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SIMULATION OF STREAMFLOW TEMPERATURES IN THE
YAKIMA RIVER BASIN, WASHINGTON,
APRIL TO OCTOBER 1981

By John J. Vacecaro

ABSTRACT

The effects of storage, diversion, return flow, and meteorological variables on
water temperature in the Yakima River, in Washington State, were simulated, and
the changes in water temperature that could be expected under four
alternative-management scenarios were examined for improvement in anadromous
fish environment. A streamflow-routing model and Lagrangian streamflow
temperature model were used to simulate water discharge and temperature in the
river. The estimated model errors were 12 percent for daily discharge and 1.7°C
(degrees Celsius) for daily temperature.

A sensitivity analysis for the simulation of water temperatures showed that the
effect of reservoir outflow temperatures diminishes in a downstream direction. A
4°C increase in outflow temperatures results in a 1.0°C increase in mean
irrigation season water temperature at Umtanum in the upper Yakima River basin,
but only a 0.01°C increase at Prosser in the lower basin. The influence of air
temperature on water temperature increases in a downstream direction and is the
dominant influence in the lower basin. A 4°C increase in air temperature over
the entire basin resulted in a 2.34°C increase in river temperatures at Prosser in
the lower basin and 1.46°C at Umtanum in the upper basin. Changes in wind speed
and model wind-function parameters had little effect on the model-predicted water
temperature.

Of four alternative-management scenarios suggested by the U.S. Bureau of
Indian Affairs and the Yakima Indian Nation, the 1981 reservoir releases maintained
without diversions or return flow in the river basin produced water temperatures
nearest those considered as preferable for salmon and steelhead trout habitat. The
alternative management scenario for no reservoir storage and no diversions or
return flows in the river basin (estimate of natural conditions) produced conditions
that were the least like those considered as preferable for salmon and steelhead
trout habitat.



INTRODUCTION

The Yakima River and its main tributaries, located in east-central Washington
(fig. 1), are highly regulated by storage resenvoirs and diversion canals. The
regulated streamflow in the basin is extensively used and reused for the irrigation of
over 500,000 acres, as well as for municipal and industrial uses. Diversion of water
has caused the Yakima River to go dry at times at several locations. At some
locations in the river, water temperatures are elevated because of the interaction
between diversion-induced flow depletion, high air temperatures, low water
velocities, and some high-temperature return flows. These elevated river
temperatures have caused thermal blocks to the migration of anadromous fish, loss
of habitat and spawning grounds for anadromous and native fish, and fish kills.

Objectives

In 1981 the Yakima Indian Nation and the U.S. Geological Survey undertook a
cooperative study with the following objectives: 1) to estimate the effects of
storage, diversion, return flows, and meteorological parameters (air temperature
and wind speed) on the mean daily temperature of the Yakima River at selected
locations for the irrigation season from April 1 through October 31, 1981; 2) to
provide a means of studying the effects of potential management alternatives on the
river temperature; and 3) to provide data for possible evaluation of the potential for
enhancing the fish habitat in the basin by managing streamflows. The use of a
streamflow-temperature model for the Yakima River basin was determined to be
the best means to achieve the objectives.

Approach }

The approach consisted of four general steps: 1) acquisition of data,
2) calibration and verification of a basin streamrlilow—routing model, 3) calibration,
verification, and sensitivity testing of a basin temperature model, and 4) operation
of the two models and analysis of results.

The data for the study were acquired in several ways: 1) compilation, checking,
and storage of streamflow discharge and reservoir storage information; 2)
measurement of synoptic air and water temperatures at more than 70 sites at
bimonthly intervals during the 1981 irrigation season; 3) installation, operation, and
analysis of 11 Geological Survey thermographs (continuous recorders of water
temperature) and field checks of 15 existing U.S. Bureau of Reclamation (USBR)
thermographs, and analyses of the thermograph records; 4) determination of stream
geometry at selected points in the basin; and 5) compilation, checking, storage, and
analysis of air-temperature and wind-speed data for 20 existing meteorological (HM)
stations. These factors are discussed in more detail in the section "Hydraulic,
Meteorological, and Temperature Data".
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The Streamflow Synthesis and Reservoir Regulation model, SSARR, (U.S. Army
Corps of Engineers, 1971) was chosen for use in this study and was calibrated and
verified for the basin. This streamflow-routing model was selected because it can
accommodate large data sets economically while producing reliable results. The
model has been used in a previous study (Vaccaro, 1982) of the Yakima River
upstream of Parker, Wash., so for this study it was calibrated and verified only for
the Yakima River below Parker. The model was operated to simulate daily
streamflow discharges under several management alternatives; the simulated
discharges were then used, along with water température and meterological data, as
input to a temperature model.

The one-dimensional Lagrangian temperature/ model of Jobson (1980a) was the
model selected to simulate water temperatures. In this model, a parcel (volume) of
water is followed as it moves through the river system. The initial temperature of
the parcel and subsequent temperature changes are computed and tracked directly.
Thus, a time history of the temperature and the contribution of each source to the
temperature changes in each parcel is obtained. The model and its calibration and
verification are discussed further in the 'Simulation of Stream Temperatures'
section.

Finally, the streamflow-routing and temperature models were operated using
conditions that existed during the 1981 irrigation season and using four alternative
scenarios that represent four levels of deregulation in the Yakima River basin. The
operation of the models for the conditions that occurred in 1981 and the discharges
and temperatures simulated for these conditions will hereafter be referred to as
simulated conditions or values.



DESCRIPTION OF STUDY AREA

The Yakima River basin, which encompasses some 6,100 square miles, is located
in southwest-central Washington (fig. 1). It is bordered on the north and west by the
Cascade Range and on the east and south by lower divides that separate it from the
Columbia River valley. Altitudes in the basin range from about 8,000 feet in the
Cascades to about 400 feet near the mouth of the Yakima River. The basin contains
8 large streams, numerous small streams, 5 major storage reservoirs, over 80 canals,
5 diversion dams, 15 major return flows, and numerous smaller return flows.

