0 0 0
Large 0 0 0
SHADE Small -0.97 -0.24 0.08
Medium -0.40 -0.10 0
Large -0.15 _ -0.04 -0.01
SOLAR Small 0 0 0
Medium 0 0 0
Larpe 0 0 0
STARTING MAX Small 16.00 8.03 0.46
WATER TEMP
Medium 16.27 8.13 0.27
Large 16.42 8.18 0.15
STARTING MIN Small 0 5.27 10.0
WATER TEMP
Medium 0 5.27 10.2
Large 0 5.27 104
WATER VELOCITY Small 0.97 -0.03 0.79
Medium 0.12 0.26 -0.39
Large 0 0 0
PERCENT POOL Small 0.09 -0.04 -0.02
Medium -0.02 -0.02 -0.04
Large -0.02 -0.03 -0.03
POOL DEPTH Small -1.07 -0.25 0.04
Medium -0.59 -0.13 0
Large 0.24 -0.04 0

STREAM DEPTH?

Sensitivity of diurnal range = -1.49

1 This model uses stream width as an input variable. Depth was calculated as a function of stream width.
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radiation as being of high imponance {(Critendon,
1978). While solar radiation does significantly affect
maximum water temperature predictions {or smaller
streams (Brown 1969), the overall impontance of this
variable for larger streams and for mean stream
temperatures may have been somewhat overstaled in
the past.

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

Model predictions were also quile sensitive to relative
humidity. Evaporation heat exchange is a function of
water. vapor pressure, which in tum is dependent on
humidity at a given air lemperature. While the water
vapor pressure is a function of atmospheric weather
conditions, the relative humidity for the amount of
waler present in the aimosphere is a function of the
air lemperature. For modeling purposes, a good
understanding of how relative humidity fluciuales
with air iemperature is necessary 10 select appropriate
input values,

Figure 45 Sensitivity analysis for change in predicted maximum water temperature
with variables in small streams with Brown's model
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Future field data collection efforts should be
minimized for variables showing little sensitivity.
These include wind, groundwater, dust reflectivity and
ground wransfer coefficient values. However a good
understanding of the stream being modeied 1s
necessary o be sure thesc vaniables are not specified
with extreme values which might affect predictions
in spite of low sensitivity. Staring water
temperaturc was important for large streams but not
for smaller streams. The TWG study sites were

mostly streams less than 0.5 meters in depth and
thus would not be particularly sensitive to starting
waler temperatures. Shade values were of comparable
imporiance for TEMPEST and SSTEMP modcls.
Maximum temperatures in small streams were most
affected. Mean water iemperatures were somewhat
affected, because less shade provides an increase in
the net energy input to the stream. However, the
effect on daily mean temperature is reduced since a
greater energy loss occurs during nighttime with
reduced shade values.

Table 4.5 Model sensitivity values for Brown's Equation.Values indicate the relative

value of each parameier, not an actual change in temperaiure.

] SENSITIVITY

PARAMETER STREAM VALUE for

SIZE MAX TEMP
BOULDER (%) Small 0.52
Medium 0.18
Large 0.07

STREAM ANGLE

SOLAR ANGLE

SKY VIEW FACTOR
(Shade)
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The reliability of model predictions is dependent on
both the model's sensitivity to input variables and
the modeler’s ability to provide correct values for
those variables. The amount of effort required
generate correct values is dependent on the actual
variability of the parameter, and on it's rate of change
over time. Nearly all variables to which water
lemperature is sensitive (o vary in nature. The single
daily estimaie required by most models will be only
an approximation of the central tendency of the
variable. Hourly, daily and/or geographic variability
may exist. If a model were sensitive 10 a variable that
changes hourly and is difficult to estimate then the
reliability of the predicted temperatures will be
reduced. Use of regional estimates for a sensitive
parameter will only produce reliable results if the
actual value does not vary significantly than the
estimate for the region. Reliability analysis is an
evaluation of model sensitivity in relation to
parameter variability.

Analysis Steps

The means and standard deviations of model input
values for the 33 primary sites were calculated.

Since these sites covered a broad geographic range, it
was felt that this data adequately described the range
of input values likely to be encountered in
Washington for T/F/W purposes. Regional NOAA
data was used for air temperature, wind speed and
humidity values since the longer period of record
beuer describes regional trends and the true range of
variability. The model sensitivity values (section
4.2.1) are the slope of the regression of predicted
lemperalure response 1o a change in the input value.
Changes in input values were expressed as a
percentage of a "standard” input valuz. For reliability
analysis, maximum, minimum and mean valucs for
each input parameler were expressed as a percentage
of the "standard" value used in sensiuvity analysis.
The mean value for each parameter expressed as a
percentage of the "standard” was then subtracted from
the percentage values comresponding to the maximum
and minimum observed parameter vaiues. This was
necessary so that maximum and minimum input
values expressed as percentages centered about the
true mean rather than the "standard”. The following
example is provided for clarification/

For Coastal Washington during the study period:
Maximum observed wild speed = 3.66 m/s
Mean observed wind speed = 2.49 m/s
Standard value wind speed = 3.576 m/s
Sensitivity value wind speed = 0.506
Reliability value for wind speed =
(- 3.576)/3.576 = 0.02
(- 3.576)/3.576 = -0.30
-{-0.3) * 0.506 = 0.17

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

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

Results

The change in the predicted temperature associated
with one standard deviation of the range of the input
vanable was calculated. For most variables the
calculated range in predicied temperatures was
surprising low (Figure 4.6). Possible regional
differences in rehability were explored during data
analysis because of differences in stream
characieristics, but no significant differences were
found. Only state-wide results are presented in Figure
4.6,
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Figure 4.6 Model reliability analysis results showing the range of the predicied mean
temperature associaied with the observed range of each input variable. Blocks are the
15t standard deviation and bars are the range.
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TEMPEST had the best overall reliability with an
average value of 1,12 ©C change in predicied
temperature for a change of one standard deviation in
either of the two most sensitive vaniables.
Temperatures predicied by the model for the range of
each paramelter varied as much as 2°C for the
maximum and minimum and 10C mean temperature
10C for air temperature, stream depth, relative
humidity, and groundwater temperature. SKy view
factor was relatively less important. Predictions with
this model were also influenced by the starting water
temperature used to initialize the calculations,
(TEMPEST begins calculations for the peniod at a
specified temperature, eventually reaching the
equilibrium temperature. For small streams this takes
only a few hours, while for larger rivers it may take
one-day or longer. Thus, temperatures predicied
before the model is calibrated may be lower than
observed tcmperature.)

SSTEMP varied relatively liule with most
parameters, but air temperature had a strong influence
on predicuons (Figure 4.6) Predicted temperature
varied as much as 6°C over the range of air
temperatures used in this analysis. Stream width, the
shade density and relative humidity were also
important. Wind speed, solar radiation, and
groundwater emperatore were relatively less
important. Depth is calculated by the model.
Changes in the calculaied depth led to modest
changes in the siream emperature

TEMP-86 predictions were strongly influenced by the
starting maximum and minimum water lemperatures
provided as input values (Figure 4.6). Predicied
maximum and minimum temperature varied as much
as 6°C and mean temperature as much as 20C for the
range of water temperatures provided. Variability in
other parameters had relatively little effect on
predictions.

Discussion

The reliability analysis showed promising prospects
for the use of regional estimates for input paramelers,
which would greatly reduce costs associated with
temperature modeling. Starting water temperature for
all models needs 1o be carefully evaluated when
modeling streams greater than 0.4 meters in depth.
Effort expended in data collection for temperature
modeling in most streams would best be spent on air
temperature data. Using regional values for difficult
10 measure parameters such as humidity would likely
produce acceptable results when predicting mean
temperatures. Reliability anatysis for TEMPEST
indicated onc could use regional values for humidity
and effect mean temperature by less than 1.00C
ninety percent of the ime, provided other input
parameters are comect.

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

This reliability analysis only reviewed mean water
temperature predictions. The ranges shown in
reliability graphs (Fig. 4.6) are for the potential
range in mean water iemperature predictions given
the range for cach parameter. The results from this
analysis should therefore be applied only to
Waghingion streams similar to the pnimary site
streams, The necessary range of input values might
be considerably different in another geographic area.
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SITE MODEL EVALUATION

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

Model performance was evaluated by running each of
the models for a forty-day consecutive period at each
of the thirty three primary siies where field
measurements were available. Model-testing sites
were chosen 10 cover as wide a range of stream sizes,
stream-shading, and regional locations as possible.
Daily predicied values of maximum, mean, and
minimum water temperature were compared o
observed values using several descriptive statistics.
The fonty-day period was intended 1o contain all
wcather conditions present at a sile during the
summer testing period, including both sunny and
cloudy days. Except for Brown's equation, each of the
models was expecied to predict iemperature under all
normally occurring ambient weather conditions, since
such factors as cloudiness are accounted for in energy
balance calculations. (Because Brown's equation has
no accounting for cloudiness, this model's predictions
were evaluated only on sunny days. Although
TEMP-86 was intended 1o be used only on sunny
days, the model was predicting so accurately that is
was decided to evaluate performance over the entire
testing period.)

This model testing design represented a evaluation of
realisic weather conditions during the hottest times
of the year and was not weighted 1o predicting hot
days exclusively, as is often done in tlemperature
prediction. This was considered imponant if model
predictions were 10 be used to assess practices under
regulations that use biologic temperature defined as
consecutive exceedence of iemperatures over a time
interval.

The modeling period varied by site and was chosen to
center around the time of the field crew visit so that
estimated values of stream flow and other parameters
that vary slowly in time would be as accurate as
possible. To the extent possible, the time period was
also selected 10 include the warmest summer periods
which generally occurred from late July to August.

Methods

Analysis Steps

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

The next step in model evaluation involved running
each of the models over a forty-day iesting peried and
determining its accuracy in predicting a variety of
temperature characterisucs as described in the
staustical analysis section (Model Testing).

Once model performance was determined, the best
predictive madel was selected (Model Selection).
While good performance was an essential basis for
the selection decision, practical considerations such
as cost of routine application, model vser-friendliness
ang reliability were also considered important. Rating
criteria were developed for model performance (drawn
from the model-testing results), retiability (drawn
from the sensitivity analysis) and practicality {(based
on the TWQG's experience) and applied 1o each. The
model was selected based on total scorc.
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One final evaluation step was necded 1o develop the
selected model for TFW application (Mode!
Optimization). While site modeis were tested
rigorously with comprehensive data collected at each
site, such detailed information will not be available
for routine TFW use, Importantly, it will not be
feasible 10 measure the climatic data that models are
sensitive 1o, such as air temperature and refative
humidity, at all sites throughout the state where the
model may be applied. In Chapter 7, the selected
model was run through a series of simulations where
dawa input was varied and estimated values substituted
for measured values to reflect realistic constraints on
operational use of a temperature prediction model.
The best balance of model accuracy and cost
effectivencss was identified. Based on these results, a
model and procedures for use are recommended for
TFW application {Chapter 7: Recommendations).

Data Processing

Actually running the four site models and three basin
models to generate the predicted daily values was an
immense task. Each of the models reguires a mix of
site-specific variables, constants, and parameters
estimated from regional data {see Table 2.3}, Using
this array of data to predict icmperature for a large
number of sites over long periods of time appears to
be an unprecedented use of the these models. The
testing design stretched data input and output
procedures well beyond those originally designed by
the medel authors. (Most of the models were intended
tw predict temperature for one day at a time with data
entered in 2 menu-driven format.) Complex data
handling procedures were developed by the TWG to
streamline data input and output and manage the large
volumes of data generated by the TWG and study
cooperators. (Temperature measurements alone
accounted for over 300,000 data values analyzed in
this study!)

A general schematic indicates the type of data and its
usc in the study (Figure 4.7) Mcasured stream, water
and air temperature and climatic information were
used both as input to the models as well as for
determining characteristic temperature regimes for
Washingion streams and rivers (Chapter 6). How data
was measured or estimated is described in Chapier 2.

Input parameters can be categorized by their
variability in ume. Static parameiers such as site
latitude, site elevation, and riparian character, were
constant during the 40-day modeling period. Most of
these data were derived from maps, except for riparian
characteristics which were measured at each site.

Ficld measurements, and data generated from maps
were entered into a series of personal computer
databases. Due 1o differences in data structure riparian
shading data, channel morphology data, hydrology
data, and site location data were each kept in scparate
databases. Summary statistics from the nparian and
channel morphology databases were combined with
the hydrologic and locatton data 1o form a data array
for all sites that was stored as a spreadsheetL

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

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

The observed temperature data for all sites and the
NOAA weather data was also used 1o determinc
temperature regimes in streams and rivers of
Washington (Chapter 6).
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Figure 4.7 Data processing schematic for the study.
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Some parameiers, such as stream depth, water
velocity, strcamflow, groundwater discharge, and
groundwater temperature do vary slowly over the
summer peniod but were assumed to be static during
the 40-day simuiaton intervals, This was probably a
good assumption during the summer low flow
months but might not be appropniate for modeling
other tme periods. This daia was stored in the large
site database.

Temperature Regime
Characteristics of
Washington Streams

Each of the models tested had unique data needs in
terms of data format, uniis of measure, and parameter
values. A series of file formauing programs were
writlen to merge, edit, or extract model input
parameters from the various files and spreadshects
lisied above 1o run all four models for the forty-day
test period for each of the thirty-three primary sites at
the same time. SSTEMP, TEMPEST and TEMP86
were run as they were designed, and Brown's equation
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was developed and run in a spreadsheet format. The
input and output sections of the TEMPEST and the
SSTEMP models were modified to facilitaie data
importing and archiving of simulation results. (These
modifications are noted in the program listings in
Appendix C.)

All of the models' output was stered on a mainframe
computer, and each site's predictions for the four
reach models were combined in a file. The model
results for each site were compared with the observed
temperatures for each site, also kept on mainframe.
Input parameter sets for cach model iesting iteration,
as well as all model outpuls and statisiics
calculations, were archived on floppy disk.

Statistical Analysis

Model performance was determined by carefully
examining daily temperature predictions for accuracy,
precision, consistency and bias.

Accuracy. Accuracy reflects how close the prediction
is to the true value and is 2 measure of the
correctness of the result. Accuracy is usually
dependent on how well sysiematic errors in either
predicted or observed values can be controlled. The
observed temperature was assumed to be the best
estimate of the true value, although this assumption
may not always be correct. (The observations of
temperature themselves could contain sysiematic
error or bias due to instrument drift. Different

thermographs measure temperature with varying
levels of accuracy.)

The measure of accuracy used thronghout the model-
testing analysis is the difference between the predicted
and observed 1emperature, referred 1o in graphs and
ables as the WSTAT, or W-statistic for convenience.,
For most analyses, the daily WSTAT is averaged
over the number of days in the modeling period.
Hence,

Accuracy:

WSTAT = 2 (Predicted Temp-Observed Temp)
@.1)

A posiive WSTAT indicates that the model predicted
a higher temperawre than actually occurred and the
value indicates the number of degrees. (A schematic
of this measure is shown in Figure 4.8} A negative
number indicates that the model predicted a lower
temperature than actually occurred. This measure
represents an easily inlerpreied number indicating
model accuracy: if the model predicts well, the
average of the daily WSTAT should equat 0.

Figure 4.8 Schematic depicting the method of analysis of model prediction results.
WSTAT is calculated as predicted-observed temperature.
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Hg: The model is accurate if the average of the
daily WSTAT equals 0.

Hj: The model is not accurate (biased) if the

average WSTAT is eithergreater than or less
than 0.

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

€i =Yi-Yi (residuals)

eifs (standardized residuals)

where yi=observed and y; =predicted, and s is the ith
standard deviation of residuals, should be normally
distributed with a mean of zero and unit standard
deviation. By the same reasoning, WSTAT should be
normally distributed with 2 mean of zero. These
measures lend themselves o simple statistical tests
based on normally distributed populations such as
Swudent's T-tesis 10 ascertain reliability of prediction
results, sample differences, and so forth.

Precision. Also imporiant in model performance is
the precision or variability of model predicuions.
Precision is a measure of how exactly the result is
determined, its reproducibility, and is therefore an
indicator of confidence in model results. The
precision is dependent on how well random errors can
be overcome and analyzed (Bevington, 1969).
Although the average W-statistic over time was
expecied to equal 0 if models were predicting
accurately, the prediction on any day could be
significantly higher or lower than the observed
temperature due o random or unsystematc errors.
Primary sources of such random error reflect the
abiiity 1o measure climatic and site characteristics and
1o estimate regional values required by the modeis.
Undoubrediy the accuracy of these estimates also
varied between sites.

The primary measure of precision used in this
analysis was the "average error”, calculated as the
absolute value of W-statistic summed over the
testing period and divided by the number of days.

Precision: n

Average Emor= 2, [WSTAT |

i=]

n (4.2)

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

The average error provided an estimate of how closely |
the temperature was predicted each day. For example,

an average error of 2 indicates that the predicted -
temperature was usually within 2 degrees of the

observed value, but ignores whether the model

prediction was higher or lower than observed

temperature. Other measures of precision used in
statistical analyses during model-testing include the
standard deviation and variability of WSTAT. For

most illustrative purposes, however, the primary

measure of precision for analyzing temperature

models is the average error. This number was felt 1o

have greater intuitive value because it indicates the

actual number of degrees that predictions were in

error,

Fot a model 1o achieve good performance ratings, the
W-statistic would need 10 be small {the model is
accuraie) and the average error would need to be low
(the model is precise). It was not assumed that a
model would predict all temperature characteristics
with the same accuracy because the models all
calculate temperature somewhat differently. For
example, a given model may predict daily mean
temperature well but predict diurnal fluctuations
poorly. Therefore, all temperature characteristics were
cvaloated separately,

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

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

Model Iterations

The model authors recommend methods for
estimating input values (termed "standard values” in
this report). In some cases, there is opportunity for
the user 1o exercise some discretion and use other
estimation methods that may be more feasible, or
more cost-effective. The TWG wanied to explore if,
and how, using different esimation methods for
some input vaniables would affect model
performance. For a few key input vanables, alternate
esumation methods were used and model results were
compared with the intent to 1dentify the best
esuimation method and w explore the effects of using
different input estimates on model performance.
Mode) performance was evaluated using the W-
staustic and chotces were then made on how 1o
calculale key input values for the next model-testing
slep.

Input variables tested included groundwater inflow
rale, riparian shading, length of strearn reach, and the
initial water temperature value (lisied in Tabie 4.6).
Although all four reach models have these input

variables, only the TEMPEST and SSTEMP models
were studied due to pracucality considerations.
(TEMP-86 and Brown's equation were both
cumbersome and time-consuming to use, precluding
completion of this kind of exploration in a umely
manner.)

Input Variable Comparisons

Gropndwaler Inflow Ratg, The amount of
groundwater inflow to a stream reach is extremely
difficult to measure accurately. Sensitivity analysis
showed both SSTEMP and TEMPEST to be fairly
insensitive to groundwater inflow rate at summer low
flow conditions in typical Washington streams, 5o
errors in estimation may not have a significant effect
on model prediction capability. The SSTEMP model
recommends estimating groundwater inflow by
measuring streamflow and comparing the difference
between two measurements taken at the upstream and
downstream ends of a study reach. Generally, stream
gaging techniques are only accurate to within 10-
2(}%, so small increases in flow within a reach may
be difficult to detect. TEMPEST s author
recormmends that the inflow rate be derived from a
summer low flow or baseflow estimate, divided by
the length of perennial siream in the basin, which
can be derived from maps.This test explored the
difference in predictions between the two groundwater
estimation techniques.

Sireamside Shading. The effects of changes in
stream shading on waler tlemperature are an important
TFW concern. Both the SSTEMP and TEMPEST
models are sensitive 10 changes in the shade input
value, but their recommended methods to estimate
shading vary significantly. TEMPEST recommends
estimating the total stream openness (" View-10-Sky"
factor), which can be done as a visual (subjective)
estimate, or measured with a densiometer. On the
other hand, SSTEMP uses a program subroutine
(SRSHD) to compute the stream shading value from
a detailed array of topographic and riparian zone
measurements. (Shading and openness are merely the
inverse of one another. Reference to shade or
openness reflects preference of the authors for
communicating the concept.) The SRSHD model
produces a iotal stream shading value similar to the
view factor estimated direcily in the field. The TWG
wanted to explore whether a simple measure of the
shade value would suffice for the SSTEMP model,
instead of the detailed measurements called for by the
authors. This simpler method would be more
conducive for using this model to predict the effects
of aliernative silvicultural prescniptions. This
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alternative method of estimating shading was only
tested for the SSTEMP model,

Inpyt Water Temperaure, In order to start modeling
calculations that are gencrally expressed as differential
equations varying with ume, SSTEMP and TEMP£6
require an input water temperature value al the start
of each modeling time-step (one hour for TEMPSS6,
and twenty-four hours for SSTEMP). Sensitivity
analysis showed that TEMPS6 and SSTEMP are
sensitive to the input water temperature value,
depending on stream size. TEMPEST is also
sensitive to input waler temperature values, but only
for the first twenty-four hours of its multi-day
modeling period. (Although not usually reguired, the
TEMPEST program was modified to accept an input
daily water temperature value for this test.)

Clearly, hourly water temperature are not a variable
that will be generally available when a model 1s nsed
in a TFW application for prediclive purposes prior to
riparian zone management. This mode! neration
tested 10 see if a significamt difference in
modelingaccuracy oceurs if an input water
lemperature is randomly specified from a range of

regionally appropriate values as opposed 1o the
measured water temperature thal was available from
the study sites. If the model performance was not
affected by a less-accurate estimate of starting water
temperature, use of regional values for input water
temperature ¢ould be used in TFW applications.

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

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

STANDARD

ALTERNATIVE

MODEL VARIABLE
USF&WS-. Groundwater Inflow
SSTEMP
Riparian Shade
Reach Length
Starting Water
Temperature
TEMPEST Groundwater Inflow

Starting Water
Temperature

Field measurement

USF&WS SRSHD

600 meters

Measured at upstream and
downsiream end of reach

Basin estimate

Measwred

Basin estimate

View-lo-sky--% total sky
view

24-hour travel time

Randomly selected from
observed range

Field measurement

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

In several cases, altermatives to model input values
did change the model prediciion results, especially for
maximum and minimum temperatures. On a site by
site basis, no input set consistently predicied all three
temperature characieristics better than standard
methods, although some methods improved either
maximum, mean, of minimum temperature
estimates. W-statistics and errors are summarized for
all sites by iteration method in Figures 4.9 and 4.10,
while W-statistics and average errors for maximum
temperature are provided by site in Table 4.7,

Estimated Groundwater vs, Standard, The SSTEMP
"Standard” input set used the two on-site flow
measurements 1o estimate groundwater, and the basin
groundwater alternale set used the map-estimated
value (Table 4.6) . The SSTEMP standard yielded

superior predictions than the alternative input set
(Figure 4.9, 4.10). While the mean W-statistic was
similar for both methods, the maximum and
minimum temperature estimates were much worse
using the aliernate method. The SSTEMP "standard"”
method was used in model tests 10 esumate this
parameter,

Sky View Estimate, The SSTEMP "Standard™ input
set contained shade values calculated by the SRSHD
program, as recommended by the authors, and the
"Sky view" allernative input set contained the
measured densiomeler reading from the site.
Interestingly, the model estimated maximum and
minimum temperatures better with the sky view than
the standard method {p<0.01),while predicting the
mean temperatures about equally well. Model
precision, indicated by the average error, was similar
for the maximum and minimums, although the
View-to-Sky set was a little less precise in predicting
the means. When compared, the calculated total view

Figure 4.9 A comparison of the W-statistics computed for iterations of
the SSTEMP reach model {averaged for all sites).
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Table 4.7 W-statistics and average error of the maximum temperaiure for each site with different iterations of input vairables for the USF &WS SSTEMP
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model,
W-STATISTIC (PREDICTED-OBSERVED) ABSOLUTE ERROR

SITE Standard Sky View Reach Basin GV Water Temp | Standard  Sky View Reach Basin GW Water Temp
AA 1.0 1.0 2.8 6.3 1.1 1.2 1.2 2.9 6.3 1.6
AB 1.4 2.0 2.0 3.5 2.0 1.6 2.2 2.8 38 2.3
AC 0.3 0.3 -1.1 0.3 0.5 0.4 0.5 1.2 0.5 0.8
AD 0.0 -0.2 0.2 2.6 -0.2 04 0.5 0.7 2.6 0.9
AR 0.1 0.3 1.1 0.8 0.8 0.5 0.6 1.5 1.3 1.7
AF 0.3 -0.3 1.3 s -0.2 0.6 0.7 1.8 3.6 1.8
AG 0.9 1.2 2.3 4.5 1.3 1.0 1.3 2.5 4.7 1.8
AH 1.6 -0.1 1.4 33 0.0 1.8 0.9 2.2 1.6 1.5
Al 0.4 0.0 -0.4 1.6 -0.4 0.8 0.8 1.1 1.9 1.7
Al -0.9 -1.3 -0.7 3.0 -1.7 1.1 1.4 1.0 3.t 2.2
AK -0.8 -1.0 -1.4 1.9 -1.2 1.0 1.2 1.5 2.0 1.9
AL -0.2 -0.6 0.8 3.9 -0.2 0.9 1.1 1.5 4.0 1.8
AN 1.2 0.3 3.1 4.7 0.3 0.1 0.6 3.2 4.7 1.0
A) 32 1.9 43 5.6 20 32 2.0 4.5 5.6 2.1
AP -1.0 -1.0 -2.9 -0.5 -1.4 1.1 1.1 2.9 0.7 2.1
AQ 0.8 0.9 0.7 2.1 0.9 1.1 1.2 1.7 2.7 1.7
DA 0.5 1.0 -04 29 1.0 0.9 1.1 1.7 2.9 1.6
DB .9 0.8 -1.7 1.1 0.7 0.9 0.9 2.3 1.2 1.1
1C 0.1 0.9 -1.1 1.2 0.9 0.9 1.2 1.5 3.1 1.2
D 0.6 0.5 0.7 £ 04 0.9 0.8 1.9 32 1.8
HC 2.0 1.7 35 5.6 1.2 2.0 i.7 3.7 5.6 1.6
HG 1.9 1.3 2.1 3.6 0.9 2.0 1.4 2.5 3.7 1.4
BC 4.3 34 4.7 5.4 32 4.3 3.4 4.8 54 3.3
BD 0.1 0.1 -1.0 2.5 -0.1 0.8 0.8 1.4 3.0 1.1
BE 0.1 -0.2 -2.0 0.9 -0.1 0.5 0.5 2.0 1.0 0.7
GA 2.7 1.9 4.0 6.5 1.9 2.9 2.2 4.2 6.6 2.2
CA i3 1.8 54 1.7 1.7 33 1.8 54 7.7 1.7
CB 4.3 1.7 6.8 7.4 1.7 4.3 1.7 6.8 7.4 1.8
cc 2.1 1.3 45 5.0 1.2 2.1 1.2 4.5 5.0 1.4
cD 2.5 1.4 5.5 6.4 1.3 2.5 1.4 5.5 6.4 1.6
EA 1.7 2.7 0.5 2.6 2.8 1.7 2.8 1.8 2.9 2.9
ER 0.4 0.6 -0.9 2.1 5.6 0.9 0.9 1.2 2.4 5.8

AVERAGE 1.¢ 0.7 1.3 3.4 0.5 1.5 1.3 2.6 3.6 1.8
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from the SRSHADE model tends to be greater than
the measured view (Chapter 3), thus accounting for
the tendency for temperature estimates {o be greater
with the calculated value.

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

Although mode! performance was acrually improved
by substituting the measured view with the calculated
view, the TWG decided to use the SRSHD calculated
shade estimate in model-tests. Not doing o would
represent such a large departire from normal moded
use that it was feared that the change might trigger

criticism that a fair test was not performed. The
TWG fecls, however, that users of this model can
substitute a total sky view {or shade) measured at the
site with a densiometer for the more complex
measurements required (o run the SRSHADE model.

4-H h Length v n 1§
The "standard" SSTEMP input se1 contained the 600
meter reach length, and the "24-Hour Reach" set
contained the longer reach lengths determined by
wravel distance in 24-hours for each site. Because of
the routing calculations used in SSTEMP, it was
hypothesized that the standard, 600-meter reach
length would yield poorer predictions than the
longer, 24-hour reach length. That was not the case.
There was no statistically significant difference
between the W-statistics for either input parameter
set for the maximum, mean or minimum
temperawres. The average error was better for the
standard on maximum wmperature, and the same for
both sets for mean and minimum temperature.,

Figure 4.10 A comparison of the sum of the absolute value of the difference between
predicied and measured water temperature (absolute error) computed
for iterations of the IFIM reach model averaged for all sites.
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Because Lthere seemed to be little difference between
the two sets of results, the measured reach length of
600 meters rather than the artificial "24-hour” reach
length was used in model tests. This was felt 1o be
most appropriate, especially in the headwalter streams
where a "24- hour" distance often did not exist
upstream of the study site.

Random Inpyt Water Temperature vs, Standard, The
"Standard" input set contained measured water
iemperature values, and the "Random Water” input
set contained the randomly specified values for each
site. Overall model performance using the random
walter input values was similar (o the standard set.
The standard model was significantly less accurate at
predicling maximum temperatares (p<0.01), while
predictions of mean and minimum temperature were
the same with the two methods (Figure 4.9). Model
precision was also similar.

These results indicated that esumaung the water
temperature input would be acceptable. It is possible
that this result could be partly caused by the size of
streams in this study. Most of the study sites had
average depths less than 0.5 meters. Sensitivity
analysis for the SSTEMP and TEMPEST models
showed only larger streams (greater than 0.4 meters
in depth) to be sensitive to initial water iemperature,
While it may prove cost- effective to use a regionally
averaged initial waler temperature value in a TFW
application of this model, it may be necessary 1o rely
on observed temperatures when modeling larger

streams.

Although some alternative methods for estimating
input variables did result in improvements in the
SSTEMP performance, in no case was improvement
significant enough 1o justify changing input
estimates for the model-iesting step. The TWG felt it
was best to stay as close as possible to the authors’
recommendations for model-testing to provide the
fairest tests. Therefore, the SSTEMP model tested
contained a parameter set including SRSHD
estimates of riparian shading, groundwater inflow
values derived from field measurements, a 600-meter
stream reach length, and actual measured values of
starting water lemperature, among the other required
variables. However, the results of these model input
variable tests suggest that several variables may be
estimated more ¢asily than current model
recommendations without loss of predictive
capability. It was recognized that resulis from this
test of aliernatives would be used w develop
alternative recommendations should this model be
used in TFW applications.

TEMPEST

Aliernatives for two input variables, groundwater
inflow rate and random water temperature, were tested
for the TEMPEST model. Resuits of the tests are
presented by site in Table 4.8 and in summary in
Figure 4.11 and 4,12, Although results vary by site,
TEMPEST, predicted quite accurately on average

Figure 4.11 A comparison of the w-siatistic calculaied for iterations of the

TEMPEST model averaged for all sites.
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using the standard variable input sets. No alternative
input set predicted significantly better than the
standard for ali temperature characteristics.

Measured Groundwater vs, Standard. For
TEMPEST, the "Standard” input set used the inflow
raie derived from basin characieristics, while the the
"Measured Groundwater" aliemnate set used Lhe raie
calculated from flow measurements. Model
performance using the measured groundwater was
worse than the standard when predicting maximum
and mean temperatures, but was betier at estimating
minimum temperatures {p=0.03). Model precision
was lower in all cases when the measured
groundwater value was used.

Random Water Temperature vs, Standard, Overall
modet performance using the random water inputs
was as pood or better than the standard model. The
maximum and minimum were not significantly
different, but the prediction of the mean was
significanty improved (p= 0.04). The average error
tended w be a litle higher with the random water
inputs, but was not statistically different.

For the TEMPEST model, the TWG concluded that
the basin estimate of groundwater, which is much
more easily denved than the measured estimate,
provided a quite adeguate estimate. While it was
decided 10 use the observed input water temperature
values for the mode! testing step, it was recognized
that, if an appropriate range of regionally derived
values could be specified, modeling performance
would not be decreased significantly. Because the
input water temperature value only affects the
TEMPEST mode} for the first 24 hours of the
modeling period, greater care in specifying this value
is probably not necessary. Sensitivity analysis
indicates that for streams with an average depth
greater than 0.5 meters, this model may require a
more accurate starting water temperature value. These
considerations are addressed in developing the TFW
application recommendauons for these models.

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

Figure 4.12 A comparison of the sume of the absolute value of the difference berween
predicted and measured water temperaiure (absolute error)
computed for iterations of the TEMPEST mode!l averaged for all sites.
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W-STATISTIC (PREDICTED-OBSERVED)

Table 4.8 W-siatistics and average daily error for the maximum daily temperature for TEMPEST model iterations.

AVERAGE ERROR

SITE Random Groundwater Standard Random Groondwater
Water Temp Water Temp
AA 0.1 1.8 1.7 32
AB -0.7 2.2 2.4 1.9
AC 1.3 1.3 1.3 33
AD -0.6 09 0.9 2.5
AE 14 1.5 22 2.7
AF 0.1 13 1.7 1.1
AG 1.9 1.9 2.2 9
AH -0.5 1.0 1.4 1.2
Al -0.6 0.9 1.2 0.9
Al 0.4 0.9 1.3 1.1
AK -1.2 1.3 1.7 1.4
AL -1.0 1.0 1.9 1.3
AN 0.6 1.0 1.2 1.2
AO 1.5 2.1 2.3 24
AP 0.1 0.9 1.2 1.2
AQ 0.3 . 24 2.3 1.9
BC 2.1 . 23 2.4 32
BD -1.2 -1.5 1.3 1.5 1.5
BE 0.4 0.7 0.6 0.7 1.0
CA 2.6 4.0 29 29 4.0
CB 1.8 37 1.8 1.9 1.7
CcC 0.6 13 1.7 1.7 1.6
CD 1.3 2.8 19 20 2.8
DA -0.3 1.5 0.6 1.3 1.9
DB 04 20 0.8 0.9 2.2
EA 4.2 5.5 4.1 4.3 56
R -1.2 -0.7 2.5 2.2 1.5
GA 0.4 2.5 1.0 1.1 2.5
HC 1.0 1.6 1.2 1.2 1.7
HG -0.5 0.4 0.6 0.9 1.3
1IC 1.3 2.7 1.4 1.4 2.8
D 0.2 1.9 1.4 1.3 2.0
AVERAGE 0.4 I.4 1.5 1.7 2.2
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Comparison of Model Performance

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

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

Results were examined on a site-by-site basis, and in
aggregale yiclding an overall evaluation of model
performance as an average of all sites,

Examining W-statistics for the mean siream
temperature at the thinty-three sites iHustraies general
patterns in mode! performance from site 10 site
(Figures 4.13 and 4.14; for those interested in
performance of an individual site, a list of siream
names represented by the site codes shown in the
figure can be found in Table 2.1). Generally, all of
the models predicted temperature fairly well, although
none of the models predicied well at every site. For
many sites, the average difference between observed
and predicted values (the W-statistc) fell within
£10C. Since some equipment used in the swdy
cannot measure temperature with greater accuracy
than £1°C, predictions within this range were
considered by the TWG to be essentially the same as
the observed temperanire,

All models occasionally predicted temperature very

Figure 4.13 Average w-statistic for mean water temperature predicted for each site
in the western Cascades, Puget Sound region. ~
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badly, but none did so consistently. (Input data were
carefully re-examined at all sites where estimales
were very poor. If no errors were detected, the poor
estimate was allowed 10 stand and was viewed as par
of the unexplained variability in model performance.)
No site was predicted poorly by every model, which
was viewed as an indication that no site’s observed
wmperature data were extremely inaccurate.

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

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

Figure 4.14 Average w-siatistic for mean water temperature predicted for each site

in eastern and coasial Washingion.
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Table 4.9 Average w-statistic and daily error for predicted maximum temperature by site.

{ W-STATISTIC (PRE-OBS) AVERAGE ERROR |
SITE TEMP. TEMPEST SSTEMP BROWN|TEMP. TEMPEST SSTEMP BROWN
86 86
AA 0.0 -0.3 1.0 -1.3 1.0 1.8 1.2 1.3
AB 0.5 -0.5 1.3 -0.3 0.9 2.2 1.5 0.8
AC -0.1 1.2 03 6.4 0.4 1.3 0.4 5.5
AD .0 -0.8 0.0 -0.5 0.5 0.9 0.4 0.7
AE 0.1 0.9 0.1 0.4 0.6 1.5 0.5 0.7
AF -0.2 0.0 0.3 -5.7 0.8 1.3 0.6 6.5
AG 34 1.6 0.9 -3.4 3.2 1.9 1.0 3.9
AH -0.2 -0.8 1.6 -4.8 0.8 1.0 1.8 5.4
Al -0.1 -0.5 04 -5.0 0.9 0.9 0.8 5.7
Al -0.1 -0.4 -1.0 -4.5 1.0 0.9 1.1 5.1
AK -0.3 -1.3 0.8 -5.3 0.9 1.3 1.1 5.0
AL -0.2 -1.0 -0.2 -5.4 1.0 1.0 0.9 5.1
AM -0.1 -0.2 0.9 -2.9 0.4 0.9 1.3 2.7
AN -0.2 0.4 1.2 -3.2 0.7 1.0 1.3 4.8
AQ 0.3 1.5 3.2 -3.8 0.8 2.2 3.2 3.8
AP -0.3 -0.4 -1.0 -3.2 0.6 0.9 1.1 3.6
AQ -6.8 0.8 0.8 7.3 6.5 2.4 1.1 7.3
BC 0.9 20 4.3 0.0 0.9 2.3 4.3 0.5
BD 0.6 -1.2 0.1 0.0 0.9 1.3 0.7 1.1
BE -0.1 -0.5 0.1 -1.8 0.5 0.6 0.5 1.9
CA 1.0 2.6 33 -2.8 1.0 2.9 33 2.8
CB 0.0 1.7 43 -3.6 0.6 1.8 4.3 3.6
cC 0.2 0.7 2.1 5.8 0.7 1.7 2.1 5.9
CD 0.1 1.4 25 -5.2 0.6 1.9 2.5 5.2
DA 0.0 -0.3 0.5 -2.8 0.7 0.6 0.9 0.7
DB 0.1 03 09 -1.7 0.4 0.8 0.9 0.9
EA 0.1 4.0 1.7 -1.3 0.5 4.1 1.7 1.8
EB -0.1 0.9 -0.4 -7 0.3 2.5 0.9 10.9
GA 1] 03 2.7 -0.9 11 1.0 2.8 0.7
HC 0.3 1.1 20 . -2.6 0.6 1.2 2.0 2.9
HG 0.2 -0.1 1.9 -3.5 0.7 0.6 21 3.9
IC 0.1 13 0.1 -1.3 0.4 1.4 0.9 1.7
> 0.1 0.2 0.6 -5.4 0.9 1.4 0.9 6.8
AVE 6.0 0.4 1.1 -3.0 1.0 1.5 1.5 3.6
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Table 4.10 Average w-statistic and daily error for predicted mean temperature by site.

W-STATISTIC (PRE-OBS) AVERAGE ERROR
SITE TEMP-8¢ TEMPEST SSTEMP| TEMP-86 TEMPEST SSTEMP
AA 0.1 1.2 -0.5 0.6 1.3 0.8
AB 0.3 0.2 0.4 0.5 1.3 0.5
AC -0.1 04 -0.5 0.4 0.5 0.5
AD 0.0 -1.0 -0.7 0.4 b1 0.7
AE 0.1 0.1 -0.1 0.4 1.0 0.4
AF 0.0 0.0 -0.5 0.5 0.8 0.7
AG 2.6 1.0 0.1 2.4 1.1 0.4
AH 0.0 -0.6 6.0 0.6 0.8 0.7
Al 0.0 -04 -0.1 0.8 0.7 0.8
AJ 0.0 -0.3 0.7 0.7 0.7 0.8
AKX 0.0 0.3 -0.4 0.6 0.4 0.7
AL 0.0 -0.3 -0.9 0.8 0.5 1.0
AM 0.0 -0.3 0.0 0.1 0.6 1.2
AN 0.0 0.5 -0.8 0.5 0.7 0.9
AD 0.1 0.1 0.2 0.5 1.0 0.4
AP -0.1 -0.3 -0.4 0.5 0.7 0.6
AQ 3.2 -0.2 ’ 0.1 3.2 1.4 0.7
BC 0.1 0.5 03 0.3 1.0 0.6
BD 0.3 -1.0 -0.8 0.6 1.0 0.8
BE 0.0 -0.6 -0.9 0.5 0.7 0.9
CA 0.4 1.5 0.7 0.5 1.5 0.7
CB 0.1 1.2 04 0.5 1.2 0.5
ccC 0.1 1.1 0.2 0.5 1.2 0.5
CcD 0.1 1.3 0.3 0.4 1.3 0.5
DA 0.1 -0.2 0.0 0.4 0.4 0.4
DB 0.0 0.0 -0.4 0.4 0.7 0.4
EA 0.2 1.4 -0.3 0.5 1.5 0.4
EB -0.4 0.7 -0.7 0.6 1.6 0.9
GA 0.2 -0.5 -1.6 0.3 0.8 1.7
HC 0.2 0.8 0.2 0.5 1.0 0.5
HG 0.2 0.0 -0.7 0.4 0.4 0.7
Ic 0.1 0.6 0.5 0.4 0.7 1.0
D 0.1 0.1 0.0 0.4 0.9 0.4
AVE 0.0 0.1 -0.3 0.6 6.9 0.7
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Table 4.11 Average w-statistic and daily error for predicted minimum temperature by site.

W.-STATISTIC (PRE-ORS) AVERAGE ERROR
SITE TEMP-86 TEMPEST SSTEMP| TEMP-8¢ TEMPEST SSTEMP
AA 0.1 1.4 2.5 0.0 1.4 2.5
AB 0.0 0.1 -1.8 0.0 0.7 1.8
AC 0.1 0.3 1.2 0.0 0.6 1.3
AD 0.0 .11 1.5 0.0 1.1 1.5
AE 0.1 -0.3 0.2 0.0 0.7 0.5
AF 0.1 0.1 1.7 0.0 0.4 1.7
AG 19 0.5 0.8 0.1 0.6 0.9
AH 0.1 0.4 2.0 0.0 0.8 2.2
Al 0.1 0.2 .0.8 0.0 0.6 1.2
Al 0.0 0.2 0.6 0.0 0.6 0.7
AK 0.1 0.4 04 0.0 0.5 . 0.7
AL 0.2 0.1 -1.9 0.0 0.4 1.9
AM 0.1 0.5 0.9 0.0 0.7 1.7
AN 0.1 0.6 3.0 0.0 0.7 3.0
AD 0.0 1.5 3.3 0.0 1.5 3.3
AP -0.1 0.3 0.2 0.0 0.6 0.5
AQ -0.5 0.2 -1.6 0.2 0.6 1.8
BC 0.2 13 -4.2 0.0 1.3 4.2
BD 0.2 1.2 2.3 0.0 1.1 2.2
BE -0.1 0.7 -2.0 0.0 0.8 2.0
CA -0.1 0.1 2.8 0.0 0.4 2.8
CB 0.0 0.5 3.9 0.0 0.6 3.9
cC 0.2 1.1 .2.3 0.0 1.1 2.3
cD 0.3 1.1 2.2 0.0 1.1 2.2
DA 0.1 0.1 -0.6 0.0 0.4 0.9
DB 0.0 0.5 1.7 0.0 0.7 1.7
EA 0.1 0.7 2.5 0.0 0.9 2.5
EB 0.5 0.1 1.4 0.0 0.8 1.5
GA .0.1 1.1 5.9 0.0 1.1 5.9
HC 0.2 0.4 1.7 0.0 0.9 1.7
HG 0.1 0.0 -3.6 0.0 0.5 3.6
IC 0.1 0.0 1.2 0.0 0.5 1.6
D 0.1 0.8 1.8 0.0 0.8 1.9
AVE 0.0 -0.3 -1.9 0.6 0.8 2.0
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Table 4.12 Average w-statistic and daily error for predicted diurnal fluctuation by site.

W-STATISTIC (PRE-OBS) AVERAGE ERROR
SITE TEMP-88 TEMPEST SSTEMP| TEMP-86 TEMPEST SSTEMP
AA -0.1 1.1 3.5 1.2 2.3 3.5
AB 0.5 -0.6 3.1 1.0 2.0 3.3
AC -0.0 1.6 1.5 0.3 1.6 1.5
AD -0.0 0.2 1.5 0.6 0.7 1.5
AE -0.0 1.2 0.2 0.5 1.4 0.6
AF -0.1 0.1 2.0 0.9 13 2.1
AG 1.5 1.1 1.7 1.6 1.6 1.7
AH -0.3 -0.4 3.6 0.7 0.8 3.7
Al -0.1 -0.3 1.2 0.7 0.8 1.4
Al -0.1 -0.2 -0.4 1.0 0.7 0.8
AK -0.3 -1.7 -0.5 1.0 1.7 1.0
AL -0.3 -1.1 1.7 0.9 1.1 1.7
AM 0.0 0.2 1.8 03 0.8 1.9
AN -0.3 -0.2 4.2 0.8 1.0 4.2
AQ 0.3 2.9 6.5 0.9 3.0 6.5
AP -0.2 -0.1 -1.2 0.7 0.5 1.2
AQ -6.4 -0.6 2.3 6.5 2.2 2.7
BC 1.1 33 8.5 1.1 3.3 8.5
BD 0.9 -0.1 2.4 1.1 0.7 2.4
BE -0.0 02 2.1 0.8 0.4 2.1
CA 1.1 2.8 6.1 1.1 3.1 6.1
CB 0.0 1.2 8.2 0.6 1.6 8.2
CC 0.0 -0.4 4.3 0.8 1.8 4.3
D -0.0 0.3 4.6 0.7 1.7 4.6
DA -0.1 -0.2 1.2 0.7 0.6 1.4
DB 0.1 0.8 2.6 0.6 G¢.9 2.6
EA 0.0 47 4.2 0.5 4.8 4.2
EB 04 0.8 1.0 1.1 2.5 1.2
GA 1.2 1.4 g5 1.2 1.4 8.5
HC 0.1 0.7 3.7 0.6 0.8 3.7
HG 0.1 0.2 5.6 0.6 0.8 5.6
IC -0.0 1.3 1.3 0.3 1.4 1.4
D 0.0 0.9 2.4 1.1 1.7 2.7
AVE 0.0 0.6 3.0 1.0 1.5 3.3
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Maximum Temperature

Predictions of maximum emperature relative 1o
observed showed different pattemns for the four
models. Site-averaged predicted temperature is shown
relative 1o observed temperature for the four models
in Figure 4.15. TEMP-86 showed little variability in
relationship between predicted and observed
temperaiure {(except for several outliers), and the
regression slope was near 1. (Perfect prediction
should have 1:1 correspondence with observed
temperature.) TEMP-86 tends to slightly over predict
lemperature at higher average sile temperatures and
under predicts at sites with lower emperatures.
TEMPEST has wider variability in the relationship
in general, but has less discemible patterns in
predictions with average site temperature
characteristics. SSTEMP is also more variable than
either TEMP-86 or TEMPEST, and shows a distinct
bias to over predicting temperature at most siies.
Brown's predictions were also highly variable and
tended to under predict at higher site temperature.,

When model performance was evaluated for all sites,
TEMPB6, SSTEMP, and TEMPEST all predicted
maximum temperature accurately, that is, close to or
within the range of instrument precision. (Summary
statistics for the W-statistic, average error and
consistency of model performance are shown by
model in Figure 4.16. Average W-staustic and error
are listed by site in Tabic 4.9.) Brown's equation
showed inconsistent results, and almost always
under-predicied maximum temperature, TEMPE6 was
the most precise model, as indicated by the
average.error, averaging about 1°C error per day.
TEMPEST, SSTEMP and Brown's equation were
somewhat less precise, with an average error of
approximately 1.5°C per day. Consistency of model
performance was good for the three computer models
but not as good for Brown's equation. TEMPEST and
TEMP86 predicted 93% of all sites accurately (site
accuracy was defined as the average w-statistic within
2°C), while SSTEMP predicted 78% and Brown's
equation correcty predicted only 33% of the sites.
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Predicted Temperature (C)

Figure 4.15 Relationship of observed to
predicted daily maximum temperature
by site models.
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Figure 4.16 Summary performance statistics for maximum temperature based
on averages for all sites (n=33).
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Mean Temperature

In general, all three of the computer models predicied
mean daily temperature more accurately than they
predicted the maximum temperature. Site-averaged
predicied mean temperature is shown relative 10
observed mean temperature for the three models in
Figure 4.17. (Brown's model does not predict mean
or minimum iemperature.} For all models, the
predicted mean temperature was close to the observed
temperature, with a regression slope of nearly 1
(perfect correspondence). Also, there was litde
¢vidence of bias with average site temperature and
relatively low varability in the prediclive capability
from site 1o site.

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

Figure 4.17. Relationship of observed 10
predicted daily mean temperature by site
models.
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Figure 4.18 Summary performance siatistics for mean temperature based
on averages for all sites (n=33).
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Minimum Temperature

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

When model performance was evaluated for all sites,
TEMP86 and TEMPEST predicted minimum
temperalure accurately. (Summary slatistics for the
w-statistic, average error and consistency of model
performance for predicling minimum daily
temperature are shown by model in Figure 4.20.
Average w-slatistic and error for the minimum
temperature are listed by sile in Table 4.11.) While
TEMPEST and TEMP86 showed similar levels of
precision, SSTEMP was less precise than the other
two models, TEMP86 and TEMPEST adequaely
predicied minimum temperature at 100% of the sites,
while SSTEMP was less consistent, predicting only
64%.

Figure 4.19 Relationship of observed to
predicled daily maximum temperature
by site models.
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Figure 4.20 Summary performance statistics for minimum temperature
based on the average of all sites (n=33).
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Diurnal Fiuctuation

Prediction performance for diurnal flux follows that
of the maximum and minimum temperature. Models
that predicted these characteristics accurately ended to
also predict the diumal flux accurately, although for
all models the ability 1o predict diurnal flux was
worse than for predicting maximum or mean
emperature. Site-averaged predicted minimum
temperature is shown relative 10 observed minimum
temperature for the three models in Figure 421,
TEMPS6 predicted diumnal flux well, on average, for
most sites modeled. TEMPEST and SSTEMP were
more varable, with SSTEMP doing a generally poor
job in predicting diurnal flux with a significant
tendency to over-predict. This is consistent with the
results shown above, where the poor predictions by
SSTEMP of the minimum temperatures mean poor
prediciions of the flux.

Figure 4 21 Relationship between observed

diurnal fluctuation and that predicied by

the TEMP-86 model, averaged by site.
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When model performance was evaluated for all sites, TEMP86 performed well in predicting diumal
TEMP86 and TEMPEST predicted diurnal fluctuation in general, as did TEMPEST. SSTEMP
fluctuation accurately. (Summary statistics for the showed poor precision. The TEMP86 model again
W-statistic, average error and consistency of model was the most consistent, predicting 97% of all sites
performance for predicting diurnal temperature within 2°C. TEMPEST correctly predicted $8% of
fluctuation are shown by model in Figure 4.22. the sites while SSTEMP predicted only 42% of the
Average W-siatistic and error for the minimum sites accurately.

temperature are listed by site in Table 4.12.)

Figure 4.22 Summary performance statistics for diurnal temperature
Jfluctuation based on the average of all sites (n=33),
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Patterns and Trends in Performance

Model performance was analyzed for possible bias in
prediction with different riparian vegetation shade
(expressed as the percent of sky that could be viewed
from the stream), as well as over the range of stream
sizes studied (expressed as basin area). Model
predictions over the range of observed maximum
temperatures were also analyzed to se¢ if the models
themselves performed differently at different
temperalures.

None of the models showed significant bias in
predictions over the ranges of observed riparian
canopy categories. Each site’s average W-statistic
compared (o its riparian shade density is shown in
Figure 4.23. Regression statistics for simple linear
equations fitted 10 thesc relationships for maximum,
mean, minimum and diumnal fluctuation
characteristics are provided in Table 4.13. Regression
slopes significantly different than zero, indicating
bias in temperature prediction as a direct function of
riparian density was not observed for any model for
any lemperature characterisuc.

Figure 4.22 Continued

Comparing the W-statistic over the ranges of stream
sizes studied suggesied that atl of the models tended
to be less accurate for small streams, which make up
the majority of the streams in this sample (Figure
4,24). TEMP86 and SSTEMP showed no
significant level of bias (Table 4.14). TEMPEST,
however, tended 1o show a bias for predicting higher
minimum {emperature with stream size {p=0.02), and
lower diumnal flucwation with stream size (p=0.07).
TEMPEST did noi show bias in predicting the
maximum or mean lemperatures.

All models showed a prediction bias across the
observed temperature range, consistently under-
predicting at higher temperatures and over-predicting
at lower temperatures (Figure 4.25). This could be
due to changes in the rate of some temperature
processes at higher temperatures, panicularly
evaporation, that are not adjusted within the models.
Because the higher temperatures where the prediction
error was most pronounced was rarely observed in the
streams under study, the TWG noted this result but
did not pursue it further.

Average Error
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Tabie 4.13 Regression statistics testing bias of model temperature predictions with variability in sky view factor
{0-100%) {(Temp=£{View)),

TEMPERATURE : Pr>T
CHARACTERISTIC  MODEL SLOPE INTERCEPT R2 FOR SLOPE
MAXIMUM TEMP-86 -0.008 0.5 0.02 0.44
TEMPEST 0.001 0.4 0.00 0.90
SSTEMP 0.013 0.3 0.05 0.20
. MEAN TEMP-86 -0.004 0.3 0.02 0.48
TEMPEST 0.004 -0.1 0.02 0.45
SSTEMP 0.004 -0.5 0.03 0.33
MINIMUM TEMP-86 0 0.04 0.00 0.92
TEMPEST 0.002 -0.36 0.01 0.62
SSTEMP -0.014 -1.08 0.07 0.14
DIURNAL TEMP-86 -0.009 0.47 0.02 0.35
FLUCTUATION o
TEMPEST 0002 - 035 0.00 0.87
SSTEMP 0.027 1.38 0.07 0.14

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

TEMPERATURE Pr>T
CHARACTERISTIC MODEL SLOPE INTERCEPT R2 FOR SLOPE
MAXIMUM TEMP-86 0 0.01 0 093
TEMPEST -0.001 0.56 0.02 0.48
SSTEMP -0.002 1.3} 0.04 0.29
MEAN TEMP-86 Y 0.08 0 0.74
- TEMPEST 0 0.08 0.02 0.40
SSTEMP 0 -0.24 0 093
MINIMUM TEMP-86 0 0.09 0.02 048
TEMPEST 0.002 -0.42 0.17 0.02
SSTEMP 0.002 -2.11 0.03 0.32
DIURNAL TEMP-86 0 -0.08 0 0.88
FLUCTUATION
TEMPEST -0.004 0.97 0.10 0.07

SSTEMP -0.004 3.41 0.04 0.27
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Figure 4.23 W-Statistics for the model predictions in relation to riparian canopy.
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Figure 4.24 W-statisiics for TEMP86 mode! prediciions as a function of stream size

indexed by basin area.
4
o
o TEMP-86
T 2 A
e a
o, & 0P -BR--0-eg-p----- - - - ---
o
Eg2
w e o g Maximum
s L © Mean
'3'4 &  Minimum
o
— -6
o
B R S e S S RS S A S A A E S S S A" AE S A
0 50 100 150 200 250 300 350 400
5
~ a4 o TEMPEST -
° N . [a] aximum
@ ) ean
2 3 A Minimum
o D
g3 2 o
® O B &
&0 14° 0 o® D g a
o 2 9A_“D.._Ae ....._._B.A_ _______ o m m  —  ————  h - ——— -
$2 0 Q-a% J oF A 5
Q@ A
S o o
2+ T 1 . T T T 1 T —r T
0 50 100 150 200 250 300 3590 400
— D  Maximum
° o Mean
z aSSTEMP imum 5
22
= o
%O. o g o o o )
2% Bfrf--se----- B-0e-cce-- o - g Sinlaiuiadtatadatey
z 0 a & 8 4 A
©
e
o
—T T AE— A - T Y T T T

100 150 200 250 300 350 400
Basin Area (km**2)




110 Sire Model Evaluation

Timber/FishiWildlife Temperature Study

General Observations and Conclusions

TEMPEST and TEMP86 predicied all temperature
characteristics quile well, SSTEMP predicted mean
water iemperatures well, and did much more poorly
in predicting temperature ranges. Three of the four
models tested predicted well enough, with this level
of input dala, 10 be considered for further
development in TFW applications. None of the
models showed major bias with stream size or
riparian category, although all of the showed a
tendency w under-predict at higher temperatures.

The reasons for the difierence in results between
models even though they used the same data, may
relale 1o mode! structure. While TEMP86,
TEMPEST and SSTEMP are all steady-state models,
they route the heating equations through time steps
differently. SSTEMP relies on a 24-hour time step
using 24-hour averages of input values 0 predict the
mean daily temperature. To calculate the daily
maximum, the model begins with the 24-hour mean
value at solar noon, and models the stream's response

up o solar sunset, predicting the maximum.

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

The good performance of TEMPEST and TEMP86
may siem from these model's reliance on a shoner,
one-hour time step for calculating heat loading, and
both models require a new air iemperature value input
each hour. TEMPEST generates hourly water
temperature predictions, but TEMPE6 also reguires a
new water temperature input each hour. This may be
why these two models esumate the maximum,
minimum and flux more accurately than SSTEMP,
since the ime step the model can run before
recalibration with new input data is shorter, The need
of TEMPS6 10 have a value supplied as input (water

Figure 4.25 W-statistics (predicted - observed iemperature) for maximum temperature

predictions as a function of lemperature.
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temperature) which is also output one hour later is
probably the reason for the good model performance.
The TWG does not know if this good performance
would hold up without measured water input values,
or using hourly values estimated from measured
maximum and minimum temperatures.

Accuracy of climate variables used as input could
also affect model performance. For the more moderate
climates of the Western Cascades and Washington
Coast, NOAA station esumates of relative humidity
and wind speed, used to estimate conditions at the
study siles, might be closer (o those actually existing
at the siream reach than east of the Cascades. For the
Easiern regions, it could be hypothesized that relative
humidity and wind specd conditions in a riparian zone
could differ more from the conditions at the NOAA
index station. A less-accuraie estimate of the regional
climate parameters could affect model performance.
The extent 1o which regional estimates of climate
characieristics affected model performance at any site
is not known.

Model Selection Criteri | Conclusi

Following the numerica! tests and sensitivity
analyses, Lthe models were evaluated for their overall
effectiveness as a TFW management tool. Although
good temperature prediction capabilities were
considered essential in the model selected, other
practical factors influencing effective TFW
implementation such as cost effectiveness and data
requirements were also constdered important. Where
temperature prediction capabilities were comparable
between models, the most practical would be
considered superior. Furthermore, after developing a
thorough understanding of model performance relative
to the required input data parameters, the TWG felt
that a rating reflecting their perception of 2 model's
reliability was also an impornant consideration in
mode! selection.

Evaluation criteria included model performance in
temperature prediction, model reliability based on the
data required to run tiem, and practical considérations
such as cost and personnel. The criteria categones
received inttial weightings reflecting the TWG's
consensus of their relauve imponance. Of the 1otal
possible score, 409 was based on performance, 25%
was based on reliability, and 35% was based on
practicality considerations. A number of crileria to be
applied to each model were developed for each of the
three categories. Each criteria'’s rating was designed to
provide the highest score 1o the best performance or
most desirable features. The score for each criteria

varied reflecting the TWG's perceptions of its relative
imporiance, as shown in Table 4.15. Each model's
overall score was the basis for model selection.

Model Performance Criteria

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

‘all ratings.

Accuracy. Model predictions were considered accurate
when the difference berween the daily observed
temperature and the predicted temperature (W-
statistic) was small. Rating:  10=Excellent (W-
statistice=1.0); 6=Good (1.0«W-s1atistic<=2.0)
0=Poor (W-statstic>2.0 )

Precision. Model predictions were considered precise
when the difference between the observed and
predicted temperatures (Average Emror) either positive
or negative, was consistently low, This was
evaluated by determining the average error for each
sitg, and then determining the overall average for all
sites. Rating: 10=Excellent (Average Error<=1.0};
6=Good (1.0<Average Eror<=2.0); 0=Poor (Average
Ermror>2).

Consistency, A model was considered consistent if it
accurately predicted temperature at most of the test
sites. A site prediciion was congidered accurate if the
average difference in predicied and observed
temperature was less than or equal to 2.0°C. (W-
statistic <= 2.0.) Raring: 10=Excellent (More than
90% of the sites were accurately predicted); 5=Good
(81-90% of siles accuraiely predicted); O=Poor (Less
than 80% of sites accuraiely predicted) .

Bias. Significant trends in high or low temperature
predictions relative to stream size or riparian
conditions was used as an indicator of mode! bias
considered important for TFW applications. Bias was
determined by examining the W-statistic relative 10
basin area and riparian vegetation density with linear
regression. Rating.: 5=No bias 0=Yes.
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Table 4.15 Weighting factors for model selection criteria. (To compute total poinis each model's score for each
criteria (shown in Table 4.17 is muliiplied by the weighting shown here.)

CATEGORY CRITERIA WEIGHTING
PERFORMANCE Accuracy--Maximum 10
Accuracy~-Mean 10
Accuracy--Minimum 10
Accuracy--Daily Flux 10
Precision--Maximum 10
Precision--Mcan 10
Precision--Minimum i0
Precision--Daily Flux 10
Consistency--Maximum 10
Consistency--Mean 10
Consistency--Minimum 10
Consistency--Flux 10
Bias (Size)--Mean 5
Bias (Size)--Flux 5
Bias (Riparian)--Mean 5
Bias (Riparian)--Flux 5
RELIABILITY Number of Variables 15
Model Response 15°
Variable Measurability 15
Parameter Sensitivity 30
PRACTICALITY Field Personnel
Field Equipment
Field Training
Field Data Collection
Data Management

Model Run Cost
Computer Costs
Computer Training
Operation Mechanics
Product Support
Output

Model Friendliness

;mwmmwo\\o"ﬁ@ma
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Model Reliability Crireria

Evaluation of model reliability was based primarity
on the results of the sensitivity analysis where
lemperauure predictions were related 1o variation in
specific model input variables. These analyses
identified which variables were most important in
determining each model’s the water tlemperature
predictions and suggested the reliability of variable
measurement or estimation required (o minimize
prediction errors. Models were considered 1o be less
reliable if they were sensitive 1o many variables, or
1o variables that are difficult to measure. Most of the
models require an estimate of water temperature as 2
slarting point for the temperatwre calculation. Since
waler temperature is both an input and an outpui
variable, a high degree of sensitivity to, or reliability
on, this variable was considered especially
undesirable.

Nurmber of Variables, A model's complexity
increases with the number of input variables it
requires. Ideally, only variables necessary 1o yield
good predictions without compromising the model's
application as a management too! should be required
for input. Models were evaluated on the number of
input vanables and the imponance of these varables
in producing reliable results. Requiring four or more
input variables which do not acwually significandy
affect a model's predicied maximum or mean
temperatures was considered undesirable (poor=0).
Models for which the majority of input variables are
readily understood and make significani differences in
predicted temperatures were rated good (5). Models
requiring fewer than five input variables, for which
information is readily available from pre-existing
sources were considered desirable (excellent=10).

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

Model Response. It is desirable for a model to be
responsive 1o input parameters. However, this
sensttivity should match the precision with which
variables ¢an be measured or cstimated. High
sensitivity to parameters that are both difficult 1o
measure and showed wide variauon between study
sites within a single region decreases the model's
applicability. Good site data will seldom be available
for TFW model applications. It was considered

desirable for sensitivity to be compatible with
regionalized estimates for input variables and
essential that sensitivity be compatible with our
ability 10 measure fluctuation parameters such as
humidity,

Mean values and standard deviations for each
parameter were calculated for the study site data with
the sites grouped regionally, Sensitivily values were
used to calculate the range in predicied mean
temperature associated with one standard deviation fer
the input parameter. This model response was
analyzed for different sweam sizes and for different
regions for cach model's two most sensitive
parameters {Reliability Analysis, Chapter 4). Models
with the range in the predicted mean temperature
being less than 1.5 OC rated good (10 points). A
rating of fair (5 points) was awarded if the change in
one of the sensitive inpul variables resulted in an
average range in predicied mean iemperature between
*1.5 0 2.5 0C. A poor rating {0 points) was given
1o models with the average predicted range greater
than £2.5 oC.

Parameter Sensitivity, This rating indexed the
relative reliability of the model based on the key
variables that determine temperature predictions. If
model output is most sensitive to a similar input
variable, referred to as output dependent, the rating
was poor {0 points). If mode! results are output-
independent but are sensitive 10 variables it is
impaossible to measure, the rating was good

(3 points), If results are sensitive o measurable
variables and are output-independent, the rating is
excellent (8 points). An additional two points was
awarded 1o models sensitive 10 variables important in
TFW management, such as shade.

Practicality Criteria

Practicality criteria considered both cost of model
application and the user-friendiiness of the model.
Costs include equipment and personnel needed o
collect, collate and enter data into the computer. It
should be remembered that ficld data collecied ata
site could represents only a portion of the necessary
data for some models and considerable effort could
still be required in the office to gather the necessary
information to run the model. The esumates of Lime
and level of experiise required 10 perform tasks were
based on documentation of time expended by the
Temperaiure Study field crew and experience of the
TWG in performing this study. Data acquisition and
management costs for the model testing and
simulation runs were evaluated by determining the
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time required o collect the specific information used
in each analysis. It should be noted that the costs
listed here do not necessarily represent those
estimated for future TFW application, since the
commitiee will develop some modifications to both
models and input data requirements to facilitate model
use in routine management operations. These
projected costs will be discussed in following
sections of this report. The intent of this section is
to ¢valuate the costs and practicality of "off-the-sheif”
models.

Costs

Field Personnel. The level of expertise of personnel
required to gather the data necessary to run the model.
Rating: 10=Technician 5=Gencral Professional
O=Technical Advisor. {A technical advisor is defined
as a professional with extensive experience, and a
specialty in this type of modeling. A general
professional has a scientific background but does not
necessartly have any experience with temperature
measurement or modeling.)

Field Equipment. Equipment required to gather data
required by the model. Raring: 10=Low (<3100)
S=Medium ($100-3500) 1=High (>$500) .

Eield Training, The level of field personne! training
required 1o coliect data. Rating: 10=No additional
training beyond materials provided with the model is
required 3=Additional raining in a classroom or field
seuting is required.

Field Data Collection. Personne! costs based on
estimates of field time (excluding travel time)
required to collect data at one site.  Rating:
1=Swream traverse is required, as well as coliection of
measured air and/for water wemperatures requinng
muluple site visits; 5=A stream raverse, and onc-
time visit is all that is required. 10=All needed
information to use the model is available from
current sources: air-photos, maps, GIS, regional
climate or other databases,

Data Management, Office personnel costs based on
estimates of time required 1o get all necessary data
into the appropriate format. Rating: 10=Files used
for input can be easily generated from commonly
used spreadsheets. 5=The model requires a separate
compuler generated data file; 1=Each input value
must be entered manually using program menus.