The major rivers in the basin head at high altitudes in the Cascades, where the
precipitation is over 100 inches per year. The basin is divided at several locations
by ridges and hills. For instance, the Ahtanum Ridge near Parker divides the basin
into upper and lower parts that are topographically, hydraulically, and
climatologically different. The lower part, where the river slope is low, is in an arid
environment that receives less than 10 inches of precipitation per year and has an
average annual air temperature of about 10°C. In the upper part the average
annual air temperature is about 6°C and the precipitation ranges from over 100
inches in the Cascades to about 13 inches near Ellensburg, Washington. The river in
the upper part has a medium to high slope and passes through forest lands and deeply
incised canyons. The river in the lower part follows a meandering course through a
hilly and flat topography.

Agriculture is the predominant economic activity in the basin. Approximately
2,400,000 acre-feet of water is diverted for irrigation of about 500,000 acres; 45
percent of the water is eventually returned to the river system.

HYDRAULIC, METEOROLOGICAL, AND TEMPERATURE DATA

The simulation of streamflow and water temperature by deterministic
numerical models requires the following data: 1) hydraulic data to calibrate and
verify the streamflow-routing model and for comparison with simulated values
computed under the management scenarios; hydraulic data include stream discharge,
canal discharge, return flows, local inflow, and stream geometry relationships; 2)
meteorological (HM) data for those processes that control the heat transfer between
the water surface and the atmosphere; and 3) thermal regime data (synoptic and
continuous) to be used in defining heat sources to the river and upstream boundary
conditions, and in the calibration and verification of the model. For reference
purposes, each key river site that is discussed and analyzed, and each meteorological
data site that is presented in this report has been assigned a map sequence identifier
on figure 1. Throughout this report, these numbers follow site names.



Hydraulic Data

Mean daily discharges were available for 42 stream sites (see Appendix A for
listing) on the Yakima, Naches, Tieton, Cle Elum, and Kachess Rivers and their
tributaries. Twenty-five of the sites were equipped with continuous flow recorders
and the other 17 with staff gages; the latter group were mostly on small streams.
Discharge measurements were made at all sites throughout the 1981 irrigation
season to rate the gages.

Discharge data for streamflow sites on the Yakima, Naches, and Tieton Rivers
were used for calibration, verification, and compdrison with the values simulated by
the streamflow-routing model for observed and alternative scenario conditions.
Upstream reservoir outflow data were used as boundary conditions for the model.
Tributary inflows were used as input to the routing model and as the discharge
portion of the heat-loading sources for the temperature model.

Mean daily discharges were available for all major canals and over 95 percent
of the minor canals that divert from rivers. Appendix B lists gaged canals for which
records were used in this study.

All major surface return flows were incljlded in the models. Mean daily
discharges were available from gages on the major surface return flows. Discharge
measurements were made throughout the 1981 irrigation season to help define the
ratings at these sites. A list of all surface return-flow sites incorporated in the
study is given in Appendix C. The discharges and temperatures of the return flows
are important because they can be a heat load to the rivers.

In the upper part of the basin the minor and poorly defined return flows were
estimated by return-flow routing models as deseribed in Vaccaro (1982). In this
estimation method, a percentage of the discharge from each diversion is put into a
specific reach of the river. The return-flow water is then routed in these reaches
(both the surface- and ground-water return flows) and the routed water is summed
at selected locations. These summed values are treated as an aggregated tributary
inflow.

The term 'local' as used in this report is defined as the ungaged discharge for a
particular reach of the river bounded by continuous streamflow gaging locations. It
is an estimate of the natural ungaged discharge and consists of ungaged surface
runoff, ground-water discharge and recharge, ungaged diversions and returns (which
are assumed to be negligible), and errors in the gaged flows. A local is computed for
a reach of a river as the downstream observed discharge value minus the upstream
observed discharge value, plus diversions in that reach minus surface- and
ground-water return flows and tributary inflow in that reach. Locals for the upper
part of the Yakima River basin were given in Vaccaro (1982). Equations for
computing locals for the lower basin above Kiona, Wash., are given in Appendix D.
The locals in the lower basin were considered to be entirely of ground-water origin
because all major surface-water return flows, diversions, and streams are gaged;
however, the locals probably include some small ungaged surface-water return
flows. Because of the lack of information on the distribution of the locals between
gaging locations, the locals were considered as tributaries that were input at the
location at which the local was estimated.



Required inputs for the streamflow and temperature models are the discharge,
velocity or area, and width of the river at predetermined grid points. The SSARR
model computes only the first of these, discharge. A streamflow model that
computes the other parameters--velocity, area, and width-——would require an
extensive data-collection program and large computer costs. This is especially true
when operating such a model for a complete irrigation season of 214 days and over a
spatial domain of some 300 river miles.

Therefore, measured discharges at gaging stations were used in conjunction
with other discharge-related data (area, width, depth, and velocity) under a variety
of flows to establish regression relationships between discharge and the other
hydraulic parameters at the gaging stations. Relationships at intermediate river
locations were based on interpolated values from the upstream and downstream
control relationships. The interpolation scheme was based on the physical
configuration of the river and river geometry data when available. Interpolation to
intermediate points was not a linear, but a weighted interpolation scheme. Where
possible, values of width, depth, and velocity at intermediate points for different
discharge values were compared with observed data.

The above relationships were established for all river grid points used in the
temperature model and were used in a processing computer program. The
processing program operated on the SSARR-computed discharge values at these grid
points and produced the mean daily velocity, area, and width at each grid point for
each of the 214 days of the 1981 irrigation season for regulated streamflow
conditions and streamflow conditions under the four scenarios.

Meteorological Data

To compute the transfer of energy between the water and the atmosphere, a
complete meteorological data base is desirable but rarely available. The equipment,
installation, time, and data processing on a scale necessary for this study would be
too costly. Consequently, the equilibrium temperature approach, which has been
shown by other investigators (Jobson and Yotsukura, 1973) to yield good results, was
used in this study. In the equilibrium temperature approach only a minimum of
meteorological data are needed, specifically, wind speed and the equilibrium water
temperature (which in this study is approximated by the air temperature). The
equilibrium temperature approach is discussed in more detail in the ''Heat Addi-
tion'' section.