Model Run Cost. Personnel costs based on time
required 1o sit at the computer and run the model.
(This 1ask as been rated separately since the modeis
differ significantly in computer run time.) Rating:

10=Model runs entire simulation period (30-40 days)
from one input data set; 0=Model requires daily
iterations necessitating re-entry of all input values for
each day modeled.

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

User-Friendliness

The user-friendliness of the model was defined as the
level of training required to run the model and the
cxtent to which unsolvable computer problems were
encountered as the models werc run, Tied to the
exient that problems occurred was a consideration of
the quality of product support to solve those
problems. Because many problems were encountered
by the TWG in performing model tests, this aspect
of using the models was considered imporiant in
finding a satisfactory model for TFW use. (Since
Brown's model was not computer-based, it was
awarded the maximum points where specific criteria
were applied.)

Training. The degree of operator training required to
run the model. Rating: 10=No additional training is
required beyond use of materials provided as model
documentation; 3=Additional training in a classroom
setting is required to effectively use the model.

Operation Mechanics, The occurrence of recoverable
and nonrecoverable errors (requiring exiting the model
or starting again) during model operation. Non-
recoverable errors are those where the program ceases
to run with no recourse. The occorrence of
recoverable errors was considered, as well as how
well the model checked for errors and informed users.
10=Model performs error check on data eniry, and
clearly explains errors; 5=Model contains recoverable
errors, or aliows some user information;
(O=0Occurrence of unexplained, unrecoverable, or
undocumented errors.

Product Support. Was help available if problems
with the model were encountered during its use?
Rating: 10= The model was fully supporned by
phone, access to qualified personnel and had
documeniation; S5=Limited model documentation, or
somc source code was available, but no phone
support; 0=No help was available and
documentation was very limited.

Ouiput. The manner in which model output is
generated determines the ease with which output can
be used in for management decision-making. Raning:
10=The model generates graphic output, and/or
values that can be easily imported into a spreadsheet;
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5=The mude} generals z file which requires exiensive
edition 1o obtain needed informalion; G=No compuer
ourpui js gensrated.
“Model Frenfliimess, Stbjeciive mating of the overall
ease:of model nsebased on the expetience of TWG
after extensive mode] 12sting. The rating Tanges
berween 0.and 10where 10=Friendly and O=Hostile.

Results of App’_lying LCriteric

Performance, “Two of the Tour site models -were
found 1o predic: temperaumre particutarly well.
(Ratings-and scores are provided in Table4.16 znd
depicted graphically In Figure 4726) Remarkably,
"TEMP-86 scored #1-of ‘the possible 1300 points
while TEMPEST wasa close seconid:scoting 1180.
These two models ronsistenily predicied 2l
‘temperanrre characteristics accuraiEly and with good
‘precision. Although 4l site models were expecied 10
periorm fairly wellal the omset of this smdy, the
very good accuracy of these two modsls over sucha
wide Tange of conditions was both surprising and
promising in suggesting thai a satsfactory model

conld be identified for TFW application.

“The.other 1wo znoilels did mot predict

- mealyas-well. The SSTEMP model did 2 good 3ob
. ofmﬁimngmﬂaiiymm b performed

poorly in predictmg maximum, Tminimom and- -
dinrnal ucuations. SSTEMP's poor prediction nf
diurmnal flucteations may result from the way that 1h
characteristic is mathematically compued. The
ovezall p:rfmmancescmeforSST" MP was only 58
of 1300 poims. ) .

e

~-

. Brnvm'smoaﬁlmc:iivedzfvmyllow;pcrimmccscm

(60 of 1300), 3argely becznse the mode] orily predict
maximum 1emperaimre 2nd doss ot predics most of
the 1empematire charactenistics that were mcluded in
the selecuoncotena. FEven so, the mode) was mot
consistent in predicing the maximm

predicing well at some Sitesand poorly =1 ofhers.

No model -was foumd 10 have significam bias in
accuracy of 1emperanre prediction relative 1o swream
size or shading conditions. This was zdlso 2 positive
result for future T+#W applications.

Figure 426 Performance scores based on model-testing resulis for four site models.
Scores are computed based on criteria described inthe 1ext. The 1oial

possible score for each model-was 1300,
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Table 4.166 _ Performance statistics for sile iemperature models and scores shown in the

upper right hand box. (Scores are calculaied based on the ratings described in the lexi
multiplied by the criteria weighting in Table 415 )

CRITERIA Temp-86 TEMPEST SSTEMP Brown
100 0o 60 {t
Accuracy--Meximum ! L'—
.01 0.39 1.068 -2.96
Accuracy--Mezn 0.05 100  0.13 100 0.26 60 0 I_ﬂ_
Accuracy--Minimum 0.05 1000 4 23 100 -1 94’&- 0 ln——-
100 00 Le 0
Accuracy--Diurpal Flex -0.03 ]'— 0.63 1 1 3.00 | o l—
100 60 [ 60 .| 60
Precision--Mezximum 0.96 1.48 1.51 1.75
100 b
Precision--Mean 0.62 Ll 0.92 ];m 0.68 0 ]_
100 0 0
Precision--Minimum 0.64 ‘]00 2.06 0 L—
. 0.76
Precision-- l1oo | Leo 331 [0 0
recision--Flux 0.95 1.54 l__ 0 ;
. . 100 0
Consistency--Mazimum 035 100 g3, | Lﬂ_ 20% ]_
78 %
Consistency--Mean - 100} 100% L100 100 0 l_ﬂ_
93% 100 %
Consisiency--Minimum 100 % 1007 100% | 100 64 % o 0 I_O_
Consistency--Flux 100 88 % 68 ¢ Lﬂ_
P
97 % 420, 0
25 [2-5 l 25 | 0
Bias (Size)--Mean No No ' No ] 0
250 No L[25] [0 0
Bias (Size)--Flux No Yes 0
[2s | 25 25 1 0 |o
Bias (Riparien)--Mean No No  No
25 25 {25 | l 0
Bias (Riparian)--Flux No | No  No {
Performance Score 1300 1180 555 60
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It is impomant to note that the excellent results of
the TEMP-86 model in this test may have been
something of an anifact of the way in which the test
was run. Sensitvity analysis showed that TEMP-86
is very sensitive 10 input water temperatures. Since
‘hourly measured values of water temperature are
required.as input 10 the model, it stands to reason that
the model would predict temperature quite well since
the mode! can only adiust the temperature slighily
over a one-hour period. Thus, the model prediction is
"corrected” hourly based on observed data. Very low
errors would be expected with such a short prediction
period. The other models were challenged 10 predict
the real temperature with no such correction, The
TWG was not sure thar the excellent performance of
TEMP-86 would hold up when no measured water
temperature data would be available to run i In that
case. the investigator's ability to estimate the
lemperature would determine the model's accuracy.
These concerns were expressed in the reliability
Scores.

Religbility, Reliability of model resuilts reflecied the
mmponance of input variabies required by the models
and their effect on predicted temperature. Three of the
models were rated to have good reliability, including
Brown's, SSTEMP and TEMPEST. (Reliability
scores are provided in Table 4.17 and shown
graphically in Figure 4.27). Only TEMP-86 scored
low in this category, largely due to the large effect on
Input water temperature on prediction results. A
rating of good was given to SSTEMP model even
though it requires a number of variables tha: do not
significantiy affect results since suitable defaunlt

values are provided for many stream conditions.

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

Practicaliry. Practicality criteria weighed such factors
as personnel requiremnents and costs (o run each
model. Tracking of costs and ume expended during
field data collection and model runs served as the
basis for this analysis. As with the reliability
criteria, the simpiest models tended to score the
highest in practicality. (Practicality scores are
provided in Table 4.17 and shown graphically in
Figure 4.28).

Brown's model was the most practical, requiring little
effort in the field and not necessartiy demanding
computer equipment or skills. However, running this
model over longer time frames than a single day
sigmificantly increased the difficulty of its use.
TEMPEST rated nearly as high as Brown's model in
practicality, largely because field data coliection is
relanvely simple, and the compater modeling aspects
of data input needs and mode! output format were
constdered easy to use. Based on the exiensive

Figure 427 Reliability scores for four site models based on model-iesting results.
Scores are computed based on criteria described in the text. The total possible
Mod e l reliability score for each model was 750. '
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Tabie €.17 *Reliabiiity and praciicality siguistics for Sile iempergture models, Actual ralings
as described in 1he iext are shown in the main box and the scores calculoied based on the

rating mulipiicd by the criteric weighiing in Table .15 arc shown.in_ the upper righi. hand
ox. .
CRITERIA Temp-86 | TEMPEST | SSTEMP | Brown

Number of Variables 0 Lot ;o Luso) s 75| o Lise
Model Response p | 75 10 11590 ¢ Lo | 5 [75 ]
Variable Measureability s [__7_5_] P 75 ] s EE 1o LS89
Parameter Sensitivity 0 Lo—f 10 2o 10 300 8 240
RELIABILITY SCORE 150 675 4590 615
Field Personnel 5 L5 5 L2 5 I3 ql20
Field Equipment 1 : 1 Le | 1 L 110 Leo |
Field Training 3 L2 g o 2] 5 (27| 10 20
Field Datz Collection 1 chdll Y L24 | 4 A i [240]
Datz Management 1 l 2 10 ]i(}_ _1 ]l 1 u_
Model Run Cost 0 Lo 10 Lso | 0 Lo {0 Lo |
Computer Eguipment 1 ( 3 1 ‘—3—-| 1 JL‘ 1 OLﬂ_
Computer Training 10 20 10 l% 10 30 s 135
Operation  Mechanics o Lot g Dol let Lo
Product Support s JEEN p [15 | s L5 o L1s
Output 0 I__(‘_‘ 10 leo s [30 | 0 ]_n_
Model Friendliness ;L g L2 . LA oo |75
Practicality Score 204 603 360 68 4
Total 1654 | 2458 1390 {1339
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number of modeling runs performed by the TWG,
TEMPEST was considercd to be the most user-
friendly of all the models.

The SSTEMP and TEMP-86 models scored lower in
practicality because of the large volumes of data
required for input, and relatively awkward handling of
data as input and output. It was clear during modeling
exercises that the authors of these models did not
anticipate the long modeling periods used by the
TWG in model-tesung, and their use in this way
represents a deviation from their standard application.
For applications outside of TFW, the practicality
criteria might have rated differendy for these two
maodels and users might find them more practical than
we did. For TFW's purposes, however, these models
were considered moderate to difficuli 1o use.

Conclusions and Recommended Site Model .

When the performance, reliability and practicality
categones of s¢lection ¢nieria were summed, there
was a clear besi choice (Figure 4,29). TEMPEST
scored nearly 2500 of the 1otal possible 3100 points
and 800 points in front of the nearest rival, It should
be noted that there was always competiton between
two or more models within each category (Figures
4.26,4.27, and 4.28), and that each of the models
scored well in at least one category. However, only
TEMPEST scored well in all threz calegories rating
performance, reliability and practicality, accounting
for its relatively large score. In contrast, each of the

other models scored poorly in at least onc catcgory.

fits rform r-fnendlin
he TWG recommen PEST asthe ite
re prediction model for TEW icau

This recommendation is based on selection criteria
specific to proposed TFW application of site
temperature models, The proposed use of the madel
{described in later sections) is to simulate temperature
for a thirty-day time pericd from July 15 10 August
15 when the warmest stream temperatures occur. The
prediction will be evaluated to determine whether
post-treatment stream shading will be sufficient to
ensure that current temperature ¢riteria will be mel.

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

The SSTEMP model performs well in predicting
mean temperatures but was disappointing in its

ability to accurately estimate the maximums and
minimums. These temperature characieristics are

Figure 4.28 Practicality scores for site models based on model-testing results.
Scores are computed based on practicality criteria described in the text. The toial

possible score was 1050,
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considered important 1o aquatic life and their accurate
prediction is an important aspect of model
performance that coutd be improved. The model is
user-friendly and is well suppornied by its authors.
The auxiliary solar calculation model (SS5OLAR) is
well-suited for use by TFW. The shade model
{SRSHADE) is easy to use, but requires extensive
fiatd measurements. Importantly, the madel-tesiing
results clearly showed that the model predicis
temperature as well or better when a more simplified
total sky view factor that is directly measured in the
ficld with a densiometer is substituted for the
SRSHADE output. This substitution allows greater
flexibility in using the model for predictive game-
playing and greatly simpiifics its ficld use.

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

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

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

Figure 4.29 Total score for site temperature models based on model-testing results.
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CHAPTER 5
BASIN MODEL EVALUATION

INTRODUCTION

Two elements of basin-scale iemperanure concerns
related 10 forest management must be addressed by
basin temperature models. First, what is the magnitude
and extent of downstream temperature response to a
forest management activity oCCUTing at an upstream
location? In assessing the potential effect of a forest
practice, it is important for managers to have the
capability to predict how far downstream, and to what
degree, temperature changes from that activity will be
significant. Defining the distance downstream that a
stream can be expected to show a response to a change
caused by a forest practice will help managers o
identify specific areas of concern and fully assess the
risk associated with the proposed activity. Reach
models can predict the change in wemperature along a
stream segment where the activity is planned, but
cannot determine the downstream zone of influence.
Second, what is the cumnulative effect of multiple forest
practices within a single basin?

The TWG envisions the use of basin models, (if any
are found 10 work well enough in a TFW context) to be
primarily in evaluating alternative management
srategies, defined here as "gaming”. Two examples of
gaming include the definition of the length of a
downstream impact zonc from a umber harvest practice,
if one exists, and the use of a basin network model in
annual timber harvest planning.

The three basin models tested were QUAL2E,
SNTEMP, and MODEL-Y. (See Chapter 1 for
description of these models.) Two of these models,
SNTEMP and MODEL-Y have counterpart reach
models (respectively, SSTEMP and TEMPEST,
discussed in Chapters 1, 2, and 4.). The three models
vary in the manner that data is entered, heat transpon is
modeled, and the stream network that is constructed for
calculation sieps. Major considerations in evaluating
these basin models was their ability 1o simulate 2 host
of different management options in the basin, and of
even greater fundamental importance, their ability 10

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

The basin models were far more complex to use than
the reach models. Data and modeling requirements were
intense, and it should be anticipated that general
managers are not likely to be able 10 routinely commit
the time or resources required o run a basin model.
While documentation is available for the three basin
models, they require considerable technical background
10 successfully generaie useful information. Model-
users ar¢ likely 10 be specialists requiring field and
classroom training, and preferably possessing previous
experience. For these reasons, it should be undersiood
at the outset that use of a basin model in TFW is likely
to be much more limited than reach models, which
were simple 10 use and undersiand and very reliable for
many applications.

METHODS

Basin Study Si

The basin models werc tested in three basins where co-
operators were able to group study sites. Basin model
tests were performed on watersheds which met the
following criteria: (1) There were at least three primary
study sites representing typical condilions within the
basin, (2) There was a thermograph site a1 the lowest
point of simulation. (Individual sites within the study
basins were also included in the site-model evaluation
described in Chapter 4.) Swudy basins inciuded the Litte
Natches River in the southeastern Cascades (Figure 5.1;
4 sites), the Coweeman River in the south wesiem
Cascades (Figure 5.2; 7 sites), and the Deschutes River
in the central Cascades (Figure 5.3; 6 primary sites and
3 secondary siles). Site characteristics are provided in
Table 5.1
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Table 5.1 Characieristics of sites used in basin temperature model analysis. Stream and
vegetation characteristics were measured at primary sites (see table 2.1). Characteristics were

estimated at secondary sites (indicated as 8).

Sky Bankful}
Site Elev View Distance Discharge Depth Width
Basin Code Site Name (m) (%) (km) (m3/s) (m) (m)
Little Natches
River
CA Bear Creek 956 63 7.9
CB S.Fork Little Natches 949 44 16.2
River
CD Crow Creek 827 71 27.8
cC Little Naiches River at 813 81 30.0
Kaner
Coweeman
River
Al Baird Creek 216 40 7.9
AH Mulholland Creek 111 39 13.7
Al Gobie Creek 48 40 12.9
AN Coweeman River (above 209 59 17.4
Baird) (
AK Coweeman River (above 115 51 29.1
Mulholland)
AL Coweeman River (above 43 78 40.7
Goble)
AM Coweeman River (above 27 72 43,8
Andrews)
Deschutes River
AR Hard Creek 450 0.252 1.9
AA Ware Creek 436 93 3.0
AC Huckleberry Creek 197 17 5.8
AD Thurston Creek 292 40 5.2
AE Little Deschutes Cr. 269 31 9.4
AG Deschutes River 342 70 9.8
(RK75.5)
AF Deschutes River 168 67 26.5
(RK60.2) _
AS Deschutes River (RK . 75-1008 43.6
41.7)
AW Deschutes River (near 202 75.1002 85.6

Offut Lake)
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g g Descrinti

The most difficult aspect of basin temperature modeling
is describing the stream system in sufficient detail 1o
accurately predict water temperature. Basin temperature
models require the division of the stream system into a
series of discrele segments, referred to as
“computational clement:” (Figure 5.4). The energy-
budget equations are solved 10 calculate the net heat
change for each computational element and calculate
temperature, and the result is numerically rransported 10
the next element downstream, where the process is
repeated. The models use a complex series of data arrays
1o manage data between timesteps and in routing the
temperaiure from one segment 10 the next. Calculated
temperatures for each computational element are
extracted from the data asrays and provided 1o the user.
Depending on the detail used in dividing the stream
syslem into computational elements, a large array of
inforrnation must be generaied, managed, and
manipulated to effectively use a basin model. Even for
the relatively few sites per basin used in this study (for
example, 8 for the 450 km2 Deschutes basin), the
computational and data requirements were quite large.

The basin models further characierize a watershed as a
skeleton of reaches and nodes. Reaches are lengths of
stream where the environmental paramelers of shading,
climate, hydrology. and swream geometry are assumed
constant. Each reach (containing a number of
computational elements) begins and ends with a node
defining a designated locanon where a particular type of
computation is performed. Typically nodes are
designated as either initializing points, where
calculations are initialized with beginning assumptions,
or locauons where physical conditions ¢hange such as
where tribuiary streams enter the skeleton, or where
changes in the riparian, climaie, or channgl-geometry
conditions occur. Node types generally needed for TEW
stmulations are: 1) headwater nodes (the first node on a
stream); 2) branch nodes (indicating the presence of a
tributary); 3} junction nodes (the first node below a
tributary indicating mixing of flows); 4) change nodes
(indicating a change in environmental parameters}, and
5) the termination node (the most downstream node in
the basin).

Stream Newwork Definition. The first step in model
testing required definition of the stream network for the
three basins. This was a challenging process that
required balancing the need to describe the system in as
simple a manner as possible to facilitate modeling
against the need for sufficient description to accurately
represent the highly complex basin conditions.
Complicaied network descnptions that closely match
the real basin drainage pattern can be built, but they
may exceed the capacity for model calculations (not to

menton an organization's resources 1o collect the
required input data}. Conversely an overly simplified
network may lack the needed precision and resolution
for good simulation,

The Deschutes basin network was derived from a PC-

ARC-INFO® 1:24 000 scale geographical information
system coverage. The networks for the Coweeman and
Little Natches walersheds were digitized from USGS
topographic maps at a scale of 1:100,000 and 1:62,500
respectively, since ARC-INFO information was not
available for these areas. The ARC-INFO coverage,
developed by the Puget Sound River Basins Team,
contained TFW water types | through 5 over the entire
Deschutes watershed. The strecam segment lengths and
node attributes were exported from PC-ARC-INFO®
and edited 1o form the stream network skeleton needed
for developing the model-specific stream neiwork. The
editing included sorting the reaches into downstream
order and deleting those tributaries not contributing at
least 10% flow.

Once this base network was developed the model
specific networks were built. The QUAL2ZE network
was developed first. This model limits the ributaries to
six. (This feature was considered a limitation in TFW
applications, since most watersheds of interest .o TFW
have a greater nomber of tributaries that would
significantly affect temperawre). This and other
restrictions dictated the configuration of the network 10
some extent. AH wibutaries were treated as point
SOUTCES.

The SNTEMP network was developed next. This
required adding tributaries, branch, junction, and
riparian change nodes to the basic skeleton neiwork.
The reach lengths and ribuiary mileposts (alony the
main channel) were determined. The same network was
used for MODEL-Y, although the reaches were broken
at locations corresponding to the distance water ravels
in one timestep (typically one hour). (The average
velocity funcuon presented in Chapter 3 was used to
split reaches in1o the one-hour long computauonal
elements,) A spreadsheet containing lookup-values
based on the ravel time function was used w calculate
milepost points for standard computational-element
nodes.

The procedure was 10 move downstream along the
mainstem starting from a headwatcr node at 1 km from
the drainage divide. A ‘branch node' was entered when a
wibutary was encountered, Before moving downstream,
the mode) computed the temperature of the tributary by
backing up to the headwaters using timesteps
determined as above, initializing temperature at the
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Figure 54 Basin temperature mode! system description.
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source, and calculating temperature downstrcam to the
junction. Tributary temperature was recorded at the
branch node, and then flow from the wributary and the
mainstem was mixed. The new temperature was
recorded at the next imestep at a junction node
identified at the end of the next downstream reach.
Predicted temperature can be reported at any
computational element or node.

Data_Requirements

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

Hydrology. Streamflow data are important for
calculating the wansfer of the heat from one reach 1o
another. In addition, tributary inflow must be accounted
for as cooler or warmer streams merge. A simple flow
mixing cquation was used for tribotary inflow
following Brown and others (1971):

(T1*Q1) + (T2*Q2)
Qi+Q@2

T3=

Where: T1 and T2 are the temperature of the two stream
reaches joining. Q1 and Q2 are the respective stream
flows of the adjoining reaches, and T3 is the resuitant
stream temperatwre immediately downstream of the
junciion.

Streamflow was assumed 1o be constant over the
modeling peniod. Headwater flows were iniualized at
zero, and increased with distance by the relationship
described in Chapter 3. Streamflow was assumed one-
directional with uniform mixing.

Groundwater inflow was treated as a residual in the flow
mass balance of QUAL2E and SNTEMP. Groundwater
influx was held constant at the median value from all
sites in the tiemperature study for MODEL-Y.
Groundwater temperature was approximated by a
relationship 10 mean annual air wemperature as described
in Chapter 3.

Climatological Daia, Basin models required data to
describe the climate of the watershed including solar

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

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

MODEL-Y utilized intemnal climatologic and solar
profiles developed from regional data collected during
this study. Derivation of hourly air temperature profiles
is described in Chapter 3. Regional daily values of
relative humidity (corrected 10 250C) and sky cover
were derived from Quillayute, Olympia, and Yakima
NOAA climatological stations. Solar values for
MODEL-Y were calculated using the USF&WS
SSSOLAR model using median values for input
parameters. These values were then corrected 10
observed data published by Cinquemani and others
(1978), and Critchfield (1978).

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

Each of the models have somewhat different
requirements for describing the hydrologic budget and
the shape of the stream channel. QUALZE offers iwo
options for describing average velocity and channel
depth. One is the trapezoidal channel shape method and
the other is the discharge coefficients method. The
coeflicient method was used with the slope set 10 0.0
and the intercept was the measured field value for
velocity and depth. (This assumed constant flow over
the modeling period). SNTEMP also used this
coefficient method. MODEL-Y used channel depth as a
direct measure of flow geomerry appropriate for heat
transfer relationships. Depth was determined from the
relationship between depth and the distance downstream
from the watershed divide developed in Chapter 3.
MODEL-Y also assumed depth was an adequaie
surrogate for flow in the wributary flow mixing
equation.
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Riparian and Topographic Shading. Values for shading
were obtainced by measurement in the primary study
sites within the study basins. No attempt was made to
measure shade conditions of other reaches, although
shadc values for unmonitored sites were estimated from
primary sites with similar size and riparian cover.
Shade values for SNTEMP were calculated with the
USF&WS SRSHD reach model as described in Chapter
4. Shade values for MODEL-Y were the view-to-the-
sky factor measured at primary study sites within the
study basing, QUAL2E does not require a shading
factor.

Water Tempemture, Values for water temperature were
needed as estimates for initial conditions, point
discharges, and calibration of the QUALZ2E modcl. The
headwater nodes were initialized ar groundwater
temperature, and tributary streams were treated as point
discharges. Mean water values for the modeling period
were used as the wributary temperature values.

Model Tests

Calibration, Several of the basin temperature models
were designed 1o be used with a calibration step. A
typical calibration step would consist of changing
model input parameters to force model output to maich
observed lemperature values at locations where water
temperature has been measured. The question of model
calibration poses difficult problems for model use in
TFW applications since regional or site-specific stream
characteristic input values could be available, but

‘observations of water temperature would probably not
be. (This might not be the case for experimental basins

where water lemperature data could be gathered before
running models.) For this test, the models were run
using the best available input data, but were not
calibrated to observed values. The TWG recognized that
this represented a depanure from normal use of
QUAL2E and SNTEMP and probably does not fully
express predictive ability of these two models.
However, this test does adequately represent realistic
limitations in the models’ envisioned use in TFW.

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

RESULTS

Sensitivity _Analysi

Two of the basin models are constructed from reach
prediction models, simply adding heat transfer
calculations o ranspon heat downstream. SNTEMP
uses the same energy-balance algorithms as the
SSTEMP reach model, MODEL-Y is derived from
TEMPEST. Results of the sensitivily analysis of
environmental factors on predictions that were
performed on SSTEMP and TEMPEST (Chapter 4)
were assumed applicable to their corresponding basin
models. Using similar methods, sensitivity analysis for
QUALZ2E was performed using input parameters listed
in Table 5.2. The sensitivity of predicted maximum,

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

Variable Standard Value Range

Air Temperature {°C) 18.72 9.36-37.44
Humidity (%) 15 0-100
Groundwater Inflow Rate (m3/s/km) 0.00303 0.00003 - 0.01515
Clouds (% of sky) 100 1-100
Starting Water Temp, (°C) 16.4 14.1-32.8

* Stream Velocity (m/s) 0.24 002-1.2
Stream Depth (m) 0.31 0.16-1.5




130  Basin Model Evaluation

TirnberiFishiWildlife Temperature Studv

mean, and minimum temperatures 10 input variables
was performed for small, medium and large strcams
(depths 0.16 m, 0.4 m, 1.0 m respectively). The
sensitivity of predictions 1o depth was interpreted from
the model's response in diumal (emperature.

As with the reach models, QUALZE was most
sensitive 1O air iemperature and starting walter
temperature (Figure 5.5 and Table 5.2). The
temperature of larger streams was more sensilive to
starting water temperature than smaller streams,
QUALZE was more sensilive 10 starting water
temperature than SSTEMP and TEMPEST, but less
sensitive than TEMPE6. Other environmental factors
such as humidity and cloudiness had litde effect on
temperature predictions.

Sensilivily of the basin models 10 network factors (as
opposed to environmental factors) were of interest to
the TWG but were not thoroughly expiored. All basin
models use similar flow mixing equations in transport
heat downstream. The sensitivity of predicted
temperatures at a downstream point to changes in input
parameter values in upstoream reaches was not tesied.
The minimum size tributary to include in basin
networks was also of interest. Generally, tributaries

with less than 10% of the mainstem flow arc neglecied.

An estimate of the effect of tributary mixing (assuming
a temperature of 100C for the incoming stream) at
various proporuons of wota! streamflow and
temperatures of the mainsiem arc shown in Figure 5.6.
Tributaries contributing 10% of the flow reduce
temperature by 1°C, suggesting that this is a good
assumption.

Model Evaluation

As a consequence of the complex process of running:
and imerpreting basin model results, the TWG
concluded that the evaluation crileria would necessarily
have 10 more subjective than for the sit¢ model-testing. i
Many factors were difficult to account for or quantify.
Using these models turned out to be something of an
art compared to site models, which were simple to use
and understand. For the most part, the TWG found the
basin modcls 10 be far more frustrating and less
insightfut for TFW applications then was hoped when
testing began. The TWG evaluated model performance,
reliability and practicality considering the TEW user as
was done for the site models (Chapter 4). However,

Figure 5.5 Sensitivity analysis of environmental variables in QUAL 2F
predicting mean temperature for medium size streams.
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most of the crileria used for the site models had to be
relaxed considerably for the basin models. In fact, few
strict criteria were specified. Performance is judged
based on general trends in predictions within basins,
and practicality and reliability are discussed based on the
experience of the group. The models were not formally
raed.

Performance

Basin model performance was tested in much the same
manner as the reach models. (An in-depth discussion of
the statistical strategy can be found in Chapter 4). The
difference between predicted and observed temperature
(W-siatistic) was used 1o evaluate each model’s ability
to accurately maximum, mean, and minimum
temperatures, and the daily diumnal fluctuation, The
accuracy, precision, consistency and bias of model
predictions were considered as described in Chapter 4.

Overall performance of the models where all sites are
averaged are summanzed in Figure 5.7, Statistcs
computed for each site within the three basins are

shown by model and basin in Figures 5.7-5.15.

(Mo overall basin performance was determined.) Trends
in performance were examined relative (o riparian
shading levels, stream size, clevation, or position of
the site in the stream system. This lauter analysis was
to determine if the model prediclions systematically
gained or lost errors from node to node irrespective of
stream conditions.

QUAL2E

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

Figure 5.6 Temperature effects from wriburary mixing. The calculation assumes
that mmibutary water temperature is 10 deg C.
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Figure 5./ Perjormance statistics for basin model-iesting averaged for all sites (A)
w-siatistics (predicted-observed), B)Average daily error , C) sites correctly predicied.
Sites tested.
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The model performance improved progressively in the
downstreamn direction where presumably shading had
less influence on the temperature. In lower reaches, the
model predicted maximum and mean temperature better
than in the upper reaches, although it continued to
underpredict the minimum temperature and diurnal
fluctuation. Temperature predictions in the lower
reaches of the river were well within accepiable levels
(generally within 1-20C). Because of the poor
performance in headwater streams, the overall
performance statistics of the model were only poor to
fair (Figure 5.7). Maximum temperature was predicted
correctly (within 20C) at only 40% of the sites,
although mean tlemperature prediclions were belier
(77% of sites).

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

SNTEMP

The overall performance of the USF&WS basin model
appeared far better when averaged for all sites (Figure
5.7) then it was within any of the basins (Figure 5.10,
5.11, and 5.12.) Although the average W-statistic for
the maximum temperature was 0.40 (better than in the
site model test), the maximum W-stausuc within
basins ranged from large and positive in the Deschuies
basin (model overpredicts) to large and negative in the
Coweeman basin (model grossly underpredicts.) Results
varied in the Little Natches Basin (Figure 5.12) where
the model tended to predict high in the smaller streams
and low in the larger river. The overall consistency of
model predictions from site 10 site was on 15 1o 70%
correct, varying with lemperature characteristic. The
SNTEMP basin model was not consistent from site to
site, but it did tend to show similar trends within the
same basin. For example, the model underpredicted all
characteristics at all sites in the Coweeman Basin
(Figure 5.10). Predictions varied in the Deschutes
Basin, but tended 1o be in the same throughout the
basin (Figure 5.11)

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

Although the SNTEMP basin model predictions for
maximum, and mean iemperature were fairly good

AS AW

SITE

considering the estimates that go into running the
model, the TWG feli that the performance as oo
inconsistent to recommend it for routine application.
Many factors could have contributed to our inconsistent
results, although we do not understand precisely why
the model performed as it did. No calibration step was
performed, which could certainly have affected overall
performance within a basin. No calibration step would
be possible in TFW application. We were unclear as 1o
whether the number of measured sites within each of
the basins was sufficient o provide the model enongh
calculating points, although maintaining & 10 9 sites
within one watershed was an intensive field effort
requiring considerable resources including labor and
equipment. We were also not sure that our basins were
actually 100 small to achieve good results from the
model, although we saw no consistent improvement in
performance in the Jower reaches of the rivers as we did
with QUALZE.
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W-STATISTIC
(Predicted-Observed)

W-STATISTIC
(Predicted-Observed)

Figure 5.10 W—STATIST]C'S for SNTEMP for the Coweeman Basin
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Figure 5.11 W-STATISTIC for SNTEMP for the Deschutes Basin.
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Figure 5.12 W-STATISTIC for SNTEMP for the Little Narches Basin.
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MODEL-Y was the best overall performer (Figure 5.7)
although it did not predict maximum temperatures as
well as the SNTEMP basin model on average. The
model was particularly accurate in the Coweeman Basin
(Figure 5.13), fair in the Deschutes Basin (Figure 5.14)
and poor in the Litle Naiches Basin (Figure 5.15).
{The reach model TEMPEST also performed poorly at
the sites in the Litde Natches Basin so poor predictions
here were not surprising.)

The model showed similar behavior as the site model,
but predictuions were less accurate, This can probably be
atributed to the fact that most of the input values 1o
MODEL-Y were estimated from regionalized
relationships rather than measured as they were in the
model tests. Neither MODEL-Y or SNTEMP were
expected 1o predict iemperature with the degree of
precision that was observed in the site model tests. (For
that matter, TEMPEST and SSTEMP would not be
expecled 10 predict as accurately if input data that the
madel is sensitive 1o is estimated rather than measured),

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

about 50% of the sites were predicted within 20C
(Figure 5.7). Although this model shows promise, the
TWG felt that it also did not perform well enough at
this time to recommend its use.