There were 20 existing HM stations in or near the basin, operated by the
National Weather Service (NWS), USBR, Battelle Pacific Northwest Laboratory, and
the Washington State University Agricultural Research Station. The sites are shown
in figure 1 and listed in Appendix E.



Air Temperature

Of the 20 meteorological stations, mean daily air-temperature data from all but
Othello (J) and Naches-Cliffdell (I) were used in the study. Missing values were
synthesized either by regression analysis or by averaging the daily extremes. Due to
the spatial and temporal variability of air temperature and topographic changes in
the basin, a representative HM station could not be defined for individual river
reaches. Thus, the daily air temperature for each model grid point was obtained by
using a bivariate interpolation scheme (IMSL, 1982) and data from the four nearest
HM stations (fig. 1). Values from four HM stations were used for interpolation to
suppress regional trends; local variations were then assumed to be adequately
represented. Two methods were used to estimate the reasonableness of the
interpolated values. The first method, which tested for a regional fit, consisted of
computing the lag-4 cross-correlation coefficient between the 214 daily
temperatures from the 18 HM stations and selected river—grid points, all of which
represent a multivariate time series (Salas and others, 1980). These correlation
coefficients were then checked for their fit in the regional structure. The second
method, which was site-specific, compared interpolated air temperatures for the
river grid points with air temperatures measured at the river grid points during the
synoptic surveys. This analysis showed that the interpolated air temperatures were
within about +20C with a maximum estimated err%r of about 40C.

Monthly averages of air temperatures for three river locations during the 1981
irrigation season are given in table 1, along with 1981 irrigation season monthly
averages for three NWS HM stations and the long-term averages at two of the HM
stations. The data from the three NWS stations are representative air temperatures
of different positions of the basin and of the three river sites.

TABLE 1.--Monthly and seasonal mean air temperatures measured at three
meteorological stations and predicted at three sites along the
Yakima River for the period April 1 toOctober 31, 1981

[Values in degrees Celsius; numbers and letters in parenthesis
refer to map sequence identifiers shown on figure 1]

\ T98T
| irrigation

Site Apr  May June July 'Aug  Sept Oct  season
Ellensburg! (C) 8.4 13.0 15.0 19.0 21.5 14.4 7.5 14.1
Yakima River at 8.2 12.7 14.8 18.7 21.4 14.5 7.4 14.0
Ellensburg? (6)

Yakima WSO! (S) 9.8 13.7 16.5 20.5 22.8 16.4 9.3 15.6
(Historic)3 9.7 14.4 18.1 21.5 20.3 16.3 10.1 15.8
Yakima River at

Union Gap2 (8) 10.0 14.1 16.8 20.8 |23.0 16.7 9.5 15.9
Prosser 4 NEI 10.4 14.0 16.6 20.0 [22.3 16.5 9.8 15.7
(Historic)3d (K) 10.3 14,6 18.2 21.3 20.5 17.0 10.9 16.1
Yakima River2 10.7  13.8 16.3 19.6 '21.9 16.2 9.7 15.4

at Prosser (12)

INational Weather Service meteorological site.
Location of river sites for which air tempejature was predicted by
interpolation.
Historic is the monthly mean air temperaturé at the meteorologicail
station for the complete historical record.



Wind Speed

Wind-speed data were available at only four locations in or near the basin.
Wind speed is usually more variable (spatially and temporally) than air temperature.
However, daily mean values at the four sites and the lag-4 cross-correlation
coefficients showed that there was some mutual dependence between sites. Because
of a lack of information on wind speed and available methodologies, the basin was
initially partitioned into three subbasins on the basis of topography. Next, either
the daily wind speeds for a representative HM station were assigned to a subbasin
and all model grid points in that subbasin used these daily wind speeds, or else three
stations were assigned to a subarea and wind speed at specific river locations was
estimated using linear two-dimensional interpolation or extrapolation.

Temperature Data

Air and water temperatures were measured synoptically and bimonthly at over
70 sites in the basin during the April-October 1981 irrigation season, including the
mouths of all major inflows into the Yakima, Naches, and Tieton Rivers and all
gaging-station sites in the basin. There were 26 thermograph stations (fig. 1) on
streams in the basin during the study period, 11 of which were operated by the
Survey and 15 by the USBR. They were located at all upstream model boundaries, at
the mouths of the major inflows to the rivers, and at sites along the major rivers for
calibration and verification of the temperature model. At each thermograph
station, the temperature distribution in the cross section was observed at least once
to determine if adjustments in the recorded temperature were needed to account for
spatial variation of water temperature over the cross section. In general,
temperature differences in the cross section were less than 0.5°C, and therefore
no adjustments were required. The measurement error of the thermograph was
estimated to be 0.5°C.

The synoptic measurements and thermograph records were used to construct a
daily-temperature data base for most inflows. Harmonic analysis methodology as
presented by Steele (1974) was used to synthesize missing daily mean values for the
1981 irrigation season. This method has given reliable estimates (Higgins and Hill,
1973, and Gilroy and Steele, 1973). The r-squared values for the harmonic analysis
synthesis ranged from 0.43 to 0.92, and most of the values were about 0.77. The
lowest values were for the smaller inflows. Correlation techniques were also tested,
but were found in general to be inadequate. A harmonic analysis of a synoptic
record gives an equation for a sine wave that describes the temperature over a
l1-year cyecle. The inherent errors in a sine wave description of water temperature
values are that (1) early and late values in the year can be computed as negative,
when they should, in reality, be at or close to 0°C (ice conditions), and (2) the
inherent variation of temperatures is filtered out. To account for low or negative
values the synoptic and continuous recorded data were checked for the lowest 1981
observed values. This check showed that when the inflow temperatures generated
by the harmonic analysis were lower than a limiting value they could be set equal to
that value. This limiting value was estimated to be 3.7°C for the Naches River
basin and 5.0°C for the Yakima River basin.