Comparison Between Site and Basin Model
Predictions

Reach models were shown to predict temperature
accurately, even though only about 600 meters of
stream characternistics were described as input values and
basin conditions upstream of the sites were not
quantified (Chapter 4). Reach modeling results
suggested that water lemperature could be considered a
local phenomenon, dependent primarily on relauvely
close-by stream and riparian conditions (although the
spatial influence was not identified.) Nevertheless, heat
moves downstream with flow and imporiant questions
remain as to how far, and 1o what extent riparian
conditions in upstream reaches influence temperature in
downstream reaches. Indeed, this is the primary
motivation for attempting to use the inherently more
complex and difficult basin models.

1t was hoped that differences in the predictions generated
from the basin and site models could be used as an
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Figure 5.13 W-STATISTIC for MODEL-Y for the Coweeman Basin.
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indicator of the relative importance of watershed impossible to draw definitive conclusions.
conditions beyond the immediate reach. Improvement :
in prediclions by basin models could be interpreted as It can be said that basin models were imprecise, and
indicating tha1 offsite effects were significantly only gross differences in temperature would be
influencing the site. However, model resulis were so detectable using them. It was also shown that site
much less accurate in the basin test because so much of models predicted well without characterizing much of
the data was estimated rather than measured, that it was the basin, although this is not helpful for interpreting
! Figure 5.14 W-STATISTIC for MODEL-Y for the Deschutes Basin.
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the near-site downstream effects of a timber harvest
activity.

Sensitivity _and_Reliabitity

No specific tests were performed on the basin models 10
determine their reliability relative to ranges of input
variables for various parameters. Although these tests
were performed on the sile models, it 1 not clear that
they are directly applicable for the basin models.
Predictions from both the SSTEMP and TEMPEST
models were shown 1o vary over the naturally occurring
range of the input variables, although SSTEMP tended
o more sensitive than TEMPEST (Chapter 4; Figure
4.6). Since many of these parameters were nol
measured as they were for the basin tesis but estimated
from regional relationships, it was likely that the
models would perform less reliably. The SSTEMP
model was particulariy sensitive to air temperature,
which was mcasured for the site test but estimated from
regional relationships for the basin test. Estimating
these parameters rather than measuring them
undoubtedly accounted for some of the decline in
performance between sile and basin models.

Practicali

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

Cosls

All three models required collection of reach-specific
data. MODEL-Y relied on regional estimates for rravel
tme, stream depth, groundwater inflow, climate, and
local air ilemperature, needing only a riparian and
1opographic view-to-the-sky-factor as the user-supplied -
reach data (assumed 1o be estimated in the field).
{Improving performance of this model may require
increasing the site-measured data input o it rather than
relying on gross estimates from regionalized
relationships.) QUALZ2E required reach-specific channel
geometry data, but did not require any shading factors.
SNTEMP was the greatest consumer of data with
multi-parameter shading information, channel
geomewy, and hydrology data needed on a reach basis.
Gathering this information for more than 2 limited

Figure 5.15 W-STATISTIC for MODEL-Y for the Little Naiches Basin.

8
_ MODEL-Y--Little Natches Basin B M
E MINIMUM
— 6-‘
-
Q
e
(&) Q
Tl
=
<3
25 2-
23 2
o
e
0—
2 . '

CA CB

CD CC
SITE



TimberiFishtWildlife Temperature Study

Basin Model Evaluation 139

number of sites would be a limitation in il$ rountine
use, although it may be applicable on an experimental
or project basis. A unit cost per basin cannot be easily
cstablished without knowing the number of sites that
would be required by that basin's unique topography.

Data Management

Data management costs were closely related to the
complexity of the model data requirement. Data input
and output features were an imporiant consideration.
MODEL-Y, with its simplc data needs required only
one spreadsheet-type data fiie 1o run, and output
exported into simple spreadshect-type arrays was easy
to handle and interpret. QUAL2E required two carefully
formatted, but fairly small, data files to ran. However,
QUALZE output was very cumbersome and requircd a
substantial amount of post-simulation processing by
custom-built TWG programs 1o reformat the output
into a useful data base. SNTEMP required eight
carcfully formatted and cross-referenced data files to run
it. Although the USF&WS support services offered a
very handy file-checking program 1o assist the user, file
building and data management were still fairly edious.
SNTEMP support services also offered a utility
program for reformatling the model output into a useful
spreadsheet formal.

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

Nerwork: Flexibility

Satisfaction with a model stems partly from the ability
to set up the network in such a way that useful results
for interpreting management effects can be generated.
The construction of a suitable neiwork was a very
imponant part of the pracess. Each of the models had
centain restrictions that limited the flexibility of the
stream network. MODEL-Y is restricted by the travel
time distance of the reaches. For example, tribuarnies
must enter the network at a travel-time defined reach
breaks. (This limits length to generally 200-500
meters), QUALZ2E is probably the most constrained of
all the models. ki bounds the number of tributaries that
can be included to six, the number of headwater nodes
to seven, the number of computational elements 10
250, the number of computational elements per reach
1o 20, and {urther mandates that ali computational
elements in the network be the same length. SNTEMP

allows unlimited network configuration (limited by the
available disk space) but places restrictions on the
length of reaches and the network at large based on the
24-hour travel time requirements.

User Foendliness

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

Operatign Mechanics and Product Support

All three models suffered from lack of error frapping
and recovery. Unlike the reach models, none of the
basin models contained interna! data-range checking and
waming information. SNTEMP, through its user
support, does offer an external data checking program.
Its use is highly recommended. Both SNTEMP and
QUALZ2E suppon services offer penodic training
seminars, At this point such training is not available
for MODEL-Y. SNTEMP support services provided
much assistance to the TWG during this modeling
effort.

CONCLUSIONS

This review of basin temperaturc models was based
smicdy on the need to recommend a model for TFW
applications and should not be viewed as a rigorous 1est
of any these model’s ability to predicl temperaiure with
more controlled 1esting conditions. However, our
experiences during model-testing reflect the hazards
likely to be encountered when using basin temperature
models in routine forest management decision-making
in TFW. Such use imposes many constraints,
including: 1) satisfactory performance in relauvely
small basins, 2) no opportunity for calibration sieps, 3)
reliance on regional relationships and estimates for
some input parameicrs, and 4) the need 1o be able to
manipulate the model data w provide gaming
opportunities for testing alternative prescriptions on
lemperature at a basin scale.
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First, the TWG cautions that use of any basin model is
sufficiently complex, and as yet of undemonstrated
value, that a general use of basin temperature models
docs not appear warranted. Furthermore, none of the
basin models tested here performed well enough, were
sufficiently practical and reliable, or had appropriate
gaming capabilities to recommend their use. However,
the TWG recognizes the worth of an operationat basin
model for the gaming and basin planning functions
described above and encourages further development of a
basin model on a limited experimental basis.
Considering the existing strengths and weaknesses of
the models, which might be the most appropriate?

QUAI 2E does not consider riparian shading and
therefore is not useful for TFW applications. Unless
future versions of the model add this factor, this model
should not be considered further. Additional problems
with this model include its unfriendliness to vsers (it
requires unacceptably complex segmentation for nodes
and computational elements) angd requirements for data
that cannot be satisfied (relative humidity functions in
particular, are among the most difficult 1o measure
accurately). This model appears 10 work well in larger
rivers, and would probably be a satisfactory choice for
applications other than forest management.

SNTEMP: The model is complex, and should only be
implemented by a irained and expenienced user. The
model is well-supported, and training is available,
making its use feasible if TFW concerns warrant.
However, it would require a specialist to apply it. The
model demands a fot of information, and is not
particularly suitable for simulating altenative
management scenarios since data management is
difficult. The basin model is less accurate on average
than the reach model, and was inconsistent in its
performance. The model performed poorly at some
nodes, including those below tributary junctions where
it should have performed betier. These and other
specific aspects of the model’s performance remain
unexplained, leaving the TWG uneasy about its
reliability, especially for decision-making relative 10
basin layout of harvest plans.

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

CHARACTERISTIC TEMPERATURE REGIMES

General trends and patterns of water emperature in

relation to forest management and climate are
documented in this chapter. Data collected from 92
sites localed throughout Washinglon were used in
this characterization of stream temperature from a siie
and basin perspective, The period of maximum
summer temperatures (July to Sepiember) were the
focus of this analysis, since forest practice
regulations specify maximum temperawre criteria,
and data were readily available and most organizations
measure temperature during this time. Eight sites
were also measured during the winter months and
these data were examined to determine possible
changes during the colder months in relation to forest
management.

Average summer temperatre characteristics of forest
streams throughout Washington are described
(Summer Temperature Regimes). Stream iemperature
regimes and their relauonship to environmental
characteristics such as riparian shading are analyzed,
and results are used to identify methods w easily
characterize stream temperatures based on site and
basin conditions (Relationship to Environmental
Faciors). Winter temperature regimes from a limited
number of sites are explored (Winter Temperature).
Characteristic basin lemperature pattems are discussed
using data collecied at sites clustered within three
watersheds, as well as by considering all sites in
relation to their relative position in the watershed
{Basin Temperature Patterns).

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

AVERAGE STREAM TEMPERATURES
OF WASHINGTON

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




Table 6.1 Site characieristics and average maximumn, mean and minimum temperature for the period between July 15 and August 15. Siream and vegetation characteristics
were measured al primary sites (see table 2.1). Characteristics were estimated af secondary sites findicated as 2).

Sits Maximum Mean Minlmum Elev View Disjance Discharges Depth Bankiuvll Azlmuth
Code Site Name {oC) {eC) {oC) {m) (%) from Divide {md/s) {m) wWidth  (degreas)
{km) (m)

AA  Ware Creok 16.9 14.5 12.2 436 23 30 003 ° 0.16 10.7 303

AB Schuitz Creek 19.9 15.7 t29 540 94 7.3 0.04 0.29 7.0 344

AC Hucidebarry Cresk 136 129 12.4 197 17 58 0.03 0.13 . J48

AD Thurston Cragk 148 135 124 292 40 52 0.12 0.22 . 4

AE Little Daschutes Cr. 15.2 14.0 128 2869 i 9.4 0.07 0.23 2.3 315

AF Deschutes River 18.6 16.0 1348 168 67 26.5 1.14 0.29 16.8 2N
(AKE0.2}

AG Doschutes River 15.0 13.5 120 342 70 9.8 0.48 0.34 15.2 357
{RK75.5)

AH Mulhoftand Creek 18.2 16.1 144 111 33 13.7 0.16 0.30 13.7 23

Al Goble Creek 18.5 16.5 148 48 40 12.9 0.27 0.30 128 386

AJ Balrd Creek 16.3 14.5 128 216 40 7.9 0.28 0.28 10.1 an

AK Coweeman River (above 18.2 15.7 136 115 s1 29.1 1.12 0.44 21.3 nz
Mutholland)

AL Coweeman River {nbove 1a.8 17.6 156 43 78 40,7 1.63 0.59 229 183
Goble)

AM  Coweeman River (above 191 17.5 16.4 27 72 43.8 1.57 0.54 30.2 247
Androws)

AN Coweeman River (above 16.2 14.1 120 209 59 17.4 0.78 0.35 12.2 273
Baird)

AO Herrington Crack 171 15.0 13.3 a75 64 6.3 0.07 0.19 5.5 278

AP Porter Creek 15.6 14.4 133 109 2 13.2 0.13 0.23 8.2 242

AQ Hoffstadt Creek 22.0 16.9 12.7 587 100 73 0.10 0.23 15.2 237

AR Hard Crosk 12.5 t1.0 10.2 450 0.259 19 . 16252 . 303

AS Deschutes River [AK 42) 16.8 16.1 151 120 50.758 436 . A41.609
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Slte Maxlmum Mean Minimum Elev View Distance Discharge Depth BPankivll  Azimuith
Code Site Name (oC) {oC) {oC) (m) (%) from Divide {m3/s) (m) Width {degrees)
(km) {m)
AT Gobar Crook 176 146 12.0 god 5.6 0,207
AW  Deschutes River (near 17.0 15.7 146 204 50758 856
Offut Laks)
BA Abernathy Creek {Lower) 15.8 13.9 12.0 178 a3 74 0.20 .27 11.0 146
BB  Gemmany Cresk {Upper) 17.5 15,2 128 184 38 7.9 0.09 0.32 110 160
BC  Naselle River 14.4 13.1 123 288 59 41 0.02 0.18 79 267
BD  Smith Creek 20.2 18.5 17.2 67 93 12.8 o.10 0.60 43 21
BE  Bear River 14.5 135 126 92 19 . s 0.03 0.19 7.0 352
BF  Abernathy Creek (Upper) 16.6 149 132 25.50% .26-.409
CA Bear Creek 14.2 118 10.2 956 63 7.9 0.07 0.24 7.3 154
CcB S.Fork Little Natches 139 115 9.9 949 44 16.2 0.16 0.26 9.1 44
Rivar
cGC Little Natches River at 171 13.9 1.1 813 81 30.0 1.32 0.37 244 158
Kaner
co Crow Creek 15.4 i2.7 101 827 " 278 0.60 0.34 10.1 69
CE  Bear Creck Watorshed 14.0 13.2 125 317 25 508 2.8 .26..408
{Baseline)}
CF  Wind River {Bascling) 14.3 12.8 11.2 341 25.508 19,1 26-.403
CG  Trout Creek (Bassling) 13.2 12.8 122 KER} 26.508 15.9 .26-.409
cH  Trapper Creek (Baseline) 136 13.1 126 415 pg5pa 7.1 16..258
DA Pilchuck River (RK 15.4) 19.1 16.9 15.0 38 95 185 1.78 0.50 235 177
0B Pilchuck River (RK 2.7} 16.2 14.6 13.3 49 a7 16.5 0.10 0.21 6.4 164
EA Cee Coe Ah Creek 119 10.2 8.8 1048 70 6.1 0.03 0.14 3.7 190
EB  Chamokane Crenk 201 15.8 121 446 93 46.4 0.72 0.28 140 216
FB Norwoglan Creok 120 10.0 8.0 1154 55 24 0.00 0.07 24 334
GA Red Creek (Tributary) 16.2 148 13.3 41 15 4.0 0.07 0.2t 58 258
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Slte Maximum Mesn Minimem Elev View Distance Discharge Depth Bankfull Azimulh
Code SHe Mame (oC) {oC) {oC) {m) (%) from Divide {m3rs) (m) Width  (degrees)
(km) {m)
GB Red Creek 19.3 17.5 158 61 82 7.6 0.68 0.50 300
GC  Red Creoh (Sita 2) 15.4 15.0 14.7 .
HA Little Deer Cregk 17.6 151 124 463 77 10.6 0.23 C.41 17.7 173
HB N. Fork Stillaguamish 13.5 11.4 9.7 402 0.618
{up. Deer Cr)
HC Squire Cragk 13.6 12.3 11.2 792 51 18.0 0.77 0.52 325
HD Higains Creek 17.3 149 13.2 130 87 39 0.04 0.36 7.3 316
HE S. Fork Nooksack River 105 o7 26.7 3.94 0.39 33
FF Tributary 1o S, Fork 12.8 12.8 12.8 122 19 6.5 0.01% 0.12 6.7 237
MNonksack
HG N, Fork Stillaguamish 16.4 14.9 136 275 72 20.5 0.27 0.40 18.0 204
(AM 38.8)
HH Daer Creok {above 19.3 15.4 12.3 487 76 140 0.27 0.39 27.7 299
Delorast)
Hi Deer Cresk (at mouth) 18,2 16.5 14.7 58 89 385 1,37 0.37 30.2 21
HJ S. Fork Nooksack (Upper 18.4 16.7 150 25 0.5 0.50
river)
HK  Segelson Creek 8.6 8.0 74 102 0.082
HL N. Fork Stillaguamlish 17.6 15.5 13.2 70 0.46
(do. Deer Cr)
1A Ten Cresk 16.1 14.8 3.8
IC S. Prairle Creek (uppear) 12.4 115 10.8 527 43 7.7 0.21 0.26 9.1 a4
D Greenwater River 15.7 126 10.6 705 95 21.0 0.77 0.28 15.2 297
JA Snow Creek 18,6 1002 508 8.0 0.309
KA Wenalcheo River (Site 1) 20,0 17.8 16.7 1009 . . . .
KB  Waenatchee River (Site 2) 183 16.8 16.0 1002 .
KC Wenalchee River (Site 3} 1.4 16.6 15.3 1002
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Slte Maximum Meen Minlmum Efev View Distance Discharge Depth Bankfull Azimuth
Code Slte Name {oC) {oC) (oC) {m) {%) from Divide {m3rs) {m) Width  (degrees)
{km) (m)
KD Wenalchee Hiver (Site 4} 17.5 16.0 15.3 1002
KE  feicle Creak Bypass 1003
LA Tucanron River {bolow 19.4 16.1 13.7 1002
M.Russols Sp.)
LB Tucannon River (at 10pa
bridge 14)
LC M. Russels Spring-- 19.2 15.8 13.4 1002
Tucannon
tD  Hartstock Cr--Tucannon 154 1.4 8.7 1004
LE  Tucannon River (Below 12.6 10.3 8.0 of 26..408
Panjab Cr)
LF Tucanron River {Below 16,8 13.7 10.7 gs5a 26-.408
Big 4 Lake)
LG Tucanmon River (Below 18.6 15.1 1.7 g5a 26..402
Deer Laka)
LH Tucannon River {Baelow 18.6 15.1 1.7 708 15..252
Cummings Cr)
L Tucannon River {Below i85 15.2 1.9 1002 A1-.600
Beaver Laks)
PA Muddy River (Baseline) 10.3 9.5 8.7 366 25.508 19.1 26-.408 . .
FB Claarwalor Cr. (Baseling) 11.0 101 9.2 439 25.509 21.4 26-.409
PC Clearwater Croek {at rd. 154 135 116 51-753 22.2 .26-.409 .
9300)
PD  Clearwaler Croek {upper)  17.2 13.8 10.3 76-1002 40 )
PE Clearwatar Crock (Bel. 15.7 125 9.3 76-1002 8.8 16-.258
M. Brl.)
PF Cloarwater Creek (at 16.3 133 10.2 75-1002 13.0 .16-.258 . .
Paradise Falls)
PG Hungry Creek {Upper) 1.8 9.5 7.2 0.254 1.2 16-258
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Slte Maximum Mean Minimum Elav View Distance Dlscharge Depth Bankfull Azimuth
Code Sile Name {eC) {aC}) (eC) (m) {%) from Divide {m3/sa) {m) Width  (degrees)
(km) (m)

PH Hungry Creek (Lower) 11.2 9.2 7.1 26504 1.2 .18-.259

PJ  Johnson Creek 13.9 12.5 1.1 316 5502 18.2. 26..402
(Baseline)

Pl Catt Creek {above Big 11.0 101 9.2 0252
Cr)

PL  S.Fork Willame Cr, 10.0 9.7 8.3 536 p.252 4.2 .16..259
{Baseline)

FM  Clear Fork Cowlitz Cr 103 9.5 8.7 335 0-253 27.8 26-.409
(Baseling)

PN N. Fork Wiltame Cr. 12.8 11.5 10.2 p-253 .16..254 .
{below unit 6)

PO N, Fork Wilame Cr. (at 136 12.2 10.8 26-508 16-252
4700 rd)

PP Quartz Creek (Baseline) 18.6 153 12.0 524 51.754 - 13.8 .26-.409

PQ  Lewis River {Baseline) 14.0 12.7 11.3 347 51.752 50.4 41-604

PR Canynr Creek (Basefine) 14.2 12.8 13 366 26.508 125 .26-.40%

PS Slouxon Cresk 16.1 15.2 142 244 51.753 27.8 .26..408
(Baseline)

PT East Fork Lewis River 15.4 14.2 13.0 293 26.508 17.5 26-.408

(Bassling)
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Summer Temperature Regimes

Temporal Patterns

Annpal Temperature Palterns, Stream temperature
tends to reach annual maximums during July and
August and minimums in December and January,
iliustrated for a small, partially shaded stream in the
headwaters of the Deschutes River basin shown in
Figure 6.1. Mean water temperature tends 1o stay
relatively close to mean air temperature throughout
the year. Water temperature reaches its maximum in
August close in time to when maximum air
temperamure ocaurs in late July-early August. Solar
radiation peaks earlier in June. This timing of annyal
maximums was similar for all sites regardiess of
stream size or condition of shading,

The general influence of riparian vegetation shading
and stream size (indexed by average depth) are
illustrated with temperature profiles from six selected
sites chosen o represent very shallow (0-0.15 m),
shallow (0.16-0.24)}, and moderately deep (0.26-0.40
m) streams with vegetative conditions ranging from
fully shaded to fully open (or nearly so) (Figure 6.2).
Average monthly maximum temperature of the
selected sites (chosen from their respective groups
based on their length of record) are shown.

It was hypothesized thai streams of each size category
could be affected by removal of vegetative shading
along their banks and in nearby upstream reaches.
Differences in stream temperature in relation to
riparian vegetation conditions persist during all
summer months, although they tend 10 be greatest
when the warmest temperatures of the year are
observed in July and August. Maximum temperature
tended 0 be approximately 4 to 5°C higher for the
open sites compared (o the shaded siizs in all sream
size categories. The sites in each stream size group
are not paired with regard to all important
characteristics known to influence stream
temperature, such as groundwater inflow and
elevation, so these graphs should be interpreted as
indicative of relative rather than absolute
relationships between open and shaded reaches. For
the examples shown in Figure 6.2, the sites in the
shallow category were actually somewhat warmer
than the deeper streams, This simply reflects
differences in other local environmental faciors of
these sites. Although many sites fell within a similar
temperature range as those depicted in Figure 6.2,
some sites were higher or lower than those
illustrated.

Figure 6.1 Average monthly air temperature (squares), waier temperature (circles),
and direci solar radiation (diamonds) of e small, partially shaded siream.

oo

=]

(]
1

(o) ]
o
o

[ B Y |

o
o
| & ]

cm-2 hr -1
(X
o
o
U I U B W O A |

Direct Solar Radiation,
cal .

O

20

- Lo g - )
Raodiation r

Temperature, °C

Cs

F B A M J
Month

J A S O N




148  Temperature Repimes Timber/Fish/Wildlifc Temperature Study

Figure 6.2 Daily maximum average by month for open and shaded sites of three
depths: (A) very shallow, (B) shaliow, and (c) moderaiely deep.
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Temperalure Repimes

Daily Temperature Patterns. Daily water iemperature
follows the same general trends as the monthly
iemperature, although daily temperature is more
variable in response to changing weather conditions,
Examples of daily temperaturc regimes of three
streamg and nivers in Washington are provided in
Figure 6.3. Similar daily temperature graphs for all
92 sites are provided in Appendix A. Huckleberry
Creek (AC) is a fairly small stream in the Deschutes
River basin in the western Cascade Range that was
fully shaded with second-growth alder. Temperature
in this stream never exceeded the Washington forest
practice standard of 15.6°C and showed relatively
little daily diurnal fluctuation. Daily maximuem
iemperatures as high as 22.50C were observed for
lengthy periods during the summer in the Coweeman
River (AL) and Wenatchee River (KA) representing
larger and more open soreams. Diurnal fluctuations
were between 5 and 7°9C in both rivers.

To provide a perspective of short-term fluctuations in
water temperature, hourly water temperature during
the month of August are shown for three sites where
hourly air and water temperature data were available
in Figure 6.4 . Several charactenistics of 1emperaiure
behavior common to all streams are evident. Water
iemperature tracked variability in air temperature
rather closely at all sites, although the exact

relationship between air and water temperature varies
from site to site reflecting local reach conditions.

Cee Cee Ah Creek (site EA) is a very shallow, high
elevatuon (1048 m), and partially-shaded sweam (30
% shaded) in northeastern Washingion, Although air
temperature was high over prolenged periods of time,
the riparian canopy provided sufficient shading to
protect the stream from solar encrgy and lemperatures
stayed low (near the groundwater temperature of
approximately 10°C). Diurnal fluctuation was only a
few degrees and a small proportion of the daily
fluctuation in air iemperature. On the other hand,
Hoffstadi Creek (site AQ) in the Mt. St. Helens blast
zone had a wide diumnal water temperature fluctuation
that varied nearly as much as air tlemperature (Figure
6.4b). Stream AQ is somewhat larger and at lower
elevation than EA, and has no shading at all. Site
AN on the Coweeman River is a larger river that is
only 40% shaded. Like the small stream (EA), the
dinmnal fluctuation of the river was about 50C
(Figure 6.4c). However, the entire water temperature
profile of the river site fluctuated more with air
temperature than the small stream, and was not so
apparently constrained by the groundwater
temperature as evidenced by daily minimum water
temperature. Groundwater inflow would have a much
larger influence on small stream than on larger ones.

Figure 6.3 Daily maximum and minimum temperature during the summer of 1988

for three sites of differing depth.
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Figure 6.3 Continued
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Figure 6.4 Hourly air and water temperature of three sites.
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Short-term changes in water temperature occurred
with weather patierns marked by varying air
lemperature, Stream response (o weather was within
a day for all streams shown (Figure 6.4). Even waier
temperature in the small siream (EA) with relatively
liule daily wemperature fluctuation was somewhat
lower when air temperature was cooler during cloudy
periods. The rapid response time of temperature to
weather patiems, and the tendency for weather to vary
significantly during even the warmest periods of the
year over durations of several days is an important
consideration in determining whether temperaiure
water quality standards specifying temperalure
thresholds over sequential periods are likely 1o be
exceeded. For example, site AQ exceeds 15.60C
nearly every day during the period while siie AN
exceeds this threshold less oflen and never for 7
sequential days as specified in the Washington forest
practice rules.

These results are an important consideration for
temperature modeling. Models have often been used
1o predict the maximum temperature with different
shading characteristics. To simplify the required input
data, climatic variables are estimated for the warmest
possible time (e.g., clear sky conditions in mid-
summer). If models are 10 be used for realistically
determining whether temperature standards specifying
duration of lemperature relative 10 thresholds are met,
it is important t0 run models using realistic climate
data that simulates normally observed variability in
weather, More effont should be devoted to developing
Joint probability distributions of meteorologic
variables based on long-term weather records.

Maximym Eguilibrium Temperature, Another
important characienistic of iemperature behavior is
the tendency for all streams 10 reach an upper limit
on the maximum water temperature. Note that each
strearn shown in Figure 6.4 achieves a daily
maximum water temperaturc that 11 does not pass
evén when air temperature goes higher. For example,
the highest daily maximum waler iemperature
observed frequently in stream AQ is approximately
240C. This iemperature coincides with air
temperature on days § and 9. However, air
temperature is greater than 240C on at least 7 other
days, but water temperature never exceeded 24°C.
However, when air iemperature was lower than
240C, water temperature was commensurately lower.

The same behavior in maximum water temperature
can be scen at sites EA and AN, although the actual
equilibrium temperature differs between sites
(approximately 12¢C at EA and 17°C at AN))

The equilibrium temperauare is such an important
concept in stream heating (Edinger and others 1968)
that further discussion of its background and meaning
is useful. The water temperature observed at any
locaton within a stream system reflects a balance
between heat input and heat loss. The rates of both
input and loss of heat are influenced by local
environmental factors. Heat input is determined by
the amoum of direct solar radiation reaching the
stream environment (Brown 1669) which varies daily
and seasonally with position of the sun, and with
shading by riparian vegetation or topography. The
exchange of heat across the air-water interface is one
of the more important factors that govern the
temperature of the a waier body for a given solar
input. Heat loss is largely regulated by the difference
between air and water temperatre. Conduction 1o the
strcambed and groundwater inflow also accounts for
heat loss but this is generally a relauvely small
percent of the Lotal energy budget during the summer.

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

Since most of the energy exchange terms involve air
temperature, this factor will be very influential in
determining the equilibrium stream emperature
{Adams and Sullivan 1990). Air temperature
continually changes in response to varying
meteorological conditions on a daily and seasonal
basis and there is an equilibrium water temperature
for each air iemperature (Edinger and others 1968).
The water iemperature is continually driven towards
the air temperamre with the raie determined by the
difference between the two. As a result, water
temperature tracks air temperauwre during solar ¢ycles.
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Importantly, rapid heat loss at high temperatures sets
an upper limit Lo stream temperature relative 1o air
temperature that is independent of stream size.
During hot summer days when the temperature
differential is greater than this amount, the heat loss
from evaporation and radiation losses is also great
and additional incoming heat 1o the water is quickly
lost back to the air. Thus each stream has a
maximum temperature observed at a threshold level
of air temperature. Assuming maximum energy
loading, for air temperatures above this level there
will be no increase in the observed waler temperature.
We refer to this temperature as the "maximum
cquilibriurn temperature.” A maximum equilibrium
temperature such as those apparent in Figure 6.4
exists for each stream reach reflecting its site
conditions,

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

The actual maximum equilibrium water temperature
at a location largely reflects the balance of other
stream characteristics that regulate heat transfer. For
example, shading reduces solar input limiting heating
in a reach or large amounts of groundwater inflow
cool tha stream. In either case, the maximum
equilibrium temperature is lower than it would be if
shading or groundwater inflow was less. These and
other characteristics combine to determine the
equilibrium temperature observed at any location at
any ume. Changes in the local environmental
conditions are likely to cause a change in the
equilibrium temperature (0 a new value. The
maximum equilibrium emperature. is generally what
is predicied by models such as Brown's or TEMP-86
(Beschta and Weatherred 1984) when maximum
energy-loading climatic conditions are used as input
values.

The existence of a maximum equilibrium temperature
is very useful for comparing the effects of stream
characteristics on temperature of different streams, If
the equilibrium temperatre can be identified, it
should reiate 1o site characteristics in identhable,
albeit complicated, ways. Each site's equilibrium
temperature is determined by its unique combination

of physical characieristics. Numerous site
characteristics contribute to determining stream
temperature, and these may vary inter-dependentiy,
independently, or inversely. Thus, quantfying
relationships between sites in generalized form is
somewha difficult. Nevertheless, common
relationships between maximum equilibrium water
temperatrre and site conditions are explored
empirically and using model simulation in following
sections,

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

Regional Averages

Maximum, mean, and minimum temperature
averaged for July for 92 stream sites located
throughout Washington are shown in Figure 6.5
grouped by major geographic regions. Average daily
maximum temperature ranged from approximately
90C in smaller, densely canopied streams lo about
21eC in completely open streams. Means ranged
from 8 to 18°C, and minimums ranged from 6 10
170C. Interestingly, the observed range of
temperature characteristics was similar between
eastern Washington, western Cascades and Pugel
Lowlands sites. The warmest daily maximum
temperawres of 219C was observed in Chamokane
Creek (EB), an open stream located in the Pend
Oreille region of eastern Washington that flows
through long lengths of pastureland; in Hoffstadt
Creck (AQ) in the Mt. St. Helens blast zone; and in
Smith Creck (BD) along the Washington coast.

Coastal streams were gencrally deep slow-moving
streams found in low-gradient coastal zones and
tended to show warmer than expected temperatures.
This may be due to the low elevation which indicates
warer air temperatures. (No siles were located in the
fog belt along the coast, which could have had cooler
air iemperatures.) Minimum temperatures tended 1o
be somewhat high in the coastal streams (Figure
6.5¢). For example, Smith Creek (BD}), a site with
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Figure 6.5 Average July maximum, mean, and minimum temperature grouped by
regions (A) western Cascades and Puget Sound lowlands, (B) eastern Washington
and {(C) coastal Washington
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Figure 6.5 Con.n'nued
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Relationship to Environmental Factors

While each strcam location had unique site and basin
characterisucs, stream lemperature characteristics
should relawe 10 the dominant environmentat variables
controlling temperature. Environmental conditions
thought to be directly imponant in determining
streamn temperature arc shading provided by
vegetation or topography, air temperature and related
meteorologic variabies, sream depth and width
(because it influences shading), and groundwater
inflow rate and temperature. Other important
variables identified as important in the scientific
literature are channel orientation and streamflow.

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

General wends were determined by grouping daia into
broader categories of shading and depth using data
from all sites wherever possible. The relative
imporiance of the dominant variables was considered
and patlerns COmmon (o many Sreams were
determined to the extent possible. It is evident from
the staustics for simple regressions of temperature

characteristics as a function of single site variables
(Table 6.2) that many factors significantly influence
iemperature (probability of the T-statistic less than
0.05 or 0.10), although no one characteristic by uself
is & good predictor of temperature (low values of R2),
Simple predictive relationships were difficult to
identify because many of these variables change
systematically in stream systems and relative to one
another. As such, observations are not entirely
independent.

General Patterns

Riparian Vegelation (Shade). As expected, shade had
a major influence on water iIemperature, particularly
the daily maximum. Each site’s highest value of
daily maximum watcr and air temperature (an
indicator of its equilibrium temperature) averaged by
shade category are shown in Figure 6.6. (Incidentally,
air temperawre did not appreciably differ under more
open canopies characterized by shade ranging from 0-
75% of the stream surface area, aithough air
temperature was several degrees lower, on average,
under dense shading.) The highest water temperatures
werc observed under open canopies (shading less than
25%), with the hottest observed temperature
averaging as high as 21°C dunng the warmest 1-
month period of the year (July 15-Angust 15). Where
shading was 26-50% of the stream surface area, the
warmest obseived temperature was 170C, four
degrees lower than fully open soreams. There was

Table 6.2. Simple linear regression equations for the relationship of various stream characieristics 1o water

temperature (n=36}.

Dependent Independent Regression Prob>T
Variable Variable Slope Intercept Statistic R2
Daily Maximum View-io-the-sky (%) (.043 14.0 0.02 0.16
Mean Air (°C) 1.120 -(1.29 0.00 0.27
Discharge (m3/s) 1.989 15.8 0.02 0.17
Elevation (m) -0.003 17.8 0.02 0.15
GW Proportion (%) -9.10 17.7 0.10 0.06
Bankfull Width (m) 0.218 14.0 <0.01 0.30
Depth (m) 10.23 13.7 <0.01 0.23
Deily Mean View-to-the-sky (%) 0.018 13.4 0.24 0.05
Mean Air (9C) 0.926 47 <0.01 0.30
Discharge (m3/s) 1.79% 13.7 <0.01 0.23
Elevation {m) -0.004 16.0 <0.01 0.49
GW Propoertion (%) -6.52 15.2 0.14 0.05
Bankfull Width (m) 0.195 12.1 <0.01 0.39
Depth (m) 9913 11.6 <0.01 0.30
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virtually no differcnce in the warmest temperatures
for shading categories of 26-50% and 51-75%. Where
shading was as much as 76-100% of the strecam
surface, the average warmest temperature was 150C.
This value was somewhat high for a completely
shaded stream, although a number of small,
moderate, and ¢ven some larger streams were included
in this category where membership was based on
shading alone. Since larger streams are generally
warmer, stream temperatures shown in Figure 6.6 are
undoubtedly higher than if only small streams had
been included. If only small streams were included,
the maximum temperature should average closer 10
11-120C, or near groundwater temperature.

Holtby and Newcombe (1982) also showed a similar
pattern of changes in temperature indices in relation
to proporuon of stream bank vegetated. They
observed a large increase in centigrade thermal units
when 25% or less of the bank was vegelated, with
significantly lower but intermediate values at slightly
greater amounis of shading. They observed liule
difference in thermal units with shading ranging from
30 to 75% vegetated bank, but lower values were
observed when banks were 100% vegetaled.
(Presumnably proportion of bank vegetaled
corresponds to proportion of stream surface area

shaded as described in this study.)

Similar relationships between riparian shading and
waler iemperature characteristics were observed
considering average daily values for the entire period
of record (not just the one or two warmest days) .
Average daily maximum, mean, and minimum
temperature for July varied with shade category
(Figure 6.7). The general trends were consistent
among all sites, although individual sites were ofien
higher or lower than the average values. The
influence of shade on the daily maximum was most
significant, although even the minimum
temperalures tended (o be higher in open reaches than
shaded ones. Only swreams in the (-25% shade
calegory averaged daily maximum temperatures in
excess of 15.60C. Sites in other shade cawegories
were significantly lower, with those in the densest
shade averaging only about 120C, The daily mean
temperature averaged by shade category varied from
14.50C in the open streams t0 about 12.00C in the
fully shaded streams, Daily minimum temperature
averaged 12.00C in open streams and approximately
10.09C in shaded streams.

As observed by Brown (1969), the daily maximum
temperature of fully shaded sireams 1ended 10 equal

Figure 6.6 Average warmest air and water temperature (99th percentile) by shade caiegory.
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the daily minimum of unshaded streams. 1t is
possible that increased minimum temperatures
indicate changes in lemperature of shallow
groundwater draining to streams from the soil mantle
due 1o warming of soils with timber harvest. No
groundwater temperature was measured in this study.
However, comparing the minimum temperature of a
two nearby paired watersheds where one was clearcut
{AA) and one was mostly forested (AR) shows a 2¢C
difference in minimum temperature {Table 6.1).
Hewlett and Fortson (1982} concluded that
groundwater temperature could be increased with
timber harvest affecting water temperature.

Riparian shading was important in determining water

temperature and of primary interest in TFW
considerations, However, when site characteristics
were considered singly, many other stream
characieristics were better prediciors of stream
iemperature than shading (Table 6.2). The
reladonship between mean and maximum warer
temperature and stream shade is illustrated in Figure
6.8, There was 2z relatively low correspondence
between sky view and mean water temperature, and a
significant, though highly variable relationship with
maximum temperature. Clearly, other factors besides
riparian vegetation were influential Lo water
temperature and must be considered when estimating
the effect of riparian shading on stream temperature.

Figure 6.7 Average July daily temperature characteristics by shade category.
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Figure 6.8 Average daily maximum (A) and mean (B) temperature for July in relation

to proportion of stream swface shaded.
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Figure 6.9 Correlaiion (r) between the environmental factors and the maximum,
mean and minimum water temperature for July averaged for sites in general
shade categories.
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Other environmental variables likely o influence
waler temperature that are directly suggested by heat
wransfer processes are air icmperature, soeam depth,
and groundwater in{low. Correlations between
temperature characteristics and these site variables are
shown in Figure 6.9 and the relative relationship of
paramelers o maximum temperature within open and
shaded streams is provided in Figure 6.10. (Note that
correlations shown in these figures computed by
shade category may not agree with those listed in
Table 6.2 computed for all data.} The discussion of
environmental factors below reference Figures 6.9
and 6.10 and Table 6.2.

Groundwater Inflow Proportion, Groundwater inflow
proportion to total flow was expected to have a
depressing effect on stream temperature,
Temperatures were negatively correlated with
groundwater inflow proporuion. Groundwater inflow
proportion tended 10 have a much lower correlation

Figure 6.9 Continued

with iemperatures when background iemperature was
low, such as under fully-shaded conditions and for
daily minimum temperaturcs. Groundwater inflow
proportion tended to have less influence than other
channel characteristics, as was also suggested in the
model sensitivity analysis {Chapter 4).

Stream Depth, Stream depth was also better
correlated with temperaure when background
temperatures were lower. The influence of depth on
the maximum temperature was greater under shaded
conditions than open conditions. However, depth and
air temperature combined were highly correlaied with
maximum temperawre under fully-shaded conditions.
This good correlation between temperature
characteristics and stream depth and air temperatare
under fully shaded conditions probably reflects a
strong interdependence between these site
characteristics as streams get larger. However, it
could also be an artifact of low sample size in this
shade category.
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Figure 6.10 Correlation beiween maximum daily water temperature and

environmental variables for open (A) and shaded sireams (B)
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Air Temperature. As opposed 1o stream depth and
groundwaler inflow, water tlemperanure ended 10 be
beuter correlated with air iemperature when water
lemperature was higher, such as in open streams and
for daily maximum temperature.

Figure 6.11. Average monithly temperatures from
May through October for all sites where
air and water temperatire was measured.

The very high correlation between air temperature and
waler temperature under dense forest canopies may
actually represent a controlling effect on air
temperature by the water temperawre. The dense
canopy acts as a greenhouse preventing evaporation
losses.

The daily mean water iemperature averaged monthly
relative to mean air temperature is shown for all sites
in Figure 6.11. Considering the vast difference in
sites, there is clearly a general relationship between

~~ 25 - daily mean air and water temperature. However, for
S ] Line of 1:1 o any given air iemperature, the monthly mean water
o : Correspondence L temperature varied between sites over a range of 5-8
3 204 i OC. Other site factors such as riparian shading,
o ] . e groundwater inflow, depth, width and so on
g 1 * -'/' . determined the exact relationship between mean water
5 15 ﬁ.: . and air temperature at each site.
. ) The daily mean air and water temperature for three
-2 h . unshaded sites are shown plotted day by day in
= 107 Figure 6.12. For higher daily air temperatures, there
- ] was much less scatter in the relationship, and
= . streams experiencing the same air ilemperature tended
o 57 o have similar water temperature. For example, it
c . would appear that the most significant difference
= j . between site AA and the two other sites was that air
= +rrrr e T e S A S e o temperatures at the site were consistently lower. For
0 5 10 15 20 25 lower air temperatures, there was greater scatier in
the air/water tlemperature relationship at all three
Mean Dally Alr Temperature (C) sites., but the range of values was similar despite site
differences.
Figure 6.12. Mean daily water temperature in relation to mean daily air temperature
ai three open sites {AA--Deschutes, AB-M1. St. Helens blast zone, EB-northeasi WA).
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Stream azimuth. Forest practice guidelines have in
the past conditioned buffer strip shade requirements
based on channel orientation. Strecams flowing north-
south have relatively short periods of direct overhead
solar radiation, and therefore riparian shade might be
less impontant than along east-west flowing streams,
where more stream is directly exposed during
maximurn solar angles. Under this hypothesis,
contribution of riparian vegetation 1o shading would
vary depending on channel orientation and which
bank was protecied.

No effect of channel aspect on stream temperature
was observed in this stndy. Rose diagrams of
maximum, mean and diurnal fluctuation of
temperature in relation 1o channel azimuth are shown
in Figure 6.13. There are no strong trends in higher
or lower values with compass direction in any of the
three temperature characteristics. (Similar diagrams
depicting only open sites show the same palterns as
these diagrams with all sites included.)

For streams flowing due easterly or westerly, there
appears 1o be slightly lower maximum and mean
temperatre and diumnal fluctuation. Unfortunately,
there were relatively few streams with this direction
of flow, and those that do are parually shaded,
making comparisons tenuous,

Lack of a strong effect of channel orentation on
temperature appears Lo be consistent with other
studies where this influence was considered. Swift
and Messer (1971} observed no influence of channel
orientation during the summer months in southern
Appalachian streams (although south-flowing
streams tended 1o be slightly warmer during the
winter,) Few other studies have directly analyzed this
effect. Given the importance of other factors
influencing stream temperature besides direct solar
insolation, it may not be surprising that channel
orientation has less influence on stream temperature
than previously thought.

Figure 6.13 Average temperature for

the period from July 15 10 August 15 in relation o
channel azimuth (A is daily maximum, B is mean,
and C is diurnal flucuation.

C) Diurnal
Flux
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Other Channel and Basin Characterjstics, The simple
regressions provided in Table 6.2 indicate that several
other stream or basin characteristics are significantly
related to stream temperature, although these
variables are not directly related to processes of heat
exchange. These include soreamflow volume, channel
width, and site elevation, (Brown, 1969, suggesied
that streamflow volume was directly related 0
temperature in his heat transfer equation, although
dimensional anatysis of the equation verifies that the
primary variable of importance is stream depth.)

Many stream characteristics such as stream width and
shading, streamflow volume and depth, air
lemperature and elevation are typically strongly
correlated with one another (for example, see Chapier
3). Such sream characteristics may integrate many
important temperature-determining factors, and
therefore may serve as good indicators of stream

temperature relationships. Many of these correlating
vanables arc simpler 10 estimate than those directly
involved in heat wansfer equations, and therefore the
1ask of predicling stream emperature may be
simplified with their usc. For example, siream width
is strongly related to water temperature (Table 6.2)
and is one of the easier site variables Lo measure or
estimate.

Regional Water Temperature Model

Denvation of Relatignships. While the simple linear
regressions between sile characteristics and stream
temnperature indicated the variables related to stream
temperature, no one variahie was an adequaie
predictor of temperature. Multiple linear regressions
were performed using daia from the primary sites o
establish empirical relationships that could be used as

Tabie 6.3. Muliiple linear regression equations for the relationship of a number of siream characteristics to
average daily maximum, mean and minimum water temperature (n=36).

Dependent Independent Variable Parameter ProbsT
Variable Slope Statistic R2 F Value
Maximum Intercepi=4.3 ' 0.63 7.987
Sky view (%) 0.053 <0.01
Mean Air (0C) 0.740 0.02
Discharge (Q) (m3/s) -1.498 0.02
Elevation (m) -0.004 0.02
Azimuth (degrees from -0.005 0.10
north)
Bankfull Width (m) 0.202 <0.01
Depth (m) <1850 <0.01
Max Water Temp=4.3+((0.740 x Mean Air)-(4.850 x Depth)-(0.004 x Elev)+
(0.053 x Sky view)+(0.203 x BF Width)-(1.50 x Q))
Mean Intercept=7.5 0.81 18.948
Sky view (%) 0.029 <0.01
Mean Datly Air 0.444 0.02
Temperature (0C)
Discharge (Q) (m3/s) -1.052 0.13
Elevation (m) -0.004 <0.01
Azimuth (degrees from -0.003 0.23
north)
Bankfull Width {m) 0.141 0.05
Depth {m) -1.798 0.64

Mean Waier=7.5+{(0.029 x sky view)+(0.444 x mean air)-(1.052 x Q)-(0.004 x Elev)-
(0.003 x azimuth}+0,141 x BF Width)-(1.798 x Depth))
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general prediciors of water temperature (as opposed o
using physical prediction models). The objective was
10 identify site variables providing satisfactory
indicators of temperature sensitive streams that could
be readily obtained.

Iniuially, all of the vanables in Table 6.2 were used
as independent variables predicting the daily
maximum, mean, and minimum walcr temperature
and diumal fluctuation averaged for the period from
July 15 through August 15. These included the view
factor, mean air temperature, streamflow (Q),
elevation, depth, bankfull width and stream azimuth.
The regression suatistics are provided in Table 6.3,
including each parameter's regression coefficient,
intercept, and probability that it contributed
significantly to the prediction. Maximum
temperature had an R2 of 0.63 (all parameicrs
contributed significantly to the equation). Mean
temperature had an R2 of 0.81(view facior, mean air
temperalre, elevation, and bankfull width most
significant.) Minimum temperature was also
predicted very well with an R2 of 0.88 (elevation,

Table 6.3 continued

and bankfull width most significant). Diurnal
fluctuation was relatively poorly predicied with an
R2 of .40 (view faclor and mean air temperature
most significant). Many of the variables that
individually were significantly related 1o temperature
{Table 6.2), albeit with relatively low precision, did
not strengthen the predictions when combined with
other variables.

In the next step, variables that did not contribute
significantly to the prediction equations were
removed from the model. An auempt was also made
to simplify use of the predictive model in TFW
applicatons by removing difficult to estimate
variables such as mean air iemperature. The best
multiple lincar regressions were developed by
minimizing the number of variables while
maintaining a reasonably high R2. Prediction models
based on easily obtained daa were preferred.
Removing variables resulted in similar, or
occasionally betier prediction equations as those
using the larger variable list. The recommended

Dependent Independent Variable Parameter Prob>T
Variable Slope Statistic R2 F Value
Minimum Intercept=10.4 0.88 30.372
View -to-the sky (%) 0.010 0.12
Mean Daily Air 0.144 0.28
Temperature (2C)
Discharge (Q) (m3/s) -0.844 0.11
Elevation {(m) -0.004 <0.01
Azimuth (degrees from -0.001 0.56
north)
Bankfull Width (m) 0.102 0.06
Depth (m) 1.409 0.64
Min Water Temp=10.4+((0.144 x Mean Air)}+(1.409x Depth)-
(0.004 x Elev)+(0.010x Sky view)+(0.102 x BF Width)-(0.844 x Q))
Diurnal Intercept=-6.3 0.40 3.448
Fluctuation
View-to-the-sky (%) 0.040 <(.01
Mean Daily Air 0.558 0.04
Temperawre (°C)
Discharge (Q) (m3s) -1.135 0.3
Elevation (m) 0.0005 0.64
Azimuth (degrees from -0.003 0.48
north)
Bankfull Width (m) 0.106 0.31
Depthim) -5.559 0.35

Diurnal Fluctation=-6,5+({0.040 x sky vizw}+(0.558 x mean air)-(1.135 x Q)-(0.0005 x Elev)-

(0.003 x azimuth)+0.106 x BF Width)-(5.559 x Depth))
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prediction equations are provided in Table 6.4.

Although maximum temperature required five
variables for adequate estimates, the mean, minimum
and diumal Auctuation were well predicted using two
10 three variables. The view facior, elevation, and
bankfuil width was strongly influential on most, but
not all, temperature characteristics. Unfortunately,
mean air temperature could not be removed from the
models without significant loss of model reliability.
A method is provided in Chapter 3 for
estimatingmean air temperature from basin
charactenstics.

Mogde! Reliability. The empirical model was
evaluaicd for prediction performance in a manner
similar 1o the analytical temperature models (Chapter
4). Measured site data were used for independent
variables in the equation. W-statistics were calculated
as predicied temperature minus observed lempcerature.

As with the analytical models, there was significant
variability in model performance from site to site
(Table 6.5), but overali the prediction capability was
good (Table 6.6). When site-measured data were used,
the overall performance score using the scoring
criteria for maximum, mean, minimum and diumal
fluctuation temperature describeg in Chapler 4 was
1040 points, or nearly 88% of the total possible.

Table 6.4. Multiple linear regression equations for the best relationship using selecied stream characteristics to

maximum, mean and minimum walter iemperaiure.

Dependent Independent Parameter ProbsT
Variable Varizble Slope Statistic R2 F Value

Maximum Intercep1=.3 .69 12.815
Sky view . 0.055 0.001
Mean Air 0.794 0.008
Q -2.76 0.03
Elevation -0.003 0.01
Bankfull 0.262 0.02
Width

Max Water Temp=0.3+((0.794 x Mean Air)-(0.003 x Elev)+

(0.055 x Sky view)+(0.262 x BF Width)-(2.76 x Q))

Mean Intercep1=6.8 0.78 32.325
Sky view 0.034 0.000
Mean Air 0.480 0.01
Elevation -0.005 G.000

Mean Waler=6.8+((0.034 x sky view)+{0.480 x mean air)-(0.005 x Elev))

Minimum Intercept=12.8 0.86 54.507
Skv view 0.008 0.23
Eievation -0.004 0.000
Bankfull 0.078 0.01
Width

Min Water =12.8+({(0.010x Skv view)+(0.102 x BF Width)-(0.004 x Elev))

Biurnal Flux Intercept=-5.1

Skv view 0.049
Mean Air 0.409

0.51 12.393
0.000
0.07

Flux=-5.1+((0.049 x sky view)+(0.409 x mean air))




Table 6.5

Performance results of the region
Predicted-observed temperaiure is same as the w-statistic of model-testing
regional model performance are provided in Table 6.6. :

alized empiricul temperature prediction models based on study sifes.

in chapter 4. Summary Siatistics for

Model Using Measured Model Using Estimated Observed
Independent Varliables Independent Variables Temperature
(Predicted-Observed) Predicted (C) {(Predicted-Observed) Predicted oC

Slte Max Mean Min Range Max Mean Max Mean Min Range | Max Mean | Max Mean
AA -0.2 -0.8 0.9 0.2 16.7 3.7 -0.6 -0.2 0.5 0.3 16.3 14.3 16.9 14.5
A -1.5 -0.7 -0.6 0.9 18.4 15.0 1.6 -1.8 -0.4 -1.9 16.3 13.9 19.9 15.7
AR 1.0 0.2 0.2 0.6 16.2 14.2 -1.7 -1 03 -0.5 13.5 i2.9 15.2 14.0
AF -1.5 -0.3 0.7 0.2 17.1 15.7 -2.6 -1.4 09 -1.2 16.0 14.6 18.6 16.0
NG 1.3 1.6 1.7 1.8 18.1 15.1 0.4 0.4 1.2 0.8 15.4 1.9 15.0 13.5
AH -1.0 -13 -0.3 -0.8 17.2 14.8 -39 -2.2 0.4 -1.6 14.3 13.9 18.2 16.1
Al -0.4 -0.7 -0.5 0,1 18.1 15.8 -4.0 -2.3 0.6 -1.5 14.5 14.2 18.5 16.5
Al -0.4 -G 0.6 -0.4 1.9 14.4 -2.3 -1.0 0.5 -1.2 14.0 i3.5 16.3 14.5
AK -1.0 -0.5 1.4 -1.0 17.2 152 -2.9 -1.4 1.3 -1.8 15.3 14.3 18.2 15.7
M. -0.7 -4 0.1 1.3 1%.1 17.2 -2.6 -2.1 0.5 -0.1 17.2 15.5 16.8 17.6
AM 1.8 -0.5 0.1 2.5 20.9 17.0 21 -2.1 0.1 1.0 17.0 15.4 161 17.5
AN -0.1 1.0 1.8 0.2 16.1 15.1 0.9 0.0 2.0 -1.0 15.1 14.1 16.2 14.1
AD -0.9 N5 -0.8 0.5 i6.2 14.5 -2.1 -1.4 -0.5 -0.3 15.0 13.6 17.1 15.0
AP -1.3 0.5 0.0 -0.8 143 13.9 -2.8 -1.4 0.4 -1.5 12.8 13.0 15.6 14.4
M) -2.4 -2.5 0.3 3.4 19.6 14.4 -5.5 -3.1 -0.3 3.9 16.5 13.8 22.0 6.9
BC L7 1.2 0.7 1.6 16.1 14.3 0.4 0.7 07 12 14.8 13.8 14.4 131
BE -0.6 0.2 0.7 0.3 13.9 13.7 -1.5 0.2 0.7 -0.7 13.0 13.3 14.5 13.5
CA -0.7 -1.1 0.2 -0.4 13.5 10.7 -0.5 -0.9 0.3 -3 13.7 10.9 14.2 11.8
[84:] -0.8 1.1 0.5 -1 13.1 10.4 -1.1 -1.2 0.9 -1.2 12.8 10.3 13.9 11.5
cD 0.7 -0.4 1.1 -0.7 14.7 12.3 0.6 -1.0 21 -1.2 14.8 1.7 15.4 12.7
DA 0.2 0.6 1.0 2.0 19.3 17.5 -1.4 -0.8 0.1 0.8 17.7 16.1 19.1 16.9
DB -1.6 0.1 0.3 0.5 14.6 14.5 -1.8 -0.5 1.t -0.8 14.4 14.1 16.2 14.6
EA 1.7 0.8 0.9 1.3 13.6 11.0 1.9 0.5 1.4 1.0 13.8 10.7 11.9 10.2
FB -0.2 05 1.3 -1.4 19.9 16.3 -2.8 -1.6 2.8 3.2 17.3 14.2 20.1 15.8
GA 1.3 1.5 0.7 2.0 17.5 16.3 0.4 0.9 09 1.5 16.6 15.7 16.2 14.8
G 36 0.6 0.7 2.1 20.0 15.5 -0.5 -0.6 0.4 L1 15.9 14.3 16.4 14.9
IC 1.4 0.7 1.3 0.9 13.8 12.2 1.1 0.7 1.3 0.9 135 12.2 12.4 1.5
D 0.5 0.5 1.9 0.1 16.2 13.1 0.6 0.5 2.0 0.1 16.3 13.1 15.7 12.6
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This performance was not as good as TEMP-86, only
stightly below the TEMPEST model, and better than
SSTEMP and Brown's model. The consistency of the
empirical model in predicting average temperature

within 29C was usually better than 90% of the sites.

‘When all independent variables were estimated from
generalized relationships developed in Chapler 3
rather than from field measurements, the total score
drapped to 840 points. The largest difference was in
reduced consistency in predicting the maximum and
mean temperature (Table 6.6).

Table 6.6. FPerformance of the empirical temperature prediction model based on site and waiershed characteristics
(Tabie 6.3). The equation was used with measured site values for independent variables, and estimated values from
relationships provided in Chapter 3. (Thirty-three sites were used in the analysis.)

W-Statistic
Temperature (predicted- Equation Used With Equation Used With
Characteristic observed) Measured Values Estimated Values
Maximum Average 0.0 -1.3
Siandard Deviation 1.46 | 1.81
Consistency 90% 61%
Mean Average 0.1 07
Standard Deviation 1.11 1.24
Consistency 04% 78%
Minimum Average 0.6 0.8
Standard Deviation 0.72 0.94
Consistency | 100% 91%
Diumal Fluctualion Average 0.2 0.5
Standard Deviation 1.31 1.34
Consistency B7% 91%
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Water temperature was recorded through the winter at
eight sites; seven in the western Cascades and one in
castern Washington (Four sites are shown in Figure
6.14). Average monthly water temperature for these
sites are provided in Table 6.7, Water temperature
reached annual minimums at all sites in February.
The iowest icmperatures were observed at the highest
elevation site (ID) on the Greenwater River located in
the western Cascades. The castern Washington site
(EB: Chamokane Cr) was usually the next coldest
site, although a distinct warming trend occurred in
February at this site that was not observed at other
locations in the state. The other six sites located in
the Deschutes River basin in the western Cascades
ranged between these two sites.

As with summer (emperatures, monthly daily mean
water temperature shows a strong relationship to
mezn monthly daily mean air temperature (Figure
6.15). At lower air temperatures characteristic of
winter months, however, the water lemperature is
relatively higher than during the summer months
(Figure 6.11 and 6.15) Even though monthiy air
temperature averaged below zero in some months,
water iemperature generally reached minimums of
approximately 3-40C. Water's unique density
properties at near zero lemperatures help to withstand
changes in air temperaturc below the freezing point.

Thus, water temperature also seems o have a
minimum threshold value relative 10 air temperature,
Prolonged periods of sub-freezing air temperatures
can cause streams to freeze, but this was not observed
during the measurcment period.

Because of the relationship between air temperature
and elevation, much of the variability in the average
monthly mean water temperatures among sites can be
accounted for by elevation (Figure 6.16). Mean daily
air temperature for the month of January plotied as a
function of elevation shows a distinct trend in lower
water temperature with clevation. The influence of
forest canopy cover could not be distinguished among
the sites, although the coldest site had only 7%
riparian cover. This was also the highest elevation
site,

The best opportunity for examining the effect of
riparian canopy on winler temperatures is by
comparing sites AA (Ware Creek) and AR (Hard
Creek). These two neighboring streams are paired
walersheds within the Deschutes basin where AA is
rearly completely open its entire length and AR is
covered by mature conifer vegetation for the majority
of its length. Except for differences in riparian
vegetation, the aspect, elevation and climate of the
two sites are identical,

Figure 6.14 Mean daily water temperature at 4 sites during the winter monihs.

Mean Daily Temperature (C)

AR (Deschutes headwaters trib, Type 3, Elev=450 meters, Forested)
AA (Deschutes headwaters trib, Type 3, Elev=450 meters, Cpen)

Nov Dec¢ Jan

Feb Mar

April

0 30 60
1988

T 7
90 120 150 180

1989

Julian Day
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The stream with riparian canopy iends o be slightly
warmer than the open stream throughout the winler,
although differcnces are very slight and within
measurement error (approximately 0.40C) (Table
6.7). The cumulative thermal units for the period
during the winter when salmon eggs incubate
(approximately December through April for coho
salmon) are shown in Figure 6.17. Thermal units
were calculated as the sum of the daily maximum
temperature for each month. Differences in thermal
units between the two streams are small. However,
differences between the forested and open sites were
consisient, and by the end of the period the the
cumutative thermal units of the forested siream was
approximately 10% greaier than the open siream,
Virtually all of the difference in cumulative
lemperature units was observed in April.

Warmer streams under forest canopies were expected,
since the canopy acts as insulation to limit heat loss
from the stream. During the winter, the incoming

groundwater is ofien warmer than the air temperature,
and therefore serves as a source of heat to the stream.

Figure 6.14 Continued

Figure 6,15 Daily mean water temperature in
relaiion to mean air temperature averaged
monthly for all sites.
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(Incoming solar insolation is minimal during the
winter months and does not offer a significant source
of heal.) As hypothesized, temperatures in open
streams tended to be somewhat lower than in streams
covered by dense conifer canopies, but differences
were slight. These results do not agree with Holtby's
finding in Camation Creek, British Columbia (1988)
where cutover areas werc phserved to have higher
winter water temperature than forested sites.
Differences in observed temperature patierns between
these two studies arc not explained. Inerpretations of
potential negative impacts of earlier fry emergence
offered by Holtby as a consequence of stream
warming due to forest removal would not appear to
be applicable here.

The results of winter tlemperature sampling at this
limited number of sites did not offer strong evidence
that winter temperatures are significantly affected by
canopy removal, In general, elevation appears to
¢xert a sgonger control on winter temperatures than
does vegetation along the stream.

Figure 6,16 Average daily mean waier
iemperaiure during January in relation
to elevaiion.
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Table 6.7 Average monthly mean daily water temperatures.

Month
Viewsa Elev

Site {%) (m) Nov Dec Jan Feb Mar Apr
AA 93 436 6.8 5.1 4.5 2.8 4.4 49
AR 20 430 6.7 5.4 4.8 33 4.8 5.5
AC 17 197 7.4 52 5.2 2.4 5.4 7.4
AD 40 292 7.9 6.0 5.9 36 6.3 8.2
AF 67 269 7.3 5.3 5.2 28 5.7 7.8
AS 50 130 8.4 6.4 6.3 4.1 5.5 -
D 95 510 48 3.2 2.5 - - -
EB 93 446 6.4 38 53 6.7 - -

2 View faclor was esumated during the summer months. Sites AC, AD, AF, and AS have substantial amounts of

hardwood foresis in the riparian zone.



TimberiFishtWildlife Temperature Study

Temperature Regimes

173

Cumulative
Temperature Units (C)

Figure 6.17 Cumulative thermal units for an open and a foresied site
in the Deschutes basin for the winter incubation period.
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BASIN TEMPERATURE PATTERNS

Individual Basins, To study the basin scale effects of
forest management On stream lemperature, a umber
of reach swudy sites were clustered with each of three
watersheds. Data for these basins were used 10
evaluate basin temperature models (Chapter 5), and
are further analyzed here to demonstrate general basin
temperature patierns. The Deschutes basin in the
central Cascade Range of western Washington had the
most extensive sampling network (9 sites; Figure
5.4). The Coweeman basin in the Cascade Range in
southwest Washington (Figure 5.3) and the Liwle
Naiches River in the southeast Cascades of eastern
Washington (Figure 5.2) had six and four siics
respectively. Schematics of each of the basins
identifying major tributaries, sampling locations,
their distance downstream from the watershed divide,
and the average maximum water lemperature for a 7-
day period during August are provided in Figure 6.18
(a,b.c). Averaging periods varied for the three
watersheds so resulis should not be compared
between rivers.

Timber harvest had occurred in all of the basins;
most of the area has been managed with riparian
prescriptions applied under forest practice regulations
that predate the 1987 revisions. Riparian shading
levels were not directly assessed for the entire basin,
and discussion of temperaiure patterns is based on
general qualitative knowledge of the watersheds and
the site-specific information collected at the reach
study sites.

In all of the basins, water temperaiure Lends 10
increase in the downsmeam direction as rivers increase
in size from their headwaters. Water temperature in
headwaters streams in the Deschutes basin were
12.10C, increasing to 16.49C near the mouth of the
river at Offut Lake in Olympia. The Coweeman
River increased from 15.60C at 17.4 krm from the
watershed divide to 19.39C near the mouth. The
Litde Natches River increased from 14.9°C in
tributaries 7.9 km from watershed divide, 10 17.9°C
at 28.0 km. Increasing temperatwre in the
downstream direction has been identified in rivers
thraughout the world by Hynes (1970), and discussed
corzepiually by Theurer and others (1984). Sullivan
and Adams (1990) atributed the general tendency for
incremental change in ilemperalure L0 increasing
channel width tending 1o reduce the effectiveness of
shading from riparian vegetation, increasing ar
temperature, increasing stream depth, and decreasing

proportion of cooling groundwater inflow. (Local
increase or decrease in lemperature can alsc occur
reflecting incoming tributaries, or major changes in
stream or climatic conditions.)

The possible effects of reduction in shading with
timber harvest along the main river and tributary
streams are a major concern for TFW managers. The
extent to which these effects can be demonstrated to
have changed walter lemperature on a basin scale in
the three watersheds studied is not clearly evident.
Furthermore, the role of tributary timber harvest
versus shading reduction along the mainstem itself is
not distinct,

The effect of tributary temperature on the mainstem
of the river seems to be more pronounced in the
headwaters of the watershed (generaliy in streams less
than approximately 30 km downstream from the
watershed divide.). In the Deschutes basin, water
temperature in a headwater tributary with mature
conifer forests providing dense shading to the stream
(Hard Creek) is 12.10C. A neighboring stream that
has virwally no shading along the channe] (Ware
Creek) is several degrees higher at 15.80C. Several of
the other tributaries in this part of the basin also
have little shading (Buck and Lewis Creek). These
tributaries may be contributing to higher temperature
(14.1°C) in the mainstem of the river at 13.5 km
from the walershed divide (site AG). A similar
pattern appears 10 occur in the headwaters of the
Coweeman River (Figure 6.18b). Baird Creek enters
the Coweeman at a wanmer temperature than the
river, and probably contributes to the increase in
temperature between site AN at 17.4 km and AK at
29.1 km from the watershed divide. (Insufficient sites
were available in the mainsiem of the Little Natches
River to draw inferences of the effect of tributary
streams On the river.)

The effects of tributaries appear to be much less
pronounced on the lower reaches of the rivers. For
example, in the Deschutcs basin, virwally all of the
tributaries draining to the river between site AG at
13.5 km downstream disiance and site AF at 38.8 km
from divide have similar or lower temperasure than
the upper river site, yei temperature increased from
14.10C 10 16.90C in the 25-km length of river
between AG and AF. (Timber harvest in these basins
occurred 20-30 years ago and all of the tributary
streams are now shaded with mature alder canopies.)
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Figure 6.18 Schematics of study basin configurations. Average 7-day maximum
temperature for warmest period of record is also shown.
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Figure 6.18 Continued
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From AF on downsiream, the temperalure remains
relatively constant for the remainder of its length,
suggesting thai the system's maximum equilibrium
temperature has been reached at AF, at a distance of
39 km from the watershed divide. The increase in
temperature in this length appears to more related
changes in shading and channel width along the
mainsiem itself. After passing through a narrow,
sieep canyon area downstream of site AG, the river
widens out in an alluvial valley. Aenal photographs
indicate thai the channel is clearly visible and
therefore less shaded in the wider alluvial zone than
in the river upstream of this location.

A similar pauern occurs in the Coweeman River.
River temperature increases between sitc AK a1 29.1
km from divide and site Al (40.7 km), even though
Mulholland Creek (a major tributary) enters the river
at a slightly lower temperature than the mainstemn.
The increase in temperaiure is not accounted for by
tributary sireams, and may be related 10 changes in
shading along the mainsicm. Although we do not
have the temperature of the mainstem of the Liutle
Natches River above where Crow Creek joins it (site
CD), it appears that the temperature of the tributary
is also not the cause of the river temperature, since
the tributary s cooler than than the river at site CC.