The locals consist of surface runoff and ground water and were estimated at
several river sites. Temperature data were not available for these discharges, so
temperature values were estimated on the basis of the principal source (ground
water or surface runoff) of the discharge. For locals that were estimated to be
principally of surface-runoff origin, the prior 4-day moving average of the air
temperature (at the inflow location of that discharge) was assigned as the water
temperature value; other methods were tested and the 4-day average was found to
be the best estimator. Values which were less' than the limiting values (3.70 or
5.00C) were constrained to be equal to the limiting values. The water
temperature of those locals that consisted principally of ground-water origin was set
equal to either the annual average or irrigation-season average air temperature,
depending on whether the ground water originated from irrigated or nonirrigated
areas. As with surface runoff, the air temperature values were obtained
at the inflow location of the discharge. The above method has been used by other
investigators and has been shown to give a good estimate (Edinger and Geyer, 1965;
H. Jobson, oral commun., 1982). |

For many of the smaller streams the errors in air and water temperatures
estimated by harmonic analyses of synoptic temperature measurements were judged
to be too large. Therefore, more accurate means of synthesizing these values were
investigated, despite the fact that the smaller streams account for less than 5
percent of the flow in the entire Yakima River system. The similarity of the results
of harmonic analysis of air and water temperature suggested that the prior 4-day
moving average of the air temperature at the location of these small streams could
be used as the stream temperature estimator. The discharges of these streams were
generally unregulated, low (about 2 to 15 ft3/s), and highly variable. Computed
values were checked against synoptic data and agreed well. This methodology is
physically reasonable, because the larger variability in water temperature of the
small streams, which is generally masked by harmonic analysis, is accounted for.
All larger tributaries and regulated tributaries had at least partial continuous
water-temperature records, and in those cases harmonic analysis was used to
synthesize missing values.

10



STREAMFLOW-ROUTING MODEL

General

The SSARR streamflow-routing model simulated mean daily discharge at
selected river locations for the 1981 irrigation season. Streamflow routing in the
SSARR model is based on the storage/continuity method of routing discharge from
an upstream point to a downstream point. The required equation form and
parameters are discussed fully in the SSAAR User Manual (U.S. Army Corps of
Engineers, 1972) and, for application to the Yakima River basin above Parker,
Wash., in Vacecaro (1982). In this study, the configuration of the model was extended
to the mouth of the Yakima River. Streamflow was computed at selected locations
below Kiona, the last gaging station on the river; however, because there are no
continuous discharge data downstream of Kiona, the reliability of the simulated
diseharges below Kiona eannot be checked.

The lower basin model (below Parker) included all major inflows greater than
about 5 ft3/s into the Yakima River and all the diversions. Discharge was
computed at 24 points, 22 of which are at inflows or outflows. The 22 inflows or
outflows include four canals, four locals, and 14 that are either tributaries or return
flows. Where possible, return flows were aggregated to facilitate model tractability
and to enhance data-handling characteristies. Also, two canals below the Kiona
gaging station were aggregated as a single outflow. The four locals correspond to
the four reaches in the river that have upstream  and downstream continuous
daily-discharge data. The first local is for the Yakima River at Granger, with
Parker as the upstream control; the second is for the Yakima River at Mabton with
Granger upstream; the third is for the Yakima River at Prosser with Mabton
upstream; and the fourth loecal was computed for the Yakima River at Kiona with
Prosser upstream. As previously discussed, the locals were input at the river site
for which they are named and were not distributed between uptream and
downstream locations. Further, the estimated locals were not adjusted for the
different simulations in this report because the locals include possible errors in the
observed daily discharge data used to estimate the locals and account for the
estimates of surface-water and ground-water return flows.

The lower-basin routing model was calibrated to values of observed mean daily
discharge at the four sites discussed above (fig. 1) for the months of April and
August 1981, and was verified on observed daily discharge values for the other 5
months in the 1981 irrigation season. Verification results for the simulation of
observed mean daily discharges in the lower basin are presented in table 2.

11



TABLE 2.--Verification results of simulating observed mean daily discharges for
5 months of the 1981 irrigation season for the Yakima River at Granger,
Mabton, Prosser, and Kiona, Wash.

[Values in cubic feet per second unless otherwise noted;
number in parenthesis refers to map sequence identifiers
shown in figure 1]

Mean daily discharges Observed
Standard mean daily
Site Period Observed Predicted Errar deviation discharge,3

of residuals in percent

Yakima River

At Granger (10) 5-month 906 914 8 50 6
May 1,234 1,238 4 82 7
June 829 835 ﬁ 38 5
July 651 650 - 38 6
September 693 695 3 38 5
October 1,114 1,108 - 38 3
At Mabton (11) 5-month 1,878 1,874 -ﬂ 187 10
May 2,046 2,045 - 348 17
June 1,859 1,876 17 158 8
July 1,515 1,509 -6 111 7
September 1,814 1,808 -6 74 4
October 2,154 2,136 -18 113 5
At Prosser (12) 5-month 819 814 -5 236 29
May 1,015 1,011 -4 457 45
June 569 587 18 182 32
July 370 366 -4 128 35
September 634 626 -8 87 14
October 1,496 1,479 -17 130 9
At Kiona (13) 5-month 1,957 1,940 -17 311 16
May 2,090 2,106 16 610 29
June 1,843 1,782 - 61 210 11
July 1,488 1,488 0 170 11
September 1,894 1,880 -14 125
October 2,463 2,441 -22 170

1
Average difference between observed and simulated mean daily discharges for

|
i

the specified period.
Standard deviation of the residuals represents ah estimate of mean daily error.
This column defines a percentage of error based pn the mean daily discharge
and the 5-month or monthly averages.
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Error Analysis

Model simulation of observed conditions in the upper basin is basically a second
verification of the upper basin model developed and verified previously by Vaccaro
(1982). Estimated daily error for the upper basin model is about 8 percent, which is
less than the 12 percent estimated during the prior study. The smaller error can be
attributed to a greater number of available discharge records for small streams,
canals, and return flows, which previously had been aggregated in the upper-basin
locals. Also, flows in the 1981 irrigation season were less variable than those used
in the 1982 study.