Although higher lemperatares in the more
downstream reaches of these rivers appear to more
related to local river conditions than tributary
temperatures, there clearly can be local cooling where
cooler fributaries enter. For example, the temperature
in the Coweeman River appzars to drop about 0.60C
where Goble Creek enters the mainstem at nearly
20C cooler. A simple calculation on expected
cooling influence can be made by assuming that
Goble Creek is approximately 30% of the water
volume and the mainstem is about 70% (based on
watershed area). Using a mixing equation (Brown and
others, 1972) where,

Temperature=p] x Ty +p2x T2 4 ... .pnxTh

Pn = proportion of combined flow
conuibuted by each of n streams

Tn = temperature of sircam n
In the example described above,

Temperawre=(0.3 x 17.7°C) + (0.7 x 19.9°C) =
19.240C

This hypothesized temperature is very ncar 10 the
temperature of 19.30C recorded 3.1 km downstream

at sitc AM. Thus, the cooling effect lasted at least 3
km.

Based on the three study basins, several preliminary
conclusions can be drawn regarding the effect of
umber harvest on a basin scale. Effects of heating (or
cooling) from ributaries seemed more pronounced in
the headwaters of the basins. The riparian vegetation
and stream characieristics of each local river segmeni
strongly infleenced river temperature. Clear
distinctions between the effects of the general spatial
distribution of timber harvest history in the basin and
direct local effects where riparian vegetation was
disturbed along river banks could not be made.
Nevertheless, it is probably safe (o assume that river
temperatures in managed basins were probably greater
because of both of these effects than if the watersheds
were forested by mature conifer forests.

All three of the watersheds shared some common
characteristics of basin-scale stream heating
irrespective of the unique conditions found within
each. To illustrate the general patterns of heating in
each of the basins, the mean daily air and water
temperature are shown as a function of each site's
distance from its own source in Figure 6.19 {(a,b,c).
Most of the sites in the Deschutes basin are located
on fully or parually shaded reaches of the mainstem
or tributary streams, with the exception of the site at
Ware Creek which is completely unshaded (3 km
from divide; 14.8 mean temperature). (The effect of
timber harvest in Ware Creek is clearly evident, as
this site is far higher in temperaiure than expecied
based on the line drawn through the more fully
shaded sites.) The water tiemperature tends to be low
near the headwaters, and generally increases with
distance from the divide (Figure 6.19a). (A very
similar basin profile for the Chehalis River was
provided in Sullivan and Adarns (1989). The same
pattern holds true for the Coweeman and Litile
Narches River, although there are less sites and the
rivers are much shorner.

In all three watersheds, the water temperature tends 10
be less than the air iemperawre at distances less than
40 km from divide. (An estimate of the average basin
air temperature is represented by the dotted line). At
distances greater than 40 km, the water temperature
tends to be slightly greater than the air iemperature,
with little change in either for long distances. These
resnlts suggest that the maximum equilibnum
temperature of the stream systems appears to occur at
approximately 40 km from the watershed divide for
these rivers. Sullivan and Adams (1989) termed the
distance at which rivers reach this system equilibrizm
the "threshold distance™, concluding that water
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Mean Daily Temperature (C)

Figure 6.19 Mean daily iemperature profile of three river basins in relaiion to distance
downstream from watershed divide.
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temperature was primanly related to air temperature
downstream from this location. Upstream of this
location, shading from ripanian canopy was thought
to have significant effect on strcam tempcrature,
where changes in riparian vegetation could increase
waler lemperature up to but not exceeding the mean
air iemperature by more than £2-30C. They observed
that the Chehalis River also appeared to reach this
system equilibrium at approximately 35-40 km
downstream from the watershed divide.

General Statewide Basin Trends, Without detailed
accounting of riparian conditions of the siies, it is
clear in Figure 6.19 that there was a lower limit of
stream lemperature {groundwater temperature) that
increased with distance in all three of the basins. In
smaller basins, the minimum temperature occurred
under mature forests, and the warmest iemperature

was approximaiely equal (o the mean air temperature.

Larger nivers were always at or slightly above air
temperature, Within each basin, increases from one
site to another sometimes seemed to be related o
differences in the shading in adjacent reaches, but
often there was not a clear change in riparian
conditions that accounied for the apparent underlying
trend (o increase in temperature. In very small,
canopied streams the mean (emperature was near
groundwaler temperature.

Figure 6.19 Continued

These same general relationships appear to occur
within the three watersheds, as well as when all sites
in Washington arc considered as a group. The mean
daily water ilemperature occurring at a "reference” air
temperature of 200C for each of the sites is shown in
Figure 6.20, and the diurnal fluctuation in refation to
stream depth is shown in Figure 6.21 based on
measured stream temperature at each site.
Considering stream temperature ai a reference air
temperature such as 200C, altows the importance of
the other environmential factors 1o be determined and
provides an indication of each sile's "equilibrium
temperature”, The selection of 200C for air
lemperature was arbitrary, although it ¢oincides with
the average daily mean air temperature on the
warmest days of the vear at many sites. In this case,
riparian vegetation is indexed by shading calegories
and other environmental factors besides air
temperature are assumed accounted for by distance
from the stream source, Included are secondary sites
where relatively little is known about exacl stream
shading and other characteristics.

Mean water temperature observed at the reference air
temperature of virtually all of the sites falls between
the expected lower and upper limits, although the
relationship 1o strcam shading categories remains
highly variable (Figure 6.20). The open sites tended
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to have the highest temperatures and the fully shaded
sites tended 1o be the coolest, although there was
considerable variability in where sites in the each of
the sream shading categories fell within the expected
range. Some shaded streams were relatively warm and
some open sireams were relatively cool. (Considering
the wide array of sites included in this analysis these
results may actually be rather good.) Because of the
variability, however, no simple relationship between
mean water temperature and distance for each shade
category is drawn.

There was general agreement with the hypothesized
relationship between diurnal temperature fluciuation
and stream depth, although there was aiso scatter in
values in each shade category (Figure 6.21). The
largest diurmal fluctuations were observed in small
open streams, while flux tended to be low in small
fully-shaded streams. Intermediate shading levels were
also intermediate in temperature fluctuation. Deeper
streams, had lower temperature fluctuation, and
appeared 10 be independent of shading.

Although there was scatter, there were clear patierns
in diumnal fluciuation with depth by shade category.
Lines are calculated for each shade category according
10 a theoretical derivation following equations of heat
wansfer provided by Adams and Sullivan (1990).

AT = K/Depth (shown in Figure 6.21)
K= (heat load) x (sky view factor} x ¢y

Heat load is assumed to be 280 W/m2 (maximum
solar loading during mid-surmmer for average Pacific
Northwest locations) and the coefficient ¢y =
0.00571. This coefficient was empirically derived
from the data, but matches reasonably well with
estimates based on solving the fluctuating
component of Adams and Sullivan's linearized stream
temperature model with average values of heat
rransfer variables. Calculating K for the shade
categories yields the values provided in Table 6.8

Table 6.8 Values of K (heat loading constant) for
calculating diurnal temperature fluctuation by sky
view factor category.

Sky View Factor K
1.0 (open) 1.6
0.75 1.2

0.50 0.8

0.25 (mostly shaded) 0.6

This relationship appears reasonably reliable in
predicting diurnal temperature fluctuation based on
strcam depth and shading.

An estimate of baseline temperature under mature
forest conditions was estimated by plotting the
maximum (equilibrium) temperature of sites wilh
mature forest canopies that were available from the
dataset. The maximum temperature of baseline sites
(mature conifer canopies) are plotted in relation to
distance from watershed divide in Figure 6.22.
Stream temperature tends Lo increase in the
downstream direction, although temperature at
Jocations 20 and 50 km downstream were somewhal
cooler than the line projected through most of the
data. Riparian conditions may still have influenced
stream temperature as far as 50-60 km from the
watershed divide, rather than the 40-km distance
suggested in the individual basins managed
intensively for timber shown in Figure 6.19.
Unfortnately, there was only one baseline site
located this far downstream from divide, and 50 it was
difficult to determine the representativeness of this
site. If the site is an outlier {perhaps due to a local
source of incoming cooler water such as a tributary
or groundwater), then the projected relationship based
on the 10 data points would show the effects of
shading diminishing at about 40 km from the
headwater source, but if the site is included than the
cooling effect would appear 1o extend up to 50 km or
farther.

The "threshold distance” where sireams arc¢
sufficiently wide that shading by even mature forest
vegetation provides no significant temperature
protection can probably not be resolved with existing
data, However, if it can be assumed that a river
reaches the maximum system equilibrium point
when shading is less than 25% open, (as suggested
by the relationship berween average site temperature
and shading levels), then a distance of approximately
50 km from divide appears to be a reasonable
estimate based on the empirical relatonship between
the view factor and distance from watershed divide for
baseline sites (mature conifer vegetation) developed
in Chapier 3 (Figure 3.12). One of the most glaring
daia deficiencies discovered in this project was the
lack of quantification of the ripanian shading
characteristics of mature conifer forests along larger
rivers. Improving this knowledge would enhance
understanding of the effects of timber harvesting on
larger rivers.
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Figure 6.20. Mean daily temperature (A) and diurnal fluctuation (B} during the
warmest 30-day period as a function of distance from watershed divide by shade
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Figure 6.21 Average daily diurnal fluctuation of waler temperature during
the warmest 30-day period in relation to average stream depth. Plotted points are
site averages. Lines for each shade category are calusing using the equation provided.
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Figure 6.22 Average daily maximum temperature of sireams under mature
conifer forest canopies (baseline) in relation to distance from watershed divide.
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A generalized schematic of the relative change in
mean daily temperature and the diurnal fluctuation
from baseline temperature under mature forests o
compleiely unshaded streams is provided in Figure
6.23. Important concepts suggested by the
illustration are that: (1) there are upper and lower
Iimits of changes in water temperature with riparian
vegeauon with the envelope determined on the lower
temperaturs scale by groundwater temperature and the
upper scale by air temperawre; (2) the magnitude of
response varies with stream characteristics of width
and depth (indexed by disiance from watershed divide),
and, (3) there is probably a watershed location where
shading from riparian; vegetation has little effect on
local or downstream 1emperature,

Generalized Basin Temperature Profiles, It was
initially hoped that this analysis would lead to basin
relationships that could provide a general indicator of
probable temperature with changes in riparian
vegetation. Although, the general hypothesized
relationships snggested are verified, there is too much
scauer in the relationships in Figore 6.20 and 6.21 to
develop reliable nomagraphs of generalized
temperature profiles based on riparian shading
conditions alone. Scatter is probably duc 10
unaccounted for local environmental factors that also
influence waier iemperatare, Nevertheless, the weight

of the data support the general conclusions regarding
temperawre characteristics on a basin scale depicted
schematically in Figure 6.23,

SUMMARY

Shading from riparian vegetation was found to have
an important influence on stream temperature but the
extent of its cooling effect varied with site elevation.
However, it is not possible 10 predict emperature
effects based solely on ripanan vegetation. Other
environmental factors were also important in
determining water lemperature, including air
temperatwre, stream width, and 0 on. (Channel
oricniation was not a significant influence.)
Typically, a combinadon of local environmentat
factors were important, and no on¢ factor alone was
ever a good predictor of stream temperature.

An empirical "regional” temperature model was
developed where average temperaiure recorded at sites
was predicted based on stream and watershed
variables. The nomagraphs generated from this
exercise represented temperature as a function of
distance downstream from watershed divide and could
be used as quick index of probable changes in
temperare at different watershed locauions with
riparian vegetation management. However, the
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Figure 6.23 Hypothesized temperature patterns for daily mean and diurnal fluctuation in watersheds.
{After Sullivan and Adams 1990).
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mcthod was nol accurate enough on a site-by-site
basis to correcily identify temperature with sufficient
precision for regulatory purposes. Thus, the
temperature prediction model was found 1o be a
aseful ool if more accurate estimates of site-specific
temperature are required for decision-making.

Basin lemperature patterns were analyzed on the
limited number of watersheds having a number of
sites that were available for this study. All basing
showed general warming in the downstream direction
consistent with theoretical relationships. Although

some local influence of ributary heating (primarily
nearer the headwaters) and cooling (primarily in lower
reachcs) were observed, therc were no clear trends in
the relationship of basin lemperature to harvest
patterns in tributaries as opposed to cffects of timber
removal along the mainstem of the rivers
themselves, Mainsiem temperature of all the rivers
studied appeared to be somewhat warmer within
distances of 50 km from the watershed divide than
would probably be expected in old growth conifer
forests. Effects appeared 1o be between 3 and 50C,
depending on stream size.
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CHAPTER 7

TEMPERATURE SENSITIVITY AND FOREST PRACTICE
REGULATIONS

Temperature considerations in forest management are
directed towards maintaining low stream temperatures
with management of shade in riparian zoncs. The TFW
Agreement strives for temperature protection through
riparian vegetation leave requirements for fish-bearing
sireams. Alternative temperature proleclion measures
are encouraged for iemperature "sensitive” waters with
sensitivity and strategies to be determined by a TFW
iemperature method. Alternatives may include increased
shading requirements or possible use of a basin-scale
temperature model for developing riparian area
prescripticns and planning distribution of harvest units
along non-fishbearing streams 1o protect downstream
lemperature.

Resulis of the temperaiure study presented in earlier
chaplers of this report are drawn together in this chapter
10 suggest a TFW method to satisfy temperaiure
protecuon objectives. The results of temperature regime
analysis and modei-testing provided sufficient
informauon to develop sound recommendations for
considering stream temperature in forest management as
called for in the TFW Agreement, although all aspects
of TFW iemperature concemns could not be resolved in
this study. Suggestions for addressing remaining
questions as recommendations for future research and
evaluauon needs are provided in Chapier 8.

Waler temperature at sites was evaluated relative 10
Washington state water quality stancards cnitena to
determine whether water quality criteria were exceeded
and what kind of site or basin conditions were likely to
cause this situation (Temperature Sensitivity and
Reguiatory Criteria). Average temperature
characteristics of sites meeting and exceeding water
quality criteria are provided and a simple method to
identify sites likely to exceed criteria was developed
(Observed Temperature and Regulatory Criteria). The
temperature models were then used in a gaming mode
to analyze whether the current riparian regulations are
likely to provide adequate temperature protection
(Prefiminary Evaluation of Regulation Effectiveness).

Based on this analysis, model-testing results (Chapters
4 and 5), and temperature regime analysts (Chapter 6}, a
TFW temperature method that provides a means for
identifying temperature of present and future riparian
cenditions and guidelines for the appropriate application
of termperature prediction models is suggested
{(Recommended TFW Temperature Method). The
recommended method is outlined in this report. The
reliability of method components are established o
guide decision-makers in their use.
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FOREST PRACTICE REGULATIONS AND
WATER QUALITY TEMPERATURE
STANDARDS

Forest Practice Regulatigns

Washington forest praciice regulations specify shading
requirements 10 protect stream temperature from adverse
increases during the summer months. Within riparian
zones along type 1-3 streams, the operator must leave
all non-merchantable material providing shade to the
streamn, and whatever merchantable material is required
to maintain 50% of the existing shade. 1f the maximum
daily water temperature exceeds the [orest practice
temperature criteria described below (termed
"lemperature sensitive”), then the operator must leave
75% of the existing shade. (See Washington Forest
Practices Rules and Regulations 1988; WAC 222-30-
040). Washingion forest practice regulations specify
that the temperature sensitivity of stream types 1,2 and
3 shall be based on field data or records, or from a
verified temperature model or method that demonstrate
significant adverse water temperature impacts following
the proposed timber harvest and shade removal. A
stream must be designated temperature sensitive prior
to or at the ime of the forest practice application.

The smallest streams (type 4) do not require icave strips
of riparian vegetation, and it is unclear whether these
less shaded streams significantly affect the temperature
of the fish-bearing streams they flow into. Because
timber harvest patterns creale 2 mosaic of vegetation
conditions within watersheds, and because heated water
can move downstream with flow, concems remain that
inadequate temperature protection measures in upstream
waiers may have adverse downstream impacts. The
cumulative length of small but abundant type 4 waters
relative 1o larger streamns makes this question especially
important. Temperature concerns along type 4 waters
can be addressed through the priority issues process if
significant downsiream temperature impacts can be
expected,

The forest practice regulations pose a series of
challenges in developing reliable methods for screening
temperature sensitive streams and developing
appropriale management solutions to minimize stream
temperature effects. Which streams are likely 10 exceed
the temperatare threshold, cither before or afier a
proposed activity? Can they be identified without on-
site temperature measurement? Will the 50 or 75% of
existing shading provide sufficient wemperature
protecton?

Water Quality Standards

Riparian zone management regulations (jointly
promulgated by the Forest Practice Board and the DepL
of Ecology and administered by the Departments of
Narural Resources and Ecology) are designed to meset
water quality criteria in state water quality standards
(administered by the Depaniment of Ecology). To
protect fish habitat and other beneficial uses, the forest
practice regulations stipulate that the average of
maximum daily water temperature for seven or more
sequential days should not exceed 15.60C (609F).
Although the exact biological importance of this
threshold in ratural streams has not been established,
the value was presumably selected based on laboratory
rescarch associating this temperature with stress levels
in saimonids. n

The water guality standards for surface waters of the
state of Washingion (Chapier 173-201-045 WAC),
administered by the Department of Ecology, are linked
to the Forest Practice Rules and Regulations through a
provision for joint promulgation (Chapter 173-202
WAC). These standards and the water-related forest
practice rules and regulations are designed 10 mee! state
requirements for non-point source pollution conw
under the federal Clean Water Act (Public Law 100-3)
administered by the U.S. Environmenial Protection
Agency. The water quality standards establish criteria
based on three threshold temperatures for soeams of
different classes. For class AA streams (generally
applicable to forest swreams), the maximum water
temperature shall no: exceed 16.3¢C (619F) or the
temperature increase from activities shall not exceed
2.80C. For class A streams (gencrally applicable to
larger rivers in forest zones and elsewhere), the
maximum water temperature shzll not exceed 18.30C
{659F) or increase more than 2.80C. For class B
streams (generally larger rivers affected by industrial or
agricultural activities and not typically found in forest
land use zones), the maximum water temperature shall
not exceed 21.30C or increase by 2.80C,

A difference between state water guality temperature
criteria and forest practice iemperature criteria was not
recognized during the drafiing of the TFW Agreement
or the 1987 revision of the Forest Practice regulations,
The D=partment of Ecology will need o resolve these
discrepancics. Unfortunaiely, the existence of dual
temperature standards was not identified until very late
in the course of the temperature study and weli after
most analyses were completed relative o the the fores
practice criteria. In an effort to address the nonpoint
water quality criteria, the TWG performed additional
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analyses evaluating watcr iemperature relative to cniteria
in the water quality standard and compared results 10
those based on the forest practice criteria. It is hoped
that these comparisons may assist regulators and
managers in gvaluating practices based on their
effecliveness in protecting beneficial uses.

The criteria in both the forest practice rules and water
guality standards assess lemperature over short time
intervals (respectively 7-day and 1-day). Since the 60°F
threshold represents a sublethal temperature, it is
unlikely that excesdence for shont periods would cause
observable changes in aquatic populations. However,
increased thermal loading over longer period may be
significani.

It may be useful for fisheries managers 10 recognize the
longer duration iemperature characieristics of streams as
measured by the short interval criteria. Since
lemperature models can predict temperature over longer
intervals and 1emperature characteristics from
Washington streams are known, longer duration
performance criteria may be informative for fisheries
managers, even though they may not be specified by
state law. For informational purposes, the TWG
developed a metric based on temperatures observed over
30 days. The 30-day criteria coincides closely with
criteria in the water quality standards as it uses the same

threshold temperature values but it somewhat masks
the peak temperature by virtue of the averaging process.

The TFW temperature study results are expressed
relative 1o both criteria to the extent possible and the
TFW temperawre method has been designed to address
both thresholds as they exist in 1990. Results of the
30-day evaluations are provided for informational
purposes.

Criteriz for T c .

The temperature thresholds for the three approaches
described above are sufficiently similar that general
categones of iemperature designated as low, moderate
and high can be identified based on criteria specifying
temperature thresholds and duration (Table 7.1).
Because the thresholds are similar for the low
temperature category (15.6 and 16.30C or a difference
of about 0.7¢C or 1.39F), the category designations are
reasonably compatible for all three approaches. The
primary difference between them is the duration of time
over which the temperature occurs. Applying category
terminology facilitates discussion of general
iemperature levels and comparisons between
approaches. All subsequent analyses refer to
temperature categories of low, moderate, and high as

~ determined by criteria listed in Table 7.1.

Table 7.1. Temperature categories and criteria.

TEMPERATURE CATEGORY

STANDARD LOW

MODERATE HIGH

Water Quality Maximum Less than 16.3¢C
Standard

(instantaneous)

Maximum greater than 16.3 oC
and less than 18.30C

Maximum observed
greater than 18.30C

Forest Practice
Ruies and Regs
(7-day sequential)

Daily maximum less than
15.60C

Daily maximum greater than 15.6 °C
(no distinction between moderale and high; all sites exceeded
identified as high)

30-Day Criteria
(July 15-Augls)

Average daily maximum
less than 16.30C

Average daily maximum greater
than 16.32C and and less than
18.30C

Average daily maximum
greater than 18,20C
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Water iy ileri i
Maximum), The water quality standards specify three
threshold temperaures for daily maximum temperatures
{1-ay) and one for allowable change . The upper
thresholds are: Class AA streams = 16.30C (619F)
Class A streams = 18.30C (659F) and for Class B
streams = 21.30C (70°F). (The threshold for Class B
would apply 10 few streams likely to be influenced by
forest practices and is not included in this analysis.)
Corresponding to the WQ thresholds are the
temperature categories assigned in this report: Lows=less
than 16.30C, Moderate=16.4 10 18.30C, and
High=greater than 18.3. Which threshold determines
exceedence of standards for any stream depends on the
its class (Class AA, A, or B). Water quality
classification of Washington rivers is listed in WAC
173-201-080. Generally, most forest streams are
classed AA and some reaches of larger rivers occurring
in the forest zone may be classed A. The allowable
change threshold of 2.80C that applies 1¢ all three
classes is considered in another section and not linked
to the temperature categories.

r i 1 iterig (7- xi
Average), The forest practice rules identify one
threshold temperature (15.69C or 60¢F). Streams
exceeding the threshold are termed "sensitive”. For
consistency of discussion in this report, streams below
the forest practice threshold will be referred 1o as low
temperature and those exceeding it will be termed high
emperature. No moderate temperature is identified. The
FP criteria is applied to the average of the daily
maximum temperature for the warmest 7-day
consecutive period during the summer.

30-Day Maximum Average. The 30-day measure
compares with the WQ standard in that it uses
temperature thresholds of 16.30C (619F) for moderate
and 18.3°C (65°F) for high temperature. It differs in
that the 30-day criteria is applied to average daily
maximum temperatures observed during the warmest
30-day period of the year (July 15 to August 15).

OBSERVED TEMPERATURE RELATIVE
TO TEMPERATURE CATEGORIES

Daily temperature records at all 92 sites were scanned
for days where maximum water lemperature exceeded
the threshold between low and high temperature

categories according to the forest practice threshold
temperatre of 15.60C (600F) (Figure 7.1). The
temperature category of each site based on measured
water temperature assessed relative 1o each of the three
standards is listed in Table 7.2 and based on the criteria
provided in Table 7.1, Most streams sampled exceeded
15.60C at least one day during the summer {78%), and
a majority exceeded 15.60C for seven days or longer
(62%).

The termperature threshold was exceeded in streams
located in all regions of the state. (The relatively low
proportion of sites exceeding the threshold in the
southern Cascades shown in Figure 7.1 is because
many of these sites were U.S. Forest Service baseline
lemperature moniwring sites.) The DNR Temperature
standard was exceeded in both small and large sireams
where timber harvest had occurred, and in some of the
"baseline” sites located on larger river systems where
forest management effects were considered minimat,
(See Table 6.1 for sile characteristics.)

Where timber harvest had occurred, activities at all sites
except one had been conducted prior to the TFW
Agreement and do not reflect riparian conditions eft
under the regulations cnacted in 1988. These high
observed temperatures at so many locations confirmed
that stream temperature was poorly protected with
forest practices used in the past. If the water quality
thresholds are correct indicators of appropnate
performance, then greater stream (emperature protection
measures in the TFW Agreement were justified.

Tem f v Si
Although the criteria for each approach are unique, they
identified the temperawre category of sites remarkably
similarly. (Classification according to a temperature
screen discussed in subsequent sections is also shown.)
The WQ criteria is slightly more conservative than the
FP cnteria. A total of 72% of study sites exceeded WQ
moderate calegory threshold (23% moderate and 49%
high) while 62% exceeded the FP criteria. Of the
additional 9 sites that exceeded the WQ but not the FP
criteria, six exceeded the temperature threshold on only
1 day, 2 sites exceeded the threshold for 3 days, and 1
excecded the threshold for 6 days. Thus, there was
relauvely linde difference in the temperatures interpreted
by the two approaches. (If the class of the stream had
been considered, the proportion exceeding the WQ
criteria would have been slightly less in that moderate
temperature is allowed in larger rivers.)
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Figure 7.1 Days when maximum temperature exceeded 15.6 degrees C. (60 degrees F).
If temperature was exceeded a + appears. Dotted vertical lines mark the period
SJrom July 15-August 15, (Note that not all sites have equal period of record. See
Table 2.1 for record length for each site.)
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Figure 7.1 Continued.
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Figure 7.1 Continued.
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Figure 7.1 Continued.
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Table 7.2. Estimated temperature category of each site based on criteria for water quality standards described in
Table 7.1. Instantaneous maximum temperature for each site is listed .

Site Max Water Forest

Code Site Temp(C) Quality Practice 30-Day  Screen
AA Ware Creek 18.5 High High Mod High
AB Schultz Cresk 23.0 High High High High
AC Huckleberry Creek 15.0 Lew Low Low Low
AD Thurston Creek 16.0 Low Low Low Mod
AE Litwle Deschutes Creck 16.7 Mod Low Low Mod
AF Deschutes River (RK60.2) 21.0 Righ High High High
AG Deschutes River (RK75.5) 17.0 Mod Low Low High
AH Mulholland Creek 20.9 High High High High
Al Goble Creek 20.9 High High High High
Al Baird Creek 18.9 High High Mod High
AK Coweeman River (above Mulholland) 21.0 High High High High
AL Coweeman River (above Goble) 23.0 High High High High
AM Coweeman River (above Andrews) 21.9 High High High High
AN Cowceman River (above Baird) 18.5 High High Mod High
AQ  Hemington Creek 19.5 High High Mod High
AP Porter Creek 18.0 Mod High Mod Mod
AQ Hoffstadt Creek 26.0 High High - High High
AR Hard Creek i3.5 Low Low Low Low
AS Deschutes River (RK 41.7) 18.0 Mod High No Data Moed
AT Gobar Creek 205 High High Mod High
AW Deschutes River (near Offut Lake) 18.0 Med High No Data High
BA Abernathy Creek (Lower) 18.9 High High Mod High
BB Germany Creek (Upper) 21.1 High High Mod High
BC Naselle River 16.5 Mod Low Low High
BD Smith Creek 25.0 High High High High
BE Bear River 16.0 Low Low Low Mod
BF Abernathy Creek (Upper) 20.0 High High Mod High
CA Bear Creck 15.5 Low Low Low Low
CB 5.Fork Litle Natches River 15.0 Low Low Low Low
ale Little Natches River a1 Kaner 18.5 High High Mod Mod
D Crow Creek 17.0 Mod Low Low Mod
CE Bear Creek Watershed (Baseline) 16.0 Low Low Low Low
CF Wind River (Baseline) 16.0 Low Low Low Low
G Trout Creek (Baseline) 17.0 Mod Low Low Low
CH Trapper Creek (Bascline) 14.5 Low Low Low Low
DA Pitchuck River (RK 15.4) 21.0 High High No Data High
DB Pilchuck River (RK 2.7} 16.8 Mod High No Daw High
EAa Cee Cee Ah Creek 12.5 Low Low Low Low
EB Chamokane Creek 21.5 High High High High
FB Norwegian Creek 135 Low Low Low Low
GA Red Creek (Tributary) 17.4 Med High Mod Mod
GB Red Creek 20.8 High High High High
GC Red Creek (Site 2) 16.2 Low Low Low No Data
Ha Littte Deer Creek 20.1 - High High Mod High
HB N. Fork Stillaguamish (up. Deer Cr) i5.2 Low Low Low No Data
HC Squire Creek 15.3 Low Low No Data Low
HD Higgins Creek 18.9 High High High High
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Table 7.2 Continued

Site Maximum Water Forest

Code Site Temp Quality Practice 30-Day  Screen
HE S. Fork Nooksack River 19.1 High High No Data High
HF Tributary to §. Fork Nooksack 14.0 Low Low No Data Mod
HG N. Fork Siillaguamish (RM 38.8) 16.8 Mod Low No Data High
HH Deer Creek (above Deforest) 21.8 High High Mod High
HI Deer Creek (a1 mouth) 20.9 High High High High
HI S. Fork Nooksack (Upper river) 20.6 High High High No Data
HK Segelson Creek 14.6 Low Low Low Low
HL N. Fork Stillaguamish {do. Deer Cr) 19.1 High High Mod No Data
1A Ten Creek 17.5 Mod High Mod No Data
IC 5. Prairie Creek (upper) 14.0 Low Low Low Low
D Greenwater River 17.0 Mod High Med Mod
JA Snow Creck - No Data High No Data No Data
KA Wenaltchee River (Site 1) 22.0 High High High High
KB Wenaichee River (Site 2) 21.0 High High High High
KC Wenatchee River (Site 3) 19.5 High High High High
KD Wenatchee River (Site 4) 21.5 High High High High
KE Icicle Creek Bypass 23.5 High High Ne Data No Data
LA Tucannon River (bel. M.Russeis Sp.) 19.5 High High No Data No Data
LB Tucannon River (at bridge 14) 21.4 High High No Data No Data
LC M. Russels Spring--Tucannon 171 Mod High High No Daa
LD Hartstock Cr--Tucannon 18.8 High High No Data  No Data
LE Tucannon River (Below Panjab Cr) 12.2 Low Low Low No Data
LF Tucannon River (Below Big 4 Lake) 18.3 Mod High Med No Data
LG Tucannon River (Below Deer Lake) 21.1 High High Mod No Data
1H Tucannon River (Below Cummings Cr) 21.1 High High Mod No Data
10} Tucannon River (Below Beaver Lake) 20.0 High High Mod No Data
PA Muddy River (Baseline) 11.0 Low Low Low Low
PB Clearwater Cr. (Baseiine) il.5 Law Low Low Low
PC Clearwater Creek (at rd. 9300) 17.0 Mod - Low No Daia
PD Clearwater Creek (upper) 18.5 High High Mod High
PE Clearwater Creek (Bel. M. Bri.) 23.5 High High Mod High
PF Clearwater Creek (at Paradise Falls) 18.0 Mod High Maod High
PG Hungry Creek (Upper) 14.0 Low Low Low Low
PH Hungry Creck (Lower) 12.5 Low Low Low Low
PI Johnson Creek (Baseline) 15.0 Low Low Low Low
P] Catt Creek (above Big Cr) 12.0 Low Low Low No Daia
PL S. Fork Willame Cr. (Baseline) 11.0 Low Low Low Low
PM Clear Fork Cowlitz Cr (Baseline) 11.0 Low Low Low Low
PN N. Fork Willame Cr. (below unit 6) 14.5 Low Low Low No Data
PO N. Fork Willame Cr. (a1 4700 rd) 15.5 Low Low Low No Data
PP Quartz Creck (Baseline) 20.5 High High Mod Mod
PQ Lewis River (Baseline) 16.0 Low Low Low Low
PR Canyon Creek (Baseline) 16.0 Mod Low Low Mod
PS Siouxon Creek (Baseline) 18.0 Mod High Mod Mod
PT East Fork Lewis River (Baseline) 17.5 Low High Low Mod
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Particularly uncxpected was the relatively close
agreement between the 30-day critena and the WQ and
FP criteria based on 1 and 7-day values (Figurc 7.2). A
total of 56% of sites exceeded critena for moderale
temperature, similar to the FP criteria. The 30-day
criteria tended to classify mare soreams into the
moderate (32%) than the high (24%) category compared
1o the WQ criteria. However, the results are
surprisingly similar and indicate that when streams are
warm, they tend 10 be warm for relatively long periods
of time. This also suggests that the shorter duration
lemperature criteria are indicative of longer duration
lemperature conditions.

Modeling Interval, Data were examined to determine
when exceedence of the FP iemperature threshold tended
to occur. The warmest period of the summer of 1988
occurred between July 15 and August 15 on average
throughout the state (indicated by vertical dashed
lineson Figure 7.1). All sreams where temperature data

was available at this time and thal exceeded the
termperature threshold did so during this period. Many
also exceeded the threshold temperature at times ¢arlier
and later in the summer. Some of the sites were
sampled later during the year, and therefore lack of an
indication of exceedence in Figure 7.1 during earlier
periods does not neccssarily mean that temperatures
were lower. (Check Table 2.1 for beginning and end of
sampling dates.) For sites with shorter sampling
peniods, the relative occurrence of exceedence
iemperature between the sites was noted. In all cases,
exceedence temperatures during later periods overfapped
between stations, indicating that all sites with
exceedence occurring during later periods could be
assumed to exceed 15.60C during the selected period.
Many streams that barely exceeded 15.60C did so only
during this period.