Analysis of table 2 shows that the simulated daily discharges for the lower basin
have an estimated root mean square error of 17 percent. The differences between
the standard deviations of the daily residuals at the different sites are dependent on
four factors: 1) magnitude and variability of river discharge values; 2) magnitude of
inflows, mainly represented by return flow; 3) computation of locals on a daily basis
without a time lag; and 4) downstream propagation and acecumulation of errors. As
one moves downstream, the flow in general becomes higher and more variable due to
inflows. However, at the Prosser gaging station, which is directly downstream from
a major diversion dam and canal, the streamflow is greatly reduced. Below Prosser,
streamflow once again increases in amount and variability. For these reasons, the
potential error in the computed results near Prosser is greater (when expressed as a
percentage) than at other sites along the river (table 2). Hydrographs of the
observed and simulated mean daily-discharge values for the 1981 irrigation season
for the four verification sites in the lower basin are presented in figures 2 through
5. In the following sections only the observed discharge values are presented for
comparison with the computed values from the four scenarios. This is done for
three reasons, the first being that the predicted values are similar to the observed
(table 2). Secondly, simulation of observed values is for calibration and verification,
that is, parameter identification and error analysis. Thus, the simulated values will
have an error associated with them which should be considered when they are
compared to the observed values—actual values will be compared, not changes.
Lastly, this type of analysis is the same as in a report by Vaccaro (1983) on
unregulated flow in the Yakima River basin, so that values can be compared
between this report and the previously published report.

The timing of streamflow in the lower basin is generally reproduced by the
streamflow model (figs. 2 through 5). The important streamflow characteristics
needed for Lagrangian temperature-model input are the velocity and volume of a
parcel of water. The parcel volume is determined by the discharge at the upstream
boundary and the discharges of inflows and outflows. Consequently, the accuracy
of the parcel volume is only as accurate as the data which produced it. The
calculation of locals is based on river, return flow, and diversion discharge data.
Thus, errors in all of these components will be reflected in the locals. Therefore,
discharge errors which do not affect the streamflow model results, due to the
inclusion in the locals, can affect the temperature model simulations. This is
because the parcel volumes and the size of inflows (which can be heat loads) will
have an error of the same order of magnitude as the errors in discharge data.

13
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SIMULATION OF STREAM TEMPERATURES

A numerical model was used in this study m order to analyze the effect of
water storage, diversion, and return flows on the\downstream temperatures, and to
allow simulation and analysis of management alternatives that might affect the
temperature of the river. Model selection was based on the size of the Yakima
River basin, data-handling characteristies, and |model simplicity. A Lagrangian
numerical temperature model (Jobson, 1980a,b) that computes unsteady
temperatures was the model selected for this study.

Lagrangian Temperature Model

In the Lagrangian temperature model, the solution to the convective- diffusion
equation is based on a moving reference frame, where a parcel of water is tracked
as it moves through the river system. The model simulates the effects of the
variations in velocity in a flow cross section (Fisher, 1973) by longitudinal
dispersion. Numeriecal dispersion and instabilities| that are the result of simulating
convection in Eulerian models do not generally oceur with a Lagrangian model. In
the operation of the model, a parcel of water is assigned an initial temperature at
the upstream model boundary. The pareel is next advected downstream, where
tributaries, diversions, return flows, and locals with their associated loads are added
to or subtracted from the parcel. Concurrently, atmospheric heat exchange acts on
the parcel. An Eulerian grid system is retained in the Lagrangian model to input the
stream velocity, inflow and outflow, channel geometry, and meteorological
parameters. As a parcel moves downstream it obtains its characteristics by
considering which grid points it has passed and by interpolation to the grid points
bounding the river reach in which the parcel is residing. Further, as this parcel
moves through the river system its initial temperature, T, at time zero when it
entered the system is known and all the changes in the temperature from T, are
stored and kept track of. Thus, on any day one can determine the number of parcels
in the river system, the initial temperature of each, the temperature changes due to
heat addition, the ecurrent temperature, and its travel time to its current location.
Also, a single parcel can be tracked through the system and the same characteristies
listed above can be determined for any day until the parcel leaves the system. This
helps in desecribing, especially graphically, the physical processes effecting
streamflow, both spatially and temporally.

The one-dimensional form of the econvective-diffusion equation solved in the
Lagrangian model is given by Jobson (1980a, p. 6) as

_— t
T="To - jau'T dt' + /P at', (1)
(o) [0/

X3
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where T is the cross-sectional average temperature after a time change of t; T, is
the initial temperature at time zero when a parcel first enters the system at the
upstream boundary; £ is the Lagrangian distance coordinate; u'T is the eross-sectional
average value of the product of the local instantaneous velocity and temperature
(the representation of longitudinal dispersion), and P is the cross-sectional average
value of the addition of heat per unit time. Note that the advective term does not
appear in equation 1. Representation of the dispersion and heat addition processes
and the discretization of the river system are described in the next three
subsections.

Dispersion

The dispersion term (Jobson, 1980a, p. 7) is written as

At~
/au'T dt =DQQ AUAt (T -T)+DQ AUAt (T -T) ©)
o 3¢g k-1 k-1 k k k-1 k

Vi

where A is the unsteady cross-sectional area of the river, U is the unsteady
reach-averaged velocity, At is the model time step, ¥ is the parcel volume, T is as
defined earlier, the subscript k represents parcel k, and DQQ represents the flow
rate of water between parcels divided by the discharge (represented by the product
of A and U). A detailed description of the dispersion term and its representation of
the physical process can be found in Jobson (1980a, 1980b) and Fischer (1969).

Heat Addition

The heat addition term approximates point sources, such as a tributary inflow,
and a distributed source representing the rate of exchange of energy at the water
surface. The point sources are model inputs defined at grid points, as discussed
previously in the "Hydraulic, Meteorological, and Temperature Data" section. The
surface-exchange portion of the heat addition term is approximated by a net
surface-exchange expression

Psg = k(T—TA) 3)

where k is the kinematic surface-exchange coefficient and Tp is the air
temperature.

Approximating the surface exchange by the above expression is a
parameterization method utilized in determining the rate of exchange of some
transportable quantity. This method is generally used in modeling studies (Pond,
1975) that require easily identifiable, measurable, and reproducible parameters. The
formulation and implementation of the above surface-exchange expression can be
found in Jobson (1980a) and Edinger and Geyer (1965).
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')I‘he value of K in equation 3 is evaluated with the expression (Jobson, 1980a,
p. 35),

K = 40 (T+273.16)3 + LW [i%o_ + Y] @)
3T

where € is the emissivitg of water (0.97 dimensionless, 0 is the Stefan-Boltzmann
constant 1.171 x 1077 (cal/em2day(K)4), 273.16 converts to the Kelvin
temperature scale when T is in Celsius, p is the density of water (1 g/em3), L is
the latent heat of vaporization (595.9-.545T cal/g), W is the empirical wind function,
eois the saturation vapor pressure of air at a temperature equal to that of the
water surface (kilopascals), and Y is the psychrometric constant (0.06 KPa/OC).
The slope expression 9€ 0 is represented by (Jobson, 1980a, p. 35)

aT

9€0 = 1,1532 x 101! exponent [-4271.1/(T+242.63)1 /(T+242.63)  (5)
9T

Equation 4 is based on the equilibrium temperature approach and needs only two
meteorological parameters for its solution, air temperature and wind speed. The
expression for the surface-exchange coefficient has only one unknown variable, the
wind function. The wind funetion incorporates the wind speed and is defined as

W=a-NV (6)

where a is a constant, N is a heat transfer coefficient, and V is the wind speed, in
meters per second (m/s). The values of a and N are the only variables that can be
adjusted during the temperature model calibration. Values as presented by Jobson
(19804) of a = 0.302 em/d kPa and N = 0.113 em/d (m/s) kPa were generally used in
the temperature model for lack of information.

The heat addition due to tributary inflow 'is approximated by the following
relationship, ‘

DEL = (TRIBT{*TRIBVj + Tyk*¥k)/(* + TRIBV{)-Tk (7)

where TRIBT is the temperature of the ith tributary, TRIBV is the inflow volume
of the ith tributary over the model time step, DEL is the temperature change due
to tributary inflow, and ¥, and Ty are as previously defined.
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Discretization

To facilitate modeling and data handling, the Yakima River basin was
subdivided into four subbasins: Tieton, Naches, upper Yakima, and lower Yakima.
Each subbasin was then modeled separately. The Tieton subbasin was discretized by
use of 7 grid points, the Naches by 21 grid points, the upper Yakima by 32 grids, and
the lower Yakima by 24 grid points (fig. 1; appendix F). The required input data
were obtamined at each grid point in the manner previously discussed in the data
section. Also, as previously discussed, several of the sources were aggregated at
grid points.

In this method, the Naches subbasin model requires input from the Tieton
subbasin, the upper Yakima subbasin model requires the Naches subbasin model
output as part of its input, and the lower Yakima subbasin model requires the
upper-basin model output.

Calibration

Calibration of a model is the adjustment of model parameters, within a
physically reasonable range, until an acceptable matech between observed and
simulated values is obtained. Observed values were chosen for calibration from a
representative period, April through June 1981, because: 1) day-to-day reservoir
outflow temperatures were relatively constant, yet there was a net rise in these
water temperatures of 8°C over the period; 2) air temperatures during the period
included both the lowest for the 1981 irrigation season and &also some high
temperatures (about a 160C range); 3) diversions included both the lowest and
highest of the irrigation season; 4) return flows were established by the end of the
period; 5) there was a large variation in the outflow volumes from the five
reservoirs; and 6) the period did not include the low-flow months, which are used in
verifying the model.

The temperature model has only two parameters—the parameters in the wind
funetion, equation 4. Sensitivity analysis showed that these parameters were
relatively insensitive (less than 0.8°C mean change in stream temperatures) to 80
percent changes in the parameters. Thus, because of the lack of information about
both parameter values and meteorological data and their sensitivities, the values
presented in Jobson (1980a) were chosen for most of the model of stream reaches.
The only exceptions were for the first seven grid points of the upper basin model,
where the values were decreased by 75 percent. The decrease was found to improve
the model fit. The change is physieally realistic because the upper reach of the
river is narrow and heavily forested on both banks and is eonsequently much more
shaded than the lower parts.
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The lack of parameters in the temperature model allows the calibration process
to be a test of the conceptual and numerical representation of the physical
processes and variables. These variables include water velocity, air temperature,
tributary temperatures, and cross-sectional area. During the calibration certain
tests were performed. A 4-day moving average (4-DY) model was tested against a
harmonic-analysis model and was found to be best for estimating the temperature of
small streams. The temperature of the locals consisting principally of ground water
was also tested. First, average annual or irrigation season average air temperatures
at the local sites were used. Next, these values were adjusted upwards and
downwards by 2.2°C, which represented a changi ranging from 13 to 19 percent.
The effects on the simulated temperatures at selected sites were small, generally
less than 0.3°C; thus, the original temperatu es were used and are given in
Appendix F.

Width and velocity relationships were alsa studied during calibration. The
regressmn relationships established are not exact,/as can be expected. A 20-percent
error in widths was compatible with the discharge-width prediction equations, and a
10-percent error in velocity was felt to be physically reasonable. Adjustment of the
widths and velocities by the potential error affected the results by only about 0.1 to
0.50C; therefore, original estimates were used. The reasons for the small
variations in simulated temperatures is the dominance of external factors and the
quantity of water in the river.

Verification

Verification statistics for eight river sites are given in table 3. The statistics
are presented for the complete irrigation season rather than just the July-October
period because 1) no change in parameters occurred, and 2) the determination of
small tributary and local inflow temperature values can be considered a dual
verification. In addition, even though the calibration and verification results were
of the same order, the predictions in the early part of the irrigation season were not
as good as in the later part. Thus, the error estimate is a conservative one.