The TWG selected the interval of time between July 15
and August 15 as the appropriate time 10 model annual

Figure 7.2 Percent of study sites in temperature classes determined according
to temperature criteria in the forest practice rules (FP) and the water qualiry
standards (WQ) (described in Table 7.1.)
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maximum stream temperatures, Although the
occurrence of the warmest 30-days could vary from year
to year, there is a high probability that it will occur
during this time.

Model Predictions of Temperature Critenia, Temperature
predictions from the test of the TEMPEST model
(Chapter 4) were examined to determine whether the
model carrectly predicted the temperature category
according 10 the FP criteria. TEMPEST accurately
predicted the observed forest praclices lemperature
category of 28 of 33 test sites for a reliability of 85%.
All of the misses occurred at sites where the maximum
temperature was close to 160C, just barely exceeding
the threshold. 1n two of the five misses TEMPEST
over predicied the category, while at three sites it
underpredicted the category. TEMPEST also correctly
identified the 1.emperature category of 90% of the sites
according to the WQ criteria, missing only 2. Thus
model results were consistent with observed

temperature categones.

I Chs istics_in Relati
Temperature Categories

The major temperature characteristic addressed by water
quality standards is daily maximum temperature. Other
characteristics including daily mean, minimum, diurnal
fluctuation and cumulative degree-hours may also be
imponant biologically. Average temperature
characieristics of streams relative to temperature
categones are developed in this section for
informauonal purposes.

Baseline Maximum Temperature. Temperature within
reaches flowing through mature forests were evaluated
10 estimate the expected bascline lemperatures within
fully forested watersheds, Measured values of maximum
daily temperature during the warmest suammer period of

Figure 7.3 Estimated baseline daily maximum temperature during the warmest
summer days under a mature forest canopy as a function of distance downstream

from watershed divide.
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approximately 20 forested reaches of all sizes were
composited 1o draw the relationship between maximum
waler lemperature and increasing stream size (indexed as
distancc downstream from the watershed divide) shown
in Figure 7.3. This graph depicis the best estimate of
baseline maximum daily temperature within fully
forested watersheds available at present.

As expected from previous research, average stream
temperature tends 1 increase in the downstream
direction, even within forested watersheds. Downstream
warming occurs because of: (1) increasing stream width
reducing the effectiveness of riparian vegetation Lo
shade the stream surface; {2) decreasing proportion of
cooler groundwater inflow relative 1o the flow in the
channel; (3) increasing stream depth; and (4) increasing
air temperature at lower elevations, Generally stream
temperature increases logarithmically with distance
(Hynes 1971, Theurer and others 1984). Local
deviations in this general rend can occur such as where
cooler or warmer tributaries join the sysiem, or at the

interface between rivers and occans where air
temperaturcs may be cooler than similar elevations
located inland. Therefore, the baseline maximum
temperature in Figure 7.3 should be considered a rule-
of-thumb and can vary with local conditions.

Small streams relatively close to the watershed divide
are very cool (between 10 and 140C or 50-560F),
Temperature in the smallest streams is near
groundwater temperature. (This represents the
minimum possible summenime temperature).
Somewhat larger type 2 and 3 sureams are also slightly
warmer, but lemperature is well within the WQ
criteria's low temperature category (applicable for Class
AA streams), Stream reaches within forested riparian
zones located approximately 20 or more kilometers (12
miles) downstream from the walershed divide are likely
to be within the WQ critenia moderate category
{(applicable ta Class A sireams). Those sites greater
than 50-60 km (30-40 miles) from divide are likely to
be within the WQ critena high temperature category

Figure 7.4 Average of daily temperature characteristics for 30-day warmest period

by temperaiure sensitivity class.
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(applicable to Class B streams) during the warmest

periods of the year, regardless of forest management

activiues upstream. This condition is reflected in the

classification assigned to streams and the designated
eneficial uses.

Characteristics of Temperature Categories. Average
temperamre characteristics of the thirty-day criteria
categories are shown in Figure 7.4. For siles in the
high temperature category, both daily maximum and
mean lemperature averaged above 15.6°C for the entire
period. The average maximum temperature was nearly
190C and the minimum averaged nearly 159C.
Although not shown, similar values were observed for
the 7-day period.

The duration and magnitude of high temperalures were
more modest for those sites in the moderate category.
The daily maximum of the moderate category averaged
17.0°C and the daily mean averaged 15.00C for the 30-
day period (Figure 7.4). For the low temperature class,
the daily maximum averaged 13.00C and minimum
icmperatures were near groundwaler temperature
(100C).

Cumulative degree-hours were calculated as the
summation of hourly temperature exceeding 15.6°C.

Cumulative Degree-hours = X (Hourly Temp-15.6°C)

For example, an hourly maximum temperature of
20.6°C would equal 5 degree-hours. (If tcmperature was
less than 15.60C than degree-hours was 0.) Streams in
low lemperature categories should have had
significantly lower (if any) cumulative degree-hours
over time than those in the moderate or high
temperature category. Average degrec-hours was the
cumulative degree-hours for the period divided by the
number of hours in the period. The average degree-
hours indicate the exposure of organisms 1o high
temperatuore as an average number of degrees above the
threshold for each and every hour during the interval.

Sites where hourly tlemperature data was available (32
sit: <) were selected to analy ¢ the cumulative degree
hours characteristics by temperature category. The daity
temperature records for each were examined for the
hottest 7-day period and temperature categories assigned
according 10 the FP critenia. The cumulative degree
hours were summed. Sile degree-hours by temperature
class are shown in Figure 7.5. Average number of

degrees exceeding the 15.60C threshold per hour for the
7-day and 30-day periods are compared in Figure 7.6.

Cumulative depree-hours were large in high temperature
streams. Degree-hours for the 7-day period of sites
within the high temperature category vaned, but
cumnulative d>pree-hours averaged four times greater in
the high caiegory than in moderate temperature streams
(Figure 7.5). The same relauonship was observed
during the 30-day interval. The number of degrees
above the threshold averaged over 2.0 for every hour for
the 7-day period and 1.3 for every hour for the 30-day
period. The biclogical importance of either the
magnitude or duration of high temperature is not
known but the degree-hours indicate that sites in the
high temperature catcgory are significantly warmer than
those in the moderate category for long periods of time.

The degree-hours of sites in the moderate temperauure
category were relatively low (average 82 for the 7-day
period; Figure 7.5).This translated 10 0.6°C per hour
for the 7-day period and 0.30C for the 30-day interval.
Cumulative degree-hours were very low in the low
temperature category (not shown), but generally were
less than 10 for the entire period.

Several temperature characieristics of the temperature
calepories were interesting. High and moderate
tempe-ature categories over 30 days seemed (0 be
equally well differentiated using either critenia of

(1) maximum emperatures of 18.3 and 16.3°C
respectively, or (2) average daily mean relative 0
16.30C With this method, the site was classified as
high when both the daily maximum and daily mean
exceeded the threshold (Figure 7.7). Temperature was
moderate when the daily maximum exceeded the
16.30C threshold but not the daily mean, Also of note
was the similarity in the assigned temperature category
based on the 7-day and 30-day intervals. Each site
classified by temperature during the 7-day period fell
into the same emperature category as those based on
the 30-day average temperature characicristics (Figure
1.7.

This strong relationship between sensitivity examined
at the 7-day and 30-day umeframes was an unexpecled
but fortuitous outcome of the anatysis. These results
suggest that longer-term averages can be effectively
interpreted for shon-term emperature characteristics and
vice versa, Since most available records are presenied as
monthly averages, these may be more informative than
previously thought.




Timber/FishiWildlife Temperature Study Temperature Sensitivity and Forest Practices 199

Figure 7.5 Sum of the degree hours greater than 15.6C for sites during the warmest
seven days of the year. (High temperature category are black lines and moderate

category are hashed lines.)

Site

o
AQ

AL
BD
8
AM
AH
Al <

DA
LB
HH
AB

AF
B
AK
LA
AT
AS

=

HIGH (mean=352)

Maximum 7 Days

(168 hours)

&— MODERATE {mean=82)

v I T T M 1 v T

100 200 300 400

—y T

0

500

i Al T B ] i T

600 700 800 9S00

DEGREE HOURS

—

1000



200 Temperature Sensitivity and Forest Praciices

Timber/Fish/Wildlife Temperature Studvy

Finally, the single threshold critleria used in the
Washington forest practice rules o distinguish low
temperature streams and high iemperature streams
(termed "sensitive” in the TFW Agreement) were not
very discriminating in identifying streams of very
different temperature characteristics. Indicative of this
differences are the cumulative degree-hours of sites in
the moderate and high temperature catcgories shown in
Figure 7.5. All of the sites screen similarly relative 10
the categories, yet there are marked differences in
iemperature of reaches exceeding the 60°F
threshold, The FP criteria identified most streams as
high, including several larger rivers considered
relatively close to bascline shading conditions under
mature conifer forests.

The recognition of moderate and high temperature
categories in the WQ criteria is a more realistic
reflection of what occurs in natural forest streams as
suggested by higher baseline iemperatures in larger
rivers (Figure 7.3). However, the location of the
boundary between river water quality classes should be
examined 10 ensure it realistically reflects expected

baseline temperatures for each class.

I Sensitivity S

What were the site characteristics that determined the
streams most likely to have low, moderate or high
temperature? At this point in the analysis, the most
consistent observations arc that unshaded streams tended
to have moderate (o high temperature, while fully
shaded small 10 medium-size streams tended 10 have
low icmperature. These patterns are more fully explored
in developing a temperature sensitivity screening
method.

The analysis of temperature relationships to stream
characteristics in Chapter 6 showed that a number of
environmental factors were well correlated with stream
temperature. Several good empirical relationships
between stream characteristics and water temperature
were developed based on S of the most important
environmental variables including stream shading,
mean air iemperature, elevation, discharge, and bankfull

Figure 7.6 Average degrees exceeding 15.6 deg C by temperature class for 7-day

and 30-day intervals
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Figure 7.7 Piot of site 30-day maximum and minimum temperature. Temperature
category zones are delineated by relationship to 15.6 degrees C. Plot
symbols indicate category determined by 7-day maximum temperatwre.
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width (Chapter 6; Table 6.4). These same variables are
also used in the temperature prediction models.

In an attempt to develop a temperature sensitivity
screen, this regionalized relationship was used to
estimate maximum temperature which was then
assessed according water quality criteria. It was hoped
that this empirical equation couid serve as a satisfaciory
temperature prediction model. However, the regional
prediction equation was not very effective at correctly
ideniifying the lemperature category for regulatory
purposes. The esumaies agrecd with the observed
temperature category for only 45% of the sites. The
equations tended to predict lower temperature categories
then were observed,

As a next step, discriminant analysis was used to
identify what sitc characieristics related to the observed

temperalure categories. As expected, sites within each
of the temperature categories were related by the same
stream and climate characterisucs suggested by regional
models. Elevation, shading and stream width were again
statistically significant,

Ignoring stream width, sites identified by temperature
class in relation 10 elevation and shading is shown for
each of the three temperature standards in Figure 7.8
(a,b,c). Two lines dividing the low, moderate and high
category regions are hand-fitted through the points, -
Although there are some clear misses, there isa
remarkably good sorting of temperature categories for
all three approaches based on these two site
characteristics alone, In addition, the placement of lines
delineating temperature categories refative to shade and
elevation werc similar despite the differences in the
crilenia.
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Eievation (meters)

Elevation (meters)

Figure 7.8. Site temperature categories based on the three temperature criteria
(listed in Table 7.1) in relation to site elevation and stream shade. Criteria are
(A) water quality standards, (B) forest praciice standards and, (C} 30-day averages.
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Excluding several points thai fall near the lines
scparating the categories, 89% of the sites classified by
the screen based on site characteristics were comrectly
placed in Lhe appropriate WQ temperature category
based on measured temperature (Table 7.2). The screen
iends 1o gverestimate the temperature category
compared w observed temperature, and is therefore
conservative. Of the 11% of the sites that were not
classified the same as observed temperature, the screen
classed six sites 100 high and 2 sites too low.

The screen can be used as an estimate of expected
lemperature category of a reach 10 a proposed riparian
harvest plan. The estimated temperature category of a
site can be determined from site elevation and general
level of shading based on Figure 7.8, both before and
after a proposed harvest activity, The recommended
level of shading can be determined by finding the
appropriate elevation on the vertical axis and by then
moving across the screen until the appropriate
temperature category is reached before and after harvest,

An alternative formulation of the data depicts estimated
maximum temperature in relation to stream shade by
elevation category in 200 meter increments (Figure
7.9). The results are similar to those in Figure 7.8
since they are based on the same data. A site's estimated
iemperature and shade sufficient 10 achieve appropriate
temperature to meet waier quality standards can be
determined by tracing the site's elevation line until the
threshold lemperature is found at the appropriate
shading. Either graphic can be used 1o estimate
maximum temperature or temperature class, although
Figure 7.9 is less accurate in predicting the tlemperature
category of the site. The temperature at only 69% of
sites are correctly categorized by Figure 7.9,
Futhermore, the maximum temperature predicted from
the graph was within 10C of observed at only 44% of
the sites and within 20C at 63% of the sites. Therefore,
the figure is useful for obtaining an idea of relative
changes and for estimating the maximum temperature
value, but results musi be applied carefully for
regulatory purposes. Figure 7.8 is more accurate
because fewer lines must be estimated and elevation is

Figure 7.8 Continued
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not broadly estimated and is recommended for
determining temperature Calegory.

The resulis depicted in Figures 7.8 and 7.9 have
important implications for understanding the effects of
timber harvest on stream temperatusc. Shading from
riparian vegetation has a different influence on stream
temperature depending on the elevation of the site.
Higher elevation strcams are cooler, even under fairly
open conditions. No high temperature streams were
observed at elevations greater than approximately 800
meters (2400 f1). Conversely, low elevation streams
were extremely susceptible to higher temperatures, even
under fairly dense shading conditions. For example,

shading of 60% at 100 m (300 fr) would produce high
temperature, while the same shade at just 200 to 400 m
{600-1200 ft) would have moderate temperature. A
majority of the sites with high temperature were found
at less then 200 m (600 ft) elevation. At higher
clevations, only sites with virtually no shading at all
had high temperature.

The principles evident in Figure 7.8 are consistent with
understanding of the physics of stream heating. Water
temperature is highly dependent on air lemperature
which varies systematically with elevation (Chapter 6).
The relationship is applicable throughout Washington,
and probably also valid in other states of reasonably

Figure 7.9 Estimated maximum annual temperature of sites by elevaiion group
in relation to shade.
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similar latitude. This relationship is probably valid in
much of Oregon and parts of British Columbia and
idaho, but should be verified before use in the more
northem and southern exoremes of the Pacific
Northwest {California or Alaska).

PRELIMINARY EVALUATION OF
REGULATION EFFECTIVENESS

Understanding the effectiveness of riparian management
regulations is an important consideration in developing
a TFW iemperature method. Determining how to
identify locations not adequately protecied by forest
practice rules requires knowing where the rules are
effective.

When this study was initiated in the summer of 1988,
there were limited numbers of sites with riparian zones
designed according to the then recendy revised
regulations. As a result, the study did not attempt to
directly field test the effectiveness of the regulations in
prolecting water temperature. Instead, because the
selected model proved to be so reliable at predicting
temperature under all riparian conditions, the TWG felt
il constructive to use the model to simulate the
probable effect of the riparian management regulations
developed in the TFW Agreement. In addition, the
empirical relationships based on measured stream
temperature shown in Figures 7.8 and 7.9 were also
used to assess the effects of current regulations, much
the same as the prediction model. Both methods were
used to evaluate riparian management zone nles for
lemperalure protection.

Although not a substitute for direct field-testing, this
modeling exercise also provides an early indication of
whether the riparian rules provide adequate temperature
protection.

Water Tvypes 1-3

Evaluation of the riparian zone regulations was
performed with the model on thineen of the thinty-three
model-tesung study sites. 1t was considered essential
that the analysis be conducted only on sites where air
temperature was directly measured, since significant
errors in mode! predictions can result from errors in air
temperature estimales. The sites selected represented a
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range of elevations and stream sizes, but all had littte
existing shade (all of the sites were less than 35%
shaded, and many were less than 10% shaded). To
minimize the possibility of drawing erroneous
conciusions based on model errors, only sites where
temperature predictions in the original model-test
averaged within 19C were included. The simulations
consisted of running the models using measured and
estimated input data as in the model-test (Chapter 4),
but varying the shade factor at 25% increments.
Shading levels of 25, 50 and 75% were iested.

As hypothesized, 30-day maximum temperatures tended
to decline from unacceplably high levels with
increasing levels of shading. Average maximum
temperatures for the simulations are plotied by shade in
Figure 7.10. According to the model, temperatures
falling in the moderate category shouid tend to occur
when streams are approximately 50% shaded.
Temperawre tends to fall into the low temperature
category around 60-80% shading on average. This level
of shading would not be found along larger rivers
because they are too wide but would be common for
water types 2 and 3, depending on the naturally
OCCWTINgG vegelation.

Although temperature declined at most of the sites to
moderate or low with levels of shading required by the
regulations, some did not. Notably, temperatures in the
high iemperature calegory were estimated for most of
the sites at lower elevations along larger rivers (AM
and AL on the Coweeman River and AF on the
Deschutes River), even when a shading level as high as
75% was simulated. However, shading of 75%
(assumed to be approximately the upper maximum
amouni of shade for rivers this large) decreased
temperatures into the moderate category for these larger
rivers. These rivers are classed A and therefore moderate
temperature would meet the WQ temperatre standard.

Similar inferences can be drawn by examining the daily
model predictions relative to the forest practice standard
threshold of 15.6°C. Examples illustratng the general
observed results are provided for four sites in Figure
7.11. During simulations, Site AA had virtually no
days exceeding 15.60C a1 50% or greater shading. Site
EB in eastem Washington was initally much warmer
and did not achieve low temperature until 75% shading,
although the standard was barely exceeded at 50%
shading.
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Maximum Temperature (C)

Maximum Temperature (C)

Figure 7.10 Estimate of effectiveness of shade levels on maximum stream
stream temperature based on model simulations.
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These results are consistent with the temperature
sensitivity relationship based on shade factor and
elevation shown in Figure 7.8. At low elevation,
riparian shading is less effective. Consequently,
moving across the horizontal axis from these sites'
existng shade (approximately 30% shaded) 10 50%
would still place these sites in either the high

temperanhire category or at the boundary between the
high and moderate categories (Table 7.3). It would
appear based on the empirical relationship that shading
levels greater than §0% would be required to bring these
rivers to low temperature and 70 to 80% shade would
be needed to achieve moderate temperature.,

Table 7.3. Average shade characterisiics of TIF/W riparian zones based on Dept. of Wildlife
surveys (A. Carlson, Washington Department of Wildlife.) Data is from 1988 and 1989 riparian
fleld surveys. Values for each stream are averages of 2-10 observations.

Region Water Average Shade Range of Number in
Type (%) Values ‘Sample
) (%)
East 1 15 -- 1
2 41 - 1
3 72 15-91 9
West 1 61 8-96 22
2 70 23-98 11
3 78 32-99 57
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Recommended shading to meet water quality standards.
Current regulations stipulate maintenance of 50 or 75%
of the existing shade along stream types 1,2 and 3,
depending on the temperature category of the reach.
Based on evaluations with temperature madels and the
temperature screen (Figure 7.8), it appears that the
specified shade requirement in the regulation is
insufficient to maintain stream lemperature within
water quality standards in many situations.

Since the effectiveness of shade is dependent on
elevation, the shading requirement should also vary by
elevation. Recommended shade to maintain tlemperature
standards is shown in Figure 7.12.The relationship was
derived from the temperature screen shown in Figure
7.8a. On average, managing niparian vegelation 1o the
recommended shading specified by elevation should
maintain maximum water temperature of Type 1-3
waters within water quality standards.

The water quality standards also limit the incremental
change in maximum water temperature 10 2.80C from
nonpaint sources. Is this specification of the waier
gquality standards met by following the above shading
recommendations that limit the maximum temperature
1o 16.39C in most type 2 and 3 streams?

When considering thai riparian zones are designed for
both water quality, and fish and wildlife habitat
considerations, the answer would appear 1o be yes. The
baseline maximum temperature relationship (Figure
7.3} is redrawn for the zone less than 40 kilometers
from watershed divide to include an estimate of a 2.80C
increment in Figure 7.13. An increase to 16.39C would
be less than 2.80C incremental increase from expected
baseline in most forest swreams. For the streams less
than 20 kilometers {12 miles) from divide, riparian
rules maintain tlemperature less than the 16.30C
threshold. Theoretically, the most significani changes
in maximum temperature will be in the small streams

Figure 7.12 Estimated shading required in relation to site elevation to maintain
maximum temperalure within desired water temperature category according
to Washingion water quality siandards.
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within this zone. For type 3 sucams located between 3
and 10 km from divide (1.8 10 6 miles), the increase in
maximum temperature to 16.3¢C is greater than a
2.80C change from bascline. For all other type 1-3
streams, the incremental increase to 16.30C s less than
2.80C. (Temperature effects in type 4 waters will be
discussed in later sections.)

The incremental change in temperature in type 3
streamns would also vary by elevation. Referring to
Figure 7.9, type 3 streams at high elevation will

increase from 11.0 10 13.00C if shade declines from 90
w0 50% of the stream surface area. (Esumated baseline
shading in type 3 waters is approximately 70 10 90%).
This change is within the allowed 2.80C increment.
Lower clevation sites can increase 10 a greater extent
with shade removal, but baseline temperature also
tends to be higher. If sufficient shade is maintained to
keep maximum temperature in the low category, then
the incrementat change should be about 2-30C,
Thetefore, the incremental increase is likety to be close
10, if not below, the standard, and may exceed it only
in low elevation streams.

Figure 7.13 Schematic of baseline temperature (from Figure 7.3) and potential
incremental increase in relation to distance from watershed divide. Only in small
streams close 1o watershed divide is the allowable change to 16.3 deg C greater
than 2.8 deg C. (shown as hatched area).
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Table 7.4 Maxmimum shade removal by elevation
zone to meet incremental increase portion of water
quality temperature criteria,

Elevation Zone Possible Shade

{meters) Removal
0-200 22%
201400 25%
401-600 30%
601-800 2%
>800 45%

A general amount of shade removal allowed within the
2.80C incremental increase can be estimated from
Figure 7.9. Moving 2.82C on each of the elevation
lines shows that from 22 1o 45% of the shade can be
removed, depending on elevation, and still remain
within the 2.80, (Table 7.4) In general, the maximum
lemperature criteria would restrict shade removal before
the incremental increase criteria would.

Since the riparian vegetation is managed to meet a
variety of resource objectives, it is likely that some
shade will always remain regardless of shade
requirements. Assuming that (1) minimum shading
levels of 50% are mainiained in all streams 1o meet
other riparian zonc management objectives, and that (2)
the shade requirements maintain maximum
temperatures within the 16.30C threshold, it is likely
that the incremental increase specifications of the water
quality standard will also be met in most, if not all,
type 3 streams. By the warmer nature of larger sireams,
forest management following the above
recommendation should not cause an incremental
increase exceeding water quality criteria in water types 1
or 2. In general, however, meeting the maximum
iemperature criteria will also meet the incremental
critena.

Riparian Shading Under Current Regulations. Surveys
of riparian buffer zones left under the TFW rules
indicate that shade requirements specified in the
regulations are generally met or exceeded during timber
harvest activities. In fact, shading levels tend to be
close 10 the suggested shading recommended above.
Table 7.3 lists the average shade of east and westside

riparian zones along different stream types measured in
the Department of Wildlife riparian study (pers. comm.,
A. Carison, Washinglon Depanument of Wildlife),
Riparian zones along large streams (type 1) tend 10
have less shading, especially on the eastside of the
state, although sample sizes are small. On average,
however, landowners are leaving shading that meets
suggested levels, including the higher shading
requirements applied to lemperature "sensitive” sireams,
although these sites had not been so designated at the
time of harvest.

Water Types 4 _and S

No shading is required for type 4 streams, although
typically some shade remains after logging from brush
and slash, No overstory canopy can be expecied for
penods of approximalely 5 years or more after timber
harvest. Removal of shade along type 4 waters is likely
to result in large increases in maximum temperature
since small shallow streams respond rapidly 10 changes
in energy (Brown 1969). No type 4 sireams were
included in this study. However, shallow unshaded type
3 streams showed the highest daily maximum
temperatures and it is probable that type 4 water
temperature could also increase to similar high levels
without shade. Observed daily maximum temperature in
open, small strecams during the warmest periods ranged
from 18-220C (shown as the maximum temperature of
type 4 walers in Figure 7.3). It is also likely that the
lemperature sensitivity of type 4 waters is probably
similar 1o that of type 1-3, where high elevation
streams should be cooler than lower elevation sites.

The downstream effect of type 4 waters could not be
determined with the sites available in this study. While
many unshaded type 4 streams are expected to be in the
high and moderate temperature categories for some
period after harvest, the extent that these waters may
warmm downstream fish-bearing reaches remains unclear.
Some factors tend 1o diminish temperature concems
associated with type 4 waters. The type 4 streams
within a basin tend to be the highest in elevauon, and
therefore somewhat cooler. These streams are generally
very shallow and make vp a relatively small volume of
total flow of downstream reaches, where niparian buffers

-matntain low temperatsre. Other factors increase

concerns. Type 4 streams make up a large proportion of
the length of streams in the headwaters region of a
basin. The overall importance of type 4 streams in
determining downstream temperature is not clear
because of these offsetting faciors.
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Estimating the effect of changes of type 4 temperatures
on larger downstream sites is important, but 1t is not as
simple as assuming that downstream reaches will have
the same lemperature as upstream reaches. A general
hypothesis of the effects are as follows.

Where a type 4 water immediatcly joins a larger stream,
the effect on Iemperature can be calculated as a simple
mixing ratio based on temperature and volume of the
two water bodies (Brown and others 1971). For
example, an unshaded type 4 waters at approximately
200C (680F) may enter a shaded downstream waters
ranging from 130C (559F) if they are small or 200C
(680F) if they are large (Figure 7.3). The Lype 4 strcam
would probably have no measurable effect on the large
stream, but could increase the temperature of the small
stream. If they were of nearly equal volume, the
resulting temperature would be approximately 160C
(619F) and near the temperature threshold. Generally,
the type 4 stream is of lower proportion and the actual
temperature would be somewhat less than this. The
situation described is probably quite common in the
current riparian management rules.

However, once the water enters the downstream reach,
initially warming or cooling it, the water will adjust 1o
the equilibrium temperature of the reach as it flows
through depending on the site conditions of that
downstream reach. If water enters the larger stream ata
warmer temperature than the larger siream's
equilibrium, determined from its shade and other stream
characiteristics, the water will cool as it moves
downstream until the equilibrium temperature for the
reach is re-established. Thus, in the above example
where the type 4 enters a small type 3 stream whose
baseline temperature is expected 10 be 140C, the stream
would tend to cool from 160C where it enters to 140C

(619F).

How fast the temperature adjusts, and therefore the
downstream extent of warming or cooling (referred o as
response distance) is dependent on siream velocity and
on stream depih as it dictaies a flow volume's response
time 10 changes in enerpy. Since small streams respond
quickly to changes in er ergy, the downstream zone of
influence of many type 4 sireams may be relatively
short. This could not be determined in this study.
However, temperatures of all strearn reaches, including
type 3's, were predicied accurately without knowing
anvthing about the shading in upstream reaches
(Chapier 4}, suggesting that the hypothesis m. v have
some merit.

Understanding and predicting the effects of type 4
stream lemperatures on downstream fish-bearing waters

will require improved understanding of these heat
transport principles as well as direct measurement of
temperature in the specific siluation described above. A
suggested approach 10 this research is further outlined
in Chapler §.

Basin T Considerati

Prior to the swdy, it was perceived that dispersing
harvesl units throughout a watershed guided by a basin
emperature prediction model might be a feasible
approach to addressing the downstream temperature
conccrms, However, afier performing the study, the
TWG felt that a basin approach inroduced unnecessary
complexity and difficulty into the management process
without improving temperature protection. Basin
temperature models were very cumbersome to use and’
were not considered feasible for use on a widespread
basis. They were also not very rehable temperature
predictors when used in a manner the TWG felt could
be expecied in routine TFW use (Chapter 5). Primarily,
study results also showed thal a large number of stream
should be adequately treated under riparian zone
management guidelines.

Instead of rying to use basin temperature mode! in
harvest planning, the TWG recommends that
temperature sensitivity of water types 1-3 be addressed
by the TFW temperature method described below and
that the need for alternative methods for determining
temperature protection needs for type 4 waters be
established after a carefully designed field study.

RECOMMENDED TFW TEMPERATURE
METHOD

General recommendations for the TFW iemperature
method based on the iemperature screen and the
prediction model are offered here. The method is
intended 1o provide necessary protection 1o the stream
without being overly time consuming or difficult to
apply. A user's manual providing detailed instructions
on the use of the method will be prepared with the
assistance of the DNR and TFW participants who are
likely to use it in the field.

It should be noted that components of the TFW method
are recommended by the Temperature Work Group only
if they were found likely 1o improve stream temperature
protection in forest management. Conclusions of what
to include in the method are based on observed
lemperature, the ability to identify temperature
sensitive streams based on their site characierisucs, an
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appreciation of the effectiveness of riparian zone
management techniques established in the lemperature
swdy, and modci-testing discussed in earlier chapters of
this report. The TWG effons focused on providing the
simplest but reasonably reliable methods possible.
Several iechniques for temperature prediction other than
models were atiempted with the assumption that graphs
are simpler to produce and easier for TFW managers to
use., The demand o sausfy identified management needs
for sound resource decision-making determined what
components are recommended in the TFW temperature
management strategy. Practicality considerations were
very important tn helping to select among available
methods, including models, 1o use for each ¢component.

Figure 7.14. Temperature categories

No basin model is recommended at this time. The
Temperature Work Group feels that better information
can be obtained using a stream reach approach. 1If
stream temperature is properly managed within an
upstream reach, then the downstream water temperature
will not increase from management activities. (Normal
downstreamn heating as rivers increase in size can be
expected.) Two streams with moderate temperature can
combine to causc another moderate temperature sream
but not a high temperature strcam. Temperature can be
no warmer than the warmer of the two combining
reaches.

for type 1-3 streams based on
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Temperaturc impacts may be present now from forest
practices prior 1o TFW. However, as the shading within
basins recovers, more of the streams will be managed
for low or moderate temperature. Stream lemperature
protection in type 4 and 5 streams is not addressed in
the recommended method but suggestions for further
work are described in rescarch recommendations (section
7.4). Recommendations will, however, b¢ provided in
the user's manual as they are developed based on
subsequent research projects.

Temperature Screen

The recommended method is based upon the
wemperalure screen for exceedence of water quality
standard shown schematically in Figurc 7.14. The
temperature screen is redrawn from data presented in
Figure 7.8a and addresses water quality standards. The
temperature screen is first applied for existing
conditions for the site specified in a forest practice
application. The shaded areas on the screen indicate
situations when models may be applied versus when
the shading prescription can be safely made without it.
These reflect situations where small changes in shade
may cause high temperature. Eievation and the percent
of the channel shaded are the only site-specific
information needed at this point in the process. (A
description of how to estimate shade will be provided in
the users manual.)

The existing temperature category of the site is
determined based on existing shade conditions. The
expected temperature category after harvest is then
determined by estimating the amount of shade that will
remain after harvest. Depending on existing and
predicted temperature category, the method indicates
several potential outcomes.

If stream temperature category is predicied to be low or
maoderate before and after the forest practice, then there
arc no iemperature concerns related to timber harvest
{depending on swream class) and the normal procedures
for determining riparian zone leave trees should be
followed. Shade estumates for RMZ's left under TFW
ripanan regulations indicate that 50-75% shade
gencrally remains suggesting that normal operating
procedures for riparian zone planning should be
sufficient in many locations.

Special consideration may be required for sites with
elevations iess than 200 meters (600 {t) that have

existing shade levels between 80% and 40%. Use of a
iemperature prediction model may be suggested in these
circumstances to confirm the screen's esimaies of
stream temperaturc category and suggesied shade level.

If the estimated falls near the line dividing categories,
the riparian leave area should be carefully designed
with shading being & primary design consideration
during riparian zone layout. This design would need to
be done on sitc when the riparian trees are marked
considering the contribution of strcamside vegetation to
shading the water surface with the objective of
achieving the specified level shading of the waler
surface.

If the wemperature category changes from either low or
moderate to high then modeling may be warranted 1.
confirm predictions made with the screen and to assist
in designing allemative riparian prescriptions (percent
shade) that will maintain the predicted post-harvest
temperature category within the desired level (low to
moderate).

Added care must be taken when the site is on the
margin between categories. It is imporant to remember
that the definition of the boundaries is imprecise and
the proposed altenate riparian prescription preventing
high temperature should place the site estimate well
within the target category. The thick lines separating
temperature categories in Figure 7.12 reflect the
ambiguity in defining categories.

Temperature category boundaries on Figure 7.14 are
tight at low elevations, and rclatively small changes in
vegetation may result in relatively large changes in the
temperature of the site. Altering the percent shade from
80% to 50% on a site at 100 meters (300 {t) elevation
changes the sensitivity from low 10 high. The same
alteration of percent shade for a site at an elevation of
600 meters (1800 ft) does not change (he sensitivity
rating from low.