The verification results from the upper basin models indicated to the author
that the lower basin model need not be calibrated, but only verified. Thus, the
lower basin model was verified for the 1981 irrigation season under the following
two conditions: constant temperatures (ground-water source) for the locals, and
4-day moving average for the locals. Also, temperatures of three small inflows—for
Frazer Road drain, Corrall Canyon Creek (drain), and the aggregated Snipes, Bull,
and Spring Creeks inflows--were based on the 4-DY method prior to model
operation. These inflow temperatures, excluding the locals, were the only ones not
based on a thermograph record. The results of these two simulations were nearly
the same due to the size ofthe locals and the dominance of air temperature in the
energy budget; that is, the locals have little effeet on simulated temperatures. The
results for the verification simulation with the constant-temperature locals are
presented in table 3 because the constant—teqﬁperature locals more accurately
represent a local consisting mainly of ground water. Actual local temperatures will

22



TABLE 3.--Verification results of simulating observed mean daily
temperature for the 1981 irrigation season

[Values in degrees Celsius; number in parenthesis refers
to map sequence identifiers shown in figure 1]

Error1
Site Standard Mini- Maxi-
Mean deviation mum mum
Naches River near -0.27 1.5 -9.0 3.9
Naches (19)
Yakima River:
at Cle Elum (5) -.37 1.39 -6.3 2.6
at Ellensburg (6) 1.5 1.13 -2.7 4.1
at Umtanum (7) .81 1.08 -2.2 3.9
at Union Gap (8) 1.12 1.04 -2.3 3.0
near Parker (9) .82 1.73 -4.5 4.8
at Mabton2 (1) .54 1.06 -3.0 3.8
at Mabton® (11) 47 1.07 2.4 3.3
at Kiona? (13) .38 1.10  -2.4 3.8
at Kiona® (13) .37 1.10 22.5 3.8

lValues computed for the 1981 irrigation season from the daily
residual, which is defined as the observed minus simulated mean
daily water temperature.

Values computed from model simulation that used the simulated
daily streamflow temperatures for the Yakima River near Parker for
the ypstream boundary condition.

Values computed from model simulation that used the observed
daily streamflow temperatures for the Yakima River at Parker for
the upstream boundary condition.
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vary at times because the locals at times do consist of surface runoff. The lower
basin temperature model was operated with both| the observed and simulated daily
temperature values for the Yakima River near ‘Parker as the upstream boundary
condition. The results of the simulation using the observed water temperature
record near Parker are also shown in table 3. They show that the error that
propagates downstream in the upper basin has little influence in the lower basin.

Errors can be assessed for specific locations or for the entire basin. The latter
can be calculated as the root-mean-square of all the errors at specific locations.
The application of this method to the data for table 3 yields an estimated mean
daily error of 1.70C. Note that when comparing mean monthly observed and
simulated values, the differences are much smaller. Error assessment is also
discussed in eonjunction with simulation results in the "Simulations" section.

Observed and simulated mean daily water terﬁperatures for several locations on
the main stem of the Yakima River are shown in figures 6 through 11. Also, listed
in Appendix F are the aggregated inflow and outflow points used in the model and
the type of temperature record used for the inflows.

Errors in the modeling of streamflow temperatures in the Yakima basin can be
attributed to the following six sources: 1) inaccuracies in the input air temperatures;
2) inaccuracies in inflow and outflow discharge |data and temperatures (including
locals); 3) approximations in the equations for computing surface heat transfer at
the air-water interface; 4) assuming that air temperature can approximate
equilibrium temperature; 5) estimating depths and widths; and 6) exeluding some
physical processes—for example, bank shading, heat storage in impoundments, and
streambed heat conduction. Also, the larger-than-observed day-to-day variation in
simulated temperatures is due to a combination of the above sources. Considering
the above sources of error, the model is still able to predict temperatures
adequately and responds correctly to the parameters, variables, boundary conditions,
and heat loads. In general, simulated daily values fall within the recorded diurnal
range at thermograph sites. Therefore, when comparing the changes in statistics of
the computed daily values for the different scenarios, the differences are realistic
and give a better guide than an actual predicted value. Thus, the predicted
regulated temperature values are used for comparisons and changes in temperature
are discussed in relation to the effects of the scenarios and not so much the actual
predicted value.

24



1861 ‘L€ 4390320 03 | 1l4dy potuad ayy Joj
(G) Wn)3 917 38 JIALY ewlyeA 24l jO Saunjesadud) paleInULS pue pPaAJIsqo Ajlep uedy--°"9 JUNDI4
L TddV WOYd SAva
4940320 J9que3das 3snbny | Anp aunp Aey L t4dy
0zz |01z ooz o061 [08) o0zt 09} Tm_ orl o£l 021 O} o0} 06 08 oOZ To oS or O 02 O}

A {
I
i /

pajeinuis — |

|

Al RRAAE RAARE SESES |

\BE RAR

YT

‘3YNLYYIdWIL

25

AN AAARE RAS A

pa023a Bupssiy

AR RARES SAR

AR RAAAAN RE LA R

Ty Y

RS RARAS |

T

ol

Il

cl

1)

vi

)

ot

'3

6l

SNIST3J S33¥930 NI



“1861 ‘1 4990320 03 | )iudy poidad ay3 4oy
(/) wnuejwn je JaAly ewidea 3yl jo saunjedadwal PajenuLs pue paAlasqo Ajlep uesy--2 NI

L TI4dV WOdd SAva

43401790 Jaqueidas 3snbny | £inp aunp Aey | LLuady
ocz |olz 00z 08l o8l 0L 091 fosi Ol Ol 02l OIL 004 o6 08 0L 09 0§ OF Ot 0Z Ol O
4 1 1 i | WY | (! i l (] [} [ . 1 1 L j | 1) i i bbb i I i
a
o
-

paje|nuis

“
A
m |

- —

I
I

/
\
|
|

_
*

N

"\

14
_
Y,

MRS MAASLE RALAIE IR A B

\B B

TTTYY YT

| ASAAE AAAAR RALAS ARARE AAARS AAAS RASSE RERES B E A

]

ol

el

cl

vl

St

9l

21

81

6l

0z

“3YNLVYIdW3IL

SNIST3) S33¥930 NI

26



1144
1

4340330
o1z 00

Z 061 (o8l
| ]

43qua3dag
oLt

0914

*1861 ‘LE 4990390 03 | )t4dy potsad ayy Joy
(g) dep uoilun 1B JIALY BUIMEA U3 4O S3JnleJadwel pajenuis pue paAJIsqo Altep uedy--°g JYNSIA

1snbny
L

oSt obl
i i

0z

Ja

L TIddv Wodd SAva

Anpe
oit

001

06

aunp
08

IARAAE MAAAE ARASS AALAE AAAANAAARE MALAS ARARS AASAE RARAS S AARE AR RARAS RARSS SRR ARARE SESSE RSN {

1)

¢l

el

14

9l

2

-1}

61

0z

12

(24

ce

‘3YNLVYIdW3L

SNIST3J S3I3¥930 NI

27



“1861 ‘L€ 4390390 03 | tudy poiJad ayy Joy
AOv JajJded JE3U JIALY BuwlyeA ayy jo wm...:um...mQEwu paieinuts pue pPaAJasqo >._ Lep UBay--"4 JYNOIL

L 1I4dY WoYd SAvd
43q01 20 49queidasg 3snbny £ne aunp Key { Lady

1 . .
ozz |01z 00z 061 0Bl 021 091 fost ori ogl OZi OLL OOl fo6 0B o0z 09 OS Or Of o0Z O
L

1 sl Lo [l i saaasl " | 1 1 " al _ i assissdassassasaly 1 i . I ¥ 1 I — i 1

~

U]

¢l

1\

b

St

9l

1

81

6l

114

1z

ce

‘3¥N1YY3dWIL

SNIST3J S33¥930 NI

28



(1114

"186L ‘1€ 4340300 03 | 1t4dy poiuad ay3 Joy

(L1) UOlIgeW 1B JIALY BWLNRA AUl 4O SIJINJRJAAWa] PIIBRINULS puBR PIAJISCO ALep UBaW--*GL JUNDI4

43q032Q
01z 00z 061

L 114dv Wodd SAvd

43qua3dag 3snbny | \
ost 0:2( 091 [0S1 ovl ocl 021 oft oot (06 08 02 f0o3 0OS or oOCc 02

£np aunp Key [tady

ol

0

A
j_\/

pajeLnugs —

paAuasqQ

S DAAASRASAN AAARS RRARS RAARE ASRAR ARARE AR RS RAAS S RS MRS RS S A AR S AR AN AAASE RSN RRARS

ot

4

el

el

[ A}

St

91

2}

-1}

61

(114

12

ce

144

ve

se

K3l

‘3YN1vY3d

SNIST3I) S33¥930 NI

29



1861 ‘Lg 4390330 03 | 1tudy potdad ay3y Joy
(SL) BUOLY 3B JaALY BuieA 3y3l 40 sadniedadwe) pajeinuis pue paAdasqo Ajtep ueaw---|| J¥N9I4
L 114dv Wodd SAva
43Q032( 43queldag asnbny | Anp aunp Key LLady
ozz [o1z ooz 06! _8_ 01 091 [0Sy ovl o€l OZI OLL o00L o6 08 02 09 oS Oy O0f 02 O}
i 'y

i i [ 1 [l | P ] | i Ll sasssilosssssssslissass — ] Lisssis L 1 ] 1) i I e — i

WA
_ \ |
_(*_*. | __l p4023y BuLsSSiy

AR AAARE SAAAE MARSE AARAS AAARSE AASAS RALASS ARASS RAMLE MRS RARAS ALY RAARS RASAS AASSS RASSS RAAS RAARE ARARY

ot

i

et

(4

St

9l

21

:1

61

(114

14

114

£z

124

se

‘3¥NLYHIdWIL

SNIST3) S33¥930 NI



Sensitivity Analysis

Model sensitivity was studied by making a change in a variable or parameter
value and observing the effects on the simulated temperatures. A sensititivity
analysis can 1) determine data collection needs and accuracy, 2) determine
important components of the system, 3) help to define the transference of errors
through the system, and 4) define the importance of the variables and parameters
and model acceptability. A sensitivity analysis of the variables and parameters was
previously completed for the streamflow- routing model and is discussed in Vaccaro
(1982). A similar sensitivity analysis was performed for the variables and
parameters of the streamflow temperature model as part of this study and is a
simplified example of what can be an in-depth analysis.

Analysis focused on four variables/parameters that basically determine the
temperatures in the river system: air temperature, wind speed, coefficients in the
heat-transfer equation (eqn. 6), and upstream boundary conditions (reservoir outflow
temperatures). The other variables that enter into the temperature simulation
(stream discharge, velocity, width and cross-sectional area, and tributary
temperatures) were analyzed for sensitivity in the calibration process. The
sensitivity analysis was used to 1) check the conceptual model, 2) determine relative
sensitivities to meteorological inputs, and 3) estimate the effects of reservoir
storage (because reservoir storage is a component of the system, and sensitivity of
outflow temperatures on downstream temperatures can be analyzed). The last
aspect essentially analyzes the effects of reservior storage, with the 1981 irrigation
season operating rules, on streamflow temperatures.

The effects of a change in a parameter or variable are shown in tables 4 and 5.
The results for the Yakima River are presented in a downstream order, to enable
estimation of the downstream importance of the variable on river temperature.

Air temperature is the most important variable, and its importance increases as
a parcel moves downstream. This is physically reasonable and complements the
conceptual model of the system. Therefore, accurate air temperatures along the
river are a necessity, and it is important that small-scale spatial variability as well
as regional trends in air temperature be accounted for. The change in temperature
(+40C) used in the sensitivity analysis is equal to the estimated maximum error in
interpolated air values. Considering the mean daily model error of 1.70C and
comparing it with the mean sensitivity of 1.60C for air temperature (given in
table 4) further supports the conclusion in the previous section that inaccuracies in
interpolated air temperatures for model grid points could be a primary source of
model error.

Simulated temperatures are relatively insensitive to wind speed. A change in
wind speed of 1 meter per second (table 4) corresponds to a 20- to 70-percent
change in that variable. The wind function and wind speed sensitivities in table 4
indicate that the accuracy of wind speed for the Yakima River basin model need be
only about +50 percent.

The operation of the reservoirs most likely affects downstream temperatures by
affecting the discharge rate rather than the outflow temperatures. This can be seen
by examining the sensitivity of water temperatures to reservoir and air
temperatures presented in tables 4 and 5.
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