The iemperature category screen was developed using
data from only 42 streams although they represent a
large variety of sites from all regions of the state, all
sizes of sreams, and all levels of shading. While other
siles can be expected to conform, this is a still a fairiy
small dataset on which to base the screen. Further
effonts should focus on providing additionat data to
revisc and improve the screen's predictive capacity.
Recommendations on how to do so are provided in
Chapter 8.
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Site_Model

The tecmperature screen is not sensitive to local
anomalous conditions but reflect average conditions.
The prediction model may be uscful to use when
unusual circumstances may be present that may
influence local wwmperature. These may include a
variety of situations such as the presence of high
amounts of groundwater inflow as springs.The
prediction model is aiso useful for providing more
accurale estimates of temperature where desired. More
specific site data are required than for the lemperature
screen.

TEMPEST is the temperature model recommended for
use in the TFW method. This model was shown to
have excellent performance in predicting temperature
during model-testing, and was reliable and practical to
use, Other models were also tested, and several were
shown 1o be good predictive tools, although none was
rated as highly as TEMPEST considering ali three
qualities of predictive accuracy, model reliability and
practicality. ‘

The purpose in using the model is to predict whether a
site will exceed the temperature standard with
management of shade in a riparian zone. The TWG
proposes that the model predict iemperature over a 30-
day ume interval that coincides with the warmest period
of the summer (July 15-August 15). The predicted
maximum lemperatures can be evaluated 10 determine
the amount of riparian zone shading o be lefi to meet
temperature standards. Instructions on using the model
will be provided in the TFW users manual.

Reliability of the TEMPEST model reliability was
very good {95% of the sites were predicted within 20C
of the measured average) when detailed, carefuliy
measured input data was supplied. Data input
requirements include a variety of site and climatic data
including geographic location, elevation, shade (%), and
stream depth. The TWG recalized that many of the
variables, particularly climatic information, would be
impossible 10 measure in routine TFW application of
the model. Most climatic variables, such as air
temnperature and relative humidity, fall into this
calegory. Water temperature is especially sensitive 10
air temperature and finding some way 10 estumate
appropriate air temperature regimeas was critical to
successful application of the model. Methods for
estimating as much input data as possible without
reducing model predicuon reliability are provided in the
user's manual,

To provide reasonable climatic information, the data
sets of climate input values used in model-testing were
developed into standard data sets that the mode! draws
on. Choice of inpul values is based on information the
user supplies as easy-to-obtain watershed and regional
information. The dataseis are comprised of climate
variables from 6 NOAA weather stations and
composites of air iemperature profiles developed from
those measured at the study sites in foresied streams.
As a result, the model predicts water iemperature based
on the climatic conditions that occurred duning the
summer of 1988 unless measured air temperature is
provided. Air temperature during this period was
slightly warmer than the long-term average at all of the
weather reference sites.

SUMMARY

Temperature at all sites was evaluated relative 1o water
quality criteria (o detertnine whether water quality
standards or forest practice rules were excecded. A large
percentage of the sites harvested prior to the TFW
Agreement exceeded temperature thresholds of 15.60C
(forest praciice rules) or 16.30C (water guality standard)
at some time,

A simple relationship between riparian vegetation
(shade factor) and elevation provides a surpnisingly
reliable means of initiaily determining the likely
temperature regime under different levels of shade, The
imponance of shading and elevation were identified
using both the temperature prediction modeis, and by
examining stream temperature data from around the
state. Very high elevation streams (greater than 800 m
or 2400 ft) rarely had high temperature under any
shading conditions, including open. Conversely, the
temperature in very low elevation streams (less than
100 m or 300 ft) were the most dependent on shade,
requiring significant amounts to maintain temperatures
in the moderate or low temperature categories.

Finally, the temperature models were used in a gaming
modz to analyze whether the current riparian regulations
are providing adequate temperature protection. Levels of
shade specified in the forest practice regulations appear
10 be iadequate in many situations to provide
suffiiient temperature protection 10 meet water quality
standards. Varying amounts of shade based on elevation
are recommended. Fortuitously, riparian zone surveys
suggest that the shade remaining in riparian
management zones designed for a variety of objectives
in TFW generally exceed shade requirements and are
likely to meet shade needs recommended by this study.
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A simple and reliable temperature method is
recommended for TFW use to identify and address
temperature sensitivity concerns. The method
incorporates riparian management regulations and
identifies specific situations when aliernative
prescriptions may be required. The method does not rely
on basin temperature models which are cumbersome 10
use and would nol improve TFW temperature
management sategies.

Recommending a TFW temperature method is the
responsibility of the TFW Cooperators, The
Depanments of Ecology and Natural Resources and the
Forest Practices Board are responsible for final

approval. The selected method and specific guidelines
for applying it along with decision criteria directing
management response will be described in a separate
“user's manual”, The user's manual will be prepared by
the Temperatere Work Group with the assistance of the
Depanment of Natural Resources, Depariment of
Ecology and TFW participants. A field trial involving
TFW coaoperators likely to use the method is
recommended to further refine it before is is widely uscd
in forest management decision-making throughout the
state. Future improvements of the method can be
accomplished by revising the user's manual,
Implementation of study resulis in TFW is further
discussed in Chapter 8.
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CHAPTER 8

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

The TFW Agreement calls for esiablishment of a
temperature method to determine protection strategies
for temperature sensitive waters. The TFW
Agreement allows for lemperature protection by
riparian vegetation leave requirements for fish-bearing
streams and for possible use of a basin-scale
temperature model for planning distribution of
harvest units along non-fishbearing sreams to
protect downstream temperature.

The TFW temperature suudy was designed 1o generawe
information for two primary purposes: data was
collected from forest streams extensively throughout
the state to develop a temperature sensitivity
screening method and intensively at a smaller number
of sites and basins 10 evaluate the predictive
capabilities of existing lemperature models that could
be used in a TFW temperature method. Each of these
topics has been developed in far greater detail in
earlier chapters. Study conclusions are briefly
summarized in this chapter (Study Conclusions).

A TFW method was developed and considerations
relating o its transfer to TFW field implementors are
reviewed (Technical Transfer). Study
recommendations involve some suggested changes to
forest practice regulations and greater clarification of
forest practice rule adminisiration relative to
temperature standards. Therefore, a number of policy
steps beyond the responsibility of the Temperature
Work Group are required before formal adoption of
any procedures recommended in this report. For the
benefit of TFW cooperators, these are outlined to
assist their understanding of the incorporation of
temperature esearch results into the TFW
management Process.

Appropriate monitoring projects are suggested
(Recommendations of TFW Temperaiure Monitoring
Needs) and important remaining information gaps are
idenuficd along with approaches to address them by
way of rescarch (Further Evaluation and Research
Needs). Filling information gaps may improve
reliability of the recommended TFW method, but
should not significantly alter the overall method
outlined. Management policies may be affected by
additional information depending on the ouicome of
key research projects, such as the effects of type 4
streams on downstream temperature.,

Finally, the implementation of this study has been
unique in TFW with its inter-agency siudy team and
statewide group of cooperators who made it possible
with field efforts and funding. A brief discussion of
some of the participation elements of the project and
our TFW inieractions that both helped and slowed
our progress are provided for adaptive management
considerations (TFW Adaptive Management).

STUDY CONCLUSIONS

Temperature and streamn characteristics were
monitored at ninety-two study siles representing a
variety of ripanan shading conditions ranging from
mature conifer forests to sites complelely open and
devoid of shade. Where timber harvest had occurred,
activities at all sites except one had been conducted
prior to the TFW Agreement and do not reflect
riparian conditions left according to the regulations
adopted in 1987. At least 50 individuals representing
33 organizations participated in the siudy.
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Factors influencing temperature at a site. Typically, a
combination of local environmental factors including
air lemperature, streamn width, and strea depth were an
important influence on stream temperature, but no
one factor alone was ever a good predicior of stream
iemperature (Chapter 6).Shading from riparian
vegetation was found o have an imporiant effect on
stream temperature but the extent of its cooling effect
varied with site elevation, It was not possible Lo
predict temperature effects based solely on nparian
vegelation.

An empirical "regional” temperature mode] was
developed where average temperatures at sites was
predicied based on stream and watershed variables and
compared to recorded temperatures. While this
method provided generally valid results in predicting
temperature under different levels of shading, it was
not able to correctly identify temperature on a site by
site basis with sufficient precision. Thus, the
temperature prediction model was found to be useful
if more accurate estimates of site-specific temperature
are required for decision-making.

Basin temperature. Basin temperature patterns were
analyzed in three watersheds having a number of sites
located within them (Chapier 6). Although some
local influence of ributary heating (primarily nearer
the headwaiers) and cooling (primarily in lower
reaches) was observed, there were no clear trends in
the relationship of basin temperature 1o harvest
patierns in wibutaries as opposed 10 effects of timber
removal along the mainstem of the nivers themselves
(a practice common in previous decades). All basins
showed gencral warming of water and air temperature
in the downsiream direction which is consisient with
theoretical relationships. Mainstem temperature of all
the rivers studied appeared to be somewhat warmer
within distances of 50 km from the watershed divide
than would probably be expected in mature conifer
forests. This probably reflects the effects of past
forest management.

Many of the 92 study sites were found to exceed
waler quality iemperature criteria including most
reaches with less than 50% shade but including some
reaches with mature forest canopies along larger
rivers. Of all sites, 62% were found 1o be temperature
sensitive according o the Forest Practice rules and
72% exceeded the DOE waler quality temperature
criteria (Chapier 7). Approximately 30% of all sites
had high temperature (most with nearly compleie
removal of shade) and 30% had moderate iemperature.
Although larger streams were expected to have
warmer lemperatures, this large number of siies
exceeding biologically-determined criteria confirm

that past riparian management practices had
significantly affecied temperature in [orest streams.

The study further showed that icmperature sensitivity
could be correctly idemtified for a longer 30-day
period, with similar results as using a shorter
duration 7-day (Forest Practice Rules) or 1-day (DOE-
Water Quality Criteria} period. This provides some
assurance that the temperature standards are aiso
meaningful over a longer timeframe. Since the
15.60C (6(0CF) temperature is a sublethal standard,
the duration of higher lemperatures may be of
importance in influencing fish health.

ffecuven rrent Ripan ne Man
Regulations in Syeam Types 1-3, Current
regulations stipulaie maintenance of 50 or 75% of
the existing shade along stream types 1, 2 and 3,
depending on the temperature sensitivity of the reach.
Ongc of the primary purposes of this study was to
develop a method 1o identify the temperature
sensitivity of a reach prior w0 a forest practice (0
guide the level of shading needed to protect stream
temperature. The effects of riparian rules on stream
temperature were not directly measured in this study,
although the adequacy of riparian rules was evaluated
by analysis of both stream data collected throughowt
the state and by the temperature prediction model. An
appreciauon of the effectiveness of riparian rules for
temperalure protection was an essential element in
deveioping a method to recognize those sites ngt
protecied during normal administration of the
regulations.

Study results suggesi that maintaining the total
stream shading at between 50 and 75% minimizes
changes in stream temperature associated with timber
removal in the riparian zone along most (but not all)
forest streams. Study results also suggested that the
effectiveness of shade varies with elevation.
Temperature protection can best be achieved with a
shading requirement that vanes with elevation. In
general, the recommended goal is to leave 50-7°% of
the stream shaded after cutting, rather than leaving
50-75% of the existing shade as specified in current
rules. Following this guideline temperature in type
1-3 streams will comply with water quality standards.

Some sites will not have this level of shading, either
because of past forest practices, natural variability of
vegelation, or because the stream is 100 wide for
cffective shading by streamside vegetation, We
estimale that, on average, streams at less than
approximately 40 km (25 miles) downstream from
watershed divide have the potential for effective
amounts of shading and that ripanian vegetation is
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maost important for proteeting stream temperature
within this zone. For streams located at greater than
this distance where rivers are relatively wide and the
riparian vegetation does not influence stream
iemperature sufficiently to maintain temperaturc in
the low temperature category. On average,
temperatures are expected to be moderaie in rivers al
distances approximately 20 km (12 miles)
downstream from divide and high at about 50 km (30
miles) from divide.

Surveys of riparian buffer zones left under the TFW
rules indicate that forest managers are lending 10
leave more shade than required in the current
regulations and that the recommended goal for sream
shading is generally met or exceeded during imber
harvest activities, Riparian zones along large streams
(type 1) 1end to have less shading, especiatly on the
east side of the state, although sample sizes were
small. On average, however, landowners are leaving
shading that meet current requirements, including
those applied 1o temperature sensitive streams,
although these sites had not been so designated at the
ume of harvest.

Temperature Sensitivi n -
Stream and basin characteristics of sensitive sites
were evaluated 10 idenufy what features could be used
10 recognize existing or potentially sensitive streams.
Although many characteristics were shown 10
correlate with stream temperature, two faclors were of
such overwhelming importance that they could be
used as a basis for a simple but reliable method for
screening for lemperature sensitivity. Riparian
shading and site elevation {(which probably indicates
air temperature regime) were effective at soning sites
for temperature categories (Chapter 7). The screen
correctly identified the sensitivity category of 89% of
the 42 Washington sites where data was available,

The most significant concepts iliustrated by the
screen are that (1) riparian vegelation is important in
protecting stream temperature, and (2) the importance
of the stading varies with elcvation because streams
at high elevation streams are cooler than those at
lower elevations regardless of shade. It would appear
that very low elevation sites (less than 100 meters or
300 feet} arc more likely w0 have significant
temperature impacts from vegetation removal, even
with high amounts of shading of the stream surface.
Low elevation sireams may require greater attention
tc tlemperature protection during harvest planning.
Conversely, higher elevation sites {2400 feet) zre
rarely tlemperature sensitive under any riparian
shading levels.

Type 4&5 Waters. No shading is required for type 4
streams in current forest practice regulations,
although typically some shade remains after logging
from brush and slash. No overstory canopy can be
expected for penods of approximately 5 years or
more. The downsiream effect of type 4 waters could
not be determined with the sites available in this
study. While many unshaded type 4 strcams are
expected to be in the high or moderate temperature
categories for some period after harvest, the extent
that these waters may wann downstream fish-bearing
reaches remains unclear. These streams are generally
very shallow and make up a relatively small volume
of wia! flow of downstream reaches, which under
current rules, appear to have sufficient buffers to keep
temperatures low. However, these streams make up a
large proportion of the length of streams in the
headwaters region of a basin. Understanding and
prediciing the effects of type 4 siream Iemperatures
on downstream fish-bearing waters will require
improved understanding of these heat ransport
principles as well as direct measurement of
temperature. A suggested approach is outlined in the
section recommending future evaluation and rescarch
needs.

Temperare Modeling. Four reach temperature
prediction models were rigorously evaluated for
prediction accuracy and reliability and practicality of
use {Chapter 4). Several of the models were found to
predict water iemperature with reasonable reliability,
even when input data was estimated. Models varied in
predictive capability and practicality. One reach
model was selected Lhat satisfied both prediction
accuracy and practicality criteria selected with TFW
field managers in mind. The computer model is
extremely simple to use by anyone.

The basin models were far more difficult 10 use than
the reach models, Data and model requirements were
inicnse and it is unlikely that general forest managers
could routinely commit the ime or resources required
to run a basin model. Furthermore, none of the basin
models performed well enough, were sufficiently
practical and reliable, or had appropriate gaming
capabilities 10 justify their use (Chapter 5).

TEW Temperature Method. Modified nparian rules
for stream types 1-3 would provide emperature
protection, there remains a need to idenuify situations
where rules would not provide sufficient protection or
where aliernate plans may be suitable. In fact, two
disunct watershed situations of temperature
sensitivity that are not yet fully quantified can be
recognized: (1} sites along stream types 1-3 that may
require greater (or possibly less) shading to maintain
adequate stream temperature then specified by
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regulation, and (2} the downstream effect of
temperaturc changes in type 4 and 5 waters where no
shade is required. Temperatures in large rivers are not
as greatly influenced by riparian vegetation because
they are oo wide.

A TFW temperature method is recommended in
Chapter 7 that combines the use of a simple
lemperature screen requiring @ minimal amount of
site-specific data, riparian zone management design,
and a reach temperature prediction model to be used
on a limited basis. The screen can be applied to forest
practice applicatons 10 make a quick assessment as
to whether temperature standards are likely o be
excceded. The screen may suggest to the applicant 10
manage the riparian management zone (RMZ) as
usual or to more carefully design the leave trees for
shading. The reach model may be used to assist in
the design by specifving shading level requirements if
high temperawres are expected. As currently
envisioned, appropriate decisions can usually be made
without using the model.

Basin Temperature Congcerns. Prior to the sdy, it
was perceived that dispersing harvest units
throughout a watershed guided by a basin 1emperature
prediction model might be a feasible approach to
addressing the downstream temperature COncems.
However, afier performing the siudy, the TWG fell
that a basin-wide planning approach to temperature
protection introduced unnecessary complexity and
difficulty into the management process without
improving lemperature protection. Basin temperature
models were very cumbersome to use and were not
very reliable lemperature predictors when used in a
manner the TWG felt could be expected in routine
TFW use. Primarily, study results also showed that a
large number of stream should be adequatcly treated
under current regulations,

Instead of trying to use basin emperature model in
harvest planning, the TWG recommends that
wemperature sensitivity of water types 1-3 be
addressed by the TEW temperatre method and that
the need for alternative methods for determining
iemperature protection needs for type 4 waters be
established after a carefully designed fieid study.

TECHNICAL TRANSFER

The 1988 temperature study was successful in
gengcrating a practical and reliable prediction
methodology that appears 10 be nseful to TFW
managers, The recommended method and the
supporting technical documeniation justifying the

TWG conclusions are the primary products of this
project report.

TFW Implementation, Adoption of a TFW method
requires further steps by many TFW participants.
These include:

*TFW Policy and Administration Committee
(using the Field Implememation (FIC);
the Training, Information and Educauon
(TIE); and Cooperative Monitoning,
Evaluation and Research (CMER) standing
committees),

» Department of Nawral Resources (DNR) (Forest
Practice Regulation and Assistance
Division),

» Department of Ecology (DOE)
= Washington Forest Practices Board

These groups must establish a process 1o reach
consensus on the recommended temperature method
to be adopted by TFW, forge regulatory responsc if
necessary, and provide training (o appropriate
personnel in the use of the agreed upon TFW
mcthod. As representatives of CMER and project
cooperators, the Temperature Work Group of the
Water Quality Steering Commitiee will assist in this
effon as requested (and to the extent possible).

The recommendations offered in this report are very

consistent with the language in the TFW Agreement

and Forest Practice Regulations for temperature

sensitivity and use of a temperature method. Some

recommendations, however, may deviaie sufficiently

from what is currently in the regulations that changes

may be required if these recommendations are

followed. The DNR and DOE will need 1o determine

where changes may be needed and assist the TFW |
process in implementing them, |

In addition, the difference between the temperature
criteria specified in the water quality standards and the
forest practice regulations must be resolved by th
DOE. It is recommended that these agencies consult
with biologists and TFW participants conceming
biologic temperature concems and recommendations.
Determining the best biological temperature
performance standards may require further biological
research. Until such information is available, the
recommended TFW method addresses the current
waler quality standards. However, the method can
easily accommodate more compiex biological criteria
if that is found to be useful in the future.
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Manager's Field Trial. The Cooperative Moniloring,
Evaluation, and Research workplan identifies a series
of research and evaluation steps that may be
necessary to bring management tools, such as a
temperature method, on line for TFW managers, This
plan calls for steps to first identify the most
promising and practical technical methods and to
develop them with objective technical evaluations to
demonstrate that they work (Technical Trials). Once
methods are shown to work technically, it is
imponant to prove their effectiveness when used ona
wider scale within TFW with management field mials
(Management Trials). It is quite feasible that some
tools that may work when used by specialists or on a
limited basis will not work as weil when used more
widely by field managers.

Perhaps through sponsorship of FIC and CMER,
supportive regional managers should be asked to
perform a managemeant trials by using the
temperature method with followup evaluations to
delermine user satisfaction and effectiveness. These
same ¢ooperalors should participate in the refinement
of the mechanics of the method and assist the
Temperature Work Group in producing the user's
manual. The management trial could be conducied for
a period of several months with useful results. The
Temperature Work Group would assist in this
management trial as part of the technical transfer of
the method. Results of the management trial should
be useful for TFW decision-makers in reaching
consgnsus on the recommended method.

Reaching consensus on a temperature method and
impiementing regulation changes (if necessary) could
be a lengthy process. It is recommended that
management field trials be conducted concurrent to
discussions using a pilot lemperature method
described in a draft user's manual. The pilot
temperature method could be used as an interim TFW
method on a trial basis until any changes in
regulations are implemented. Revisions of the
method can be accomplished by revising the user's
manual.

Rerional Workshops. Although a final TFW
temperature method has not vet been adopted, and
may not be for some time, the Temperature Work
Group recommends that project resulis be
communicated to interested TFW participants in
regional workshops jointy sponsored by CMER and
FIC. The purpose of the workshops would be (1) 1o
share study results on model-tesung, and the effects
of forest management on iemperature regimes of
Washington, and the technical background for the
recommended methods, {2) to update participants on
the TFW process and its progress to date in

addressing temperature concems, (3} 1o exposc
participants to the prototype method and 1o obtain
initial feedback from field managers, and {4) to solicit
participation by managers in the field wrial,

Specific training in the official TFW 1emperature
method must await its formal adoption. Presumably,
the Department of Natural Resources with the
assistance of the Training, Information and Education
Committee will be responsible for technical wansfer
of the finalized TFW method.

RECOMMENDATIONS ON TFW
TEMPERATURE MONITORING
NEEDS

Monitonng is needed for both model improvement
and evaluation of the effectiveness of the
recommended methods in protecting temperature.

Effectiveness Monitoring., Determining the
effectiveness of the recommended methods requires
establishment of a temperature monitoring program.
Monitoring efforis should be well coordinated so that
improved statewide databases can be established and
that concerns are addressed according to priority.

The overall effectiveness of the the iemperature
management sirategies identified in the Agreement
can be determined by establishing monitoring
networks within watersheds. If TFW temperature
management strategies are working effecuvely, the
lemperature at monitoring sites should show either
no change over time if uncut previously, or should
show improvement in temperature as shade recovers
in riparian zones harvested prior w0 current
regulations. Basin moniloring should inciude
temperaiure in tributary and mainstem sites measured
over time. Several basins with 4 or more sites that
are currently monitored on a routine basis by TFW
participants include Deer Creek (Tulalip Tribe), the
Deschutes River (Weyerhaeuser Company) ang the
Tucannon River (USFS and WDF). It is advisable
that sufficient data on site characteristics be collected
so that the baseline (fully-shaded) temperature can
also be estmated with the temperature model.

Temperawre Screen Effectivencss, Monitoring should
also be done to determin# if the screening method
correctly identifies the iemperature calegories of
rivers in response to forest management. The number
0i streams rating low, moderate and high temperature
should be recorded according 10 water type. For
streanis with special management prescriptions, the
actual riparian shading achieved should be compared
10 the target shading level sought.
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Maximum/minimum thermometers depioyed briefly
during July or August would be sufficient to
determine the 1emperature category according to the
screen,

The screen itself can be easily verified and modified
with data coliected by field studies or monitoring by
TFW temperatures. Maximum water temperaiure can
be collected with maximum/minimum thermometers
or other devices during the warmest times of the year
(preferably someume from July 15 to August 15).
Deployment of instruments for one or iwo weeks
should be sufficient. The shading and elevauon of the
site can be determined using methods described in
this report or the user's manual. These data can be
used 1o further validate and improve the temperature
screen.

TEW Implementation. Monitoring plans should
evaluate how well the temperature screen and models
are used by managers. It is important to know how
often the model is used, geographic distribution of
use, and problems with methods. Statistics on the
use of the temperature sensitivily screening criteria
when processing forest practice applications should
be coliccted. The methed could be reviewed at annual
general TFW training workshops 1o provide an index
on how well the method is underswood and if it is
being properly used. This information will help in
making any revisions to the method to better fit the
managers needs,

vement of Regignal Relatignships Lised in
Method, A number of empirical relationships are
used to supply data to the model and to construct the
sensitivity screen (siream characteristics such as
depth and climate data such as air temperature and
reltative humidity). Collecting additiona! daia for
several of the regional databases used for selecting
input parameter values could improve modeling
rehability. Moniworing should emphasize the more
important parameters, particularly shading,
Especially lacking are shading measurements from
streams with streamside vegetation of mature conifer
forests along all sizes of streams. Having this
information would provide a basis for esumating
baseline shading conditions and would provide an
indication of the stream size beyond which riparian
zone shading is no longer effective for iemperature
control. Proper sensitivity screening would also be
greatly aided by an increased knowledge of shade as a
function of water type, and of the sile’s distance from
watershed divide under natural and TFW managed
reaches,

Stream reaches from a limited number of randomly
selected forest practice applications, stratfied by
geographic distribution and the iemperatre category
predicted afier harvest, should be monitored for water
and air temperature. Additional data on streamn depth
as a function of distance from divide with data
stratified by geomorphic soream type would be
helpful for tlemperature modeling as well as many
other TFW purposes. Collecting additional data on
summer stream flow related 1o distance from divide
for eastern Washington and coastal areas is needed but
is of somewhat lesser significance for improving
moxde! performance.

Improving functional relationships between local air
temperature at stream sites with both basin air -
temperatures and regional air temperature profiles is
needed. Air temperawre should be correlated with a
site's distance from watershed divide, bankfull stream
width, riparian condition and any unique climatc
characteristics of the site. Most newer thermographs
can monitor both air and water temperatures.
Temperature monitoring should address regional
variability and allow the development of better
regional climatic data. More data on wetted and
bankfull soream widih as a function of distance from
divide is needed t0 improve regressions used 10 select
air temperature profiles and groundwater inflow rates
within the model.

Most of these monitoring needs could be incorporated
into work coordinated by the CMER Ambicnt
Monitoring Steering Committee. Those items which
do not lend themselves to ongoing monitoning
should be completed either under a special short-term
stwdy or by making a request to TFW temperature
study cooperators.

FURTHER EVALUATION AND
RESEARCH NEEDS

w am Eff fSwe ing in 4
Waiers. Since no basin models can be recommended
ai this time, further exploration of reach linkage, or
heat ranster from one reach to the next, should be a
high priority research need. Presumably, removal of
riparian vegetation would have the greatest effect on
stream temperature within the headwaiers streams
less than the 11-mile distance. Thus, most type 2,3,
and 4 streams would be likely 1o increase temperature
from relatively low baseline values, while many type
1 waters may already be in the moderate or high
lemperature categones. This is partly addressed by the
waler quality standards by designating appropriate
categories by assigned stream class.
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Research should focus on the downstream
temyperature effects from riparian management on
type 4 waters. Temperature protection for larger
streams are addressed by forest practice regulations.
Specific questions that need o be addressed include
the following. What are the temperature regimes for
type 4 streams in Washington? What are the
downstream temperature effects of type 4 streams
{either cooling or heating)? How far downstream is
temperature effected by management of upstream
riparian shade? How can siluations of potential
downstream temperare sensitivity related to a type
4 stream be idemified?

The TWG recommends a study be initiated in the
summer 1990 with the objective of developing a
method to address lemperature concerns related to
type 4 streams and downstream temperature cffects.
Angust stream temperatures should be monitored
during July or August in selected sites chosen to
represent an array of management conditions found in
Washington forested type 4 streams. Monitoring
would include locations within the type 4 streams
and several successive downstream locations to
determine whether cooling occurs. This would allow
the characterization of temperature regimes for these
streams and a determination of their downstream zone
of infleence. Additionally, the response distance
within type 3 waters can be better understood. A
scaled down version of the basin model (MODEL-Y)
may be used to compare predicted o actual
temperatures. Study site selection should consider the
effects of elevation and various riparian conditions on
iemperature. Stwudy conclusions should include a
determination of the minimum size of type 4 streams
which have a potential 10 impact larger downstream
waters.

Effectiveness of Regulations in Protecting
Temperature in Type 1-3 Waters, The evalvation of
regulation effectiveness in this report should be
considered preliminary. No direct field evaluations of
temperature in riparian zones left under the current
regulations were performed. Instead, the prediction
models were used to simulate the probable
temperature regimes at sites with shading levels
comparable to those in curreni streamside buffers.
The iemperature prediction model was very accurate
in predicling temperature in 2 number of shaded and
unshaded reaches, and may therefore be assumed to be
reasonably reliable in esumating the effects of
shading levels. Nevertheless, these model results
should be verified with specific field evaluations of
the effectiveness of the regulations.

The field evaluations should measure lemperature at
the up and downstream ends of riparian zones along a
number of different stream sizes and locations in the
statc. Stream reaches from a limited number of
randomly selecied forest practice applications,
stratified by geographic distribution and the
sensitivity rating predicted after harvest, should be
monitored for water and air lemperature. For a
rigorous evaluation of the regulation, temperature
should be measured hourly for a period of 24 weeks
during the warmest period of the summer. The
predicuon model should also be run at each of the
study sites to confirm the model prediction
capabilitics. All daia required to run the models with
the greatest reliability, including air temperature,
should be collected. (For routine checks on regulation
effectiveness, a maximum/minimum thermometer
could be used insiead of hourly data.) Depending on
shading level remaining in the riparian buffer relative
to the shading before harvest, the expected
temperature regime can be estimated with the model
or screen, and daa collected at the site will verify
whether the expected temperature change (if any) in
the reach.

Riparan Conditions and Local Climate, In order to
improve the reach model predictve ability, a better
understanding of the relationship between local
climate and riparian conditions is needed. Developing
average daily hurnidity profiles and evaporation rates
2s a function of riparian shading would improve the
model. Though no specific study is proposed at this
time the need for improving regional climate
relationships should be kept in mind in case data
collection could be incorporated into other studies.
This should have relauvely low priority compared 1o
other information needs.

Biological Effects of Temperature, As more
information on the biological effects of siream
temperature becomes available ii will be possible to
more precisely define TFW issues relative to
temperature. A TFW study of biological effects of
temperature is in progress. Current critenia for
estimating temperature sensitivity emphasize
maximum water iemperature, The model and methods
developed in this study can be easily adapted 10 more
complex temperature criteria if they are shown 10 be
of importance to fish. Daily mean, minimum,
diumnal temperature and cumulative degree days are
possible parameiers of future interest. The
temperaiure model recommended by the TWG can
evaluate a number of temperature parameters over
whatever timeframe is of inerest. Asa

result temperature performance criteria may not need
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Table 8.1 Summary of recommended temperaiure monitoring, evaluation and research needs 1o
address remaining quesuons with suggesied priority levels.

Type of Project

Topic

Priority

Evaluation

Monitoring

Research

a, Manager's field mal of method prototype
b. Temperature Screen Validaton

¢. Downstream temperature cffect of type 4
(small) streams

d. Effectiveness of regulations in protecting
temperature in type 1-3 streams

a. Overall effectiveness of T/F/W Agreement in
providing temperature protection

b. Method implementation

c. Regional relationships--riparian shading in
mature forests

d. Regional relationships--stream characteristics

a. Biological Effects of Temperature
b. Riparian conditions and streamside climate

¢. Management effects on winter stream
temperature

High
High

High

High

Moderate

Moderate

High

Moderate

Mod

Low

Low
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10 be as simplistc with regard to input parameters or
lime intervals as the one currently used.

Winter Stream Temperature, Most of this study is
based on summer iecmperatures. Future research on
riparian effecis on winter sream temperature may
also be of interest. Reduction in overhead canopy can
lead to greater back radiation of heat energy o the
sky which may reduce the stream temperature during
the winter. This could have a significant effect on fish
since the timing of fry emergence is dependent on the
cumulative heat during incubation. A subtle
temperature change with a long duration could alter
emergence iiming. The limited amount of winter
temperature data available in this study indicated a
small decrease in cumulative degree hours in a
completely open channel at higher elevations.
Specific recommendations on the objectives of winter
temperature studics should be developed by the TFW
commitiee responsible for reviewing biological
effects of stream temperature.

A summary of the Temperature Work Group's
consensus on the pricrity of the recommended
monitoring, evaluation and research needs listed in
the last two sections is provided in Tabie 8.1,

TFW ADAPTIVE MANAGEMENT
CONSIDERATIONS

Several situations unique o TFW aided the TWG
during implementation of this project. The high
interest shown in the project among cooperators and
their subsequent monitoring efforts enabled many
more study siies 10 be located across the state than
would have been possible by the TWG alone. (In
fact, there was more interest among Eastemn
Washington cooperators than is shown by the small
number of east side study sites. A strike and fire
conditions during the summer of 1988 prevented
many volunieers from actually participating). The
TWG encourages other cooperative studies of this
type within TFW. The additional information
gathered was well worth the high level of
coordination essential for this cooperative effort

One of the major factors that contributed 10.what the
TWG viewed as a successfu) team effort was a
commitment by the study organizers 1o communicate
with TFW participants frequently and at all phases of
project development. Another ingredient that
contributed to the successful performance of this
study was that the project goal was clearly stated in
the TFW Agreement, This allowed the TWG to be
flexible as the scope of our investigation evolved,
with confidence in the overall project direction and
requirements for the final product.

A negative aspect of the project organization was that
commitments of time and requirements for resources
were not carcfully planned. This oversight in
planning was due both to the cooperative nature of
the project and the continually expanding scope of
work. The TWG did not anticipate how much time it
would Lake to build a product that would be
responsive to evolving TFW needs. The TWG
continually encountered unexpected difficulties from
project beginning right through to the final report as
problems and conflicts surfaced. This resulted in
repeated delays in the presentation of study resulis, in
continuing requests for further funding, and in
volunteer efforts by members of the TWG, The TWG
is grateful for the patience and continued assistance
shown by the cooperators during this process, and
feels quite strongly that the final temperature modei
and methods are a much better product than what

-would have been produced otherwise.

DATA ARCHIVE

Temperature and site data collected during the siudy
as well as all model analyses will be archived with
the Department of Natural Resources Forest
Regulation and Assistance Office.
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