




















Recharge to the uppermost unconfined aquifer is
from both artificial and natural sources. Artificial
recharge, which is primarily from industrial wastewater, is
well documented (Jacobson and Freshley, 1990). Natural
recharge from direct infiltration and percolation of rainfall
and snowmelt has been estimated for several specific loca-
tions on the Hanford Site (Gee and others, 1992; Gee,
1987; Prych, 1994; Rockhold and others, 1995) and for the
Hanford Site as a whole (Bauer and Vaccaro, 1990; Jacob-
son and Freshley, 1990; Fayer and Walters, 1995). A
second source of natural recharge--referred to in this
report as recharge from runoff--is not well documented
and has been only coarsely approximated at 450 acre-feet
per year (Newcomb and others, 1972).

Recharge from runoff is ground-water recharge that
results from infiltration and percolation of surface runoff.
Recharge from runoff that contributes to the uppermost
unconfined aquifer beneath the Hanford Site is thought to
result primarily from infiltration and percolation of storm
runoff generated in nearby Cold Creek and Dry Creek
drainage basins. Such recharge may be of particular
importance with regard to contaminant transport to the
Columbia River because it occurs to the west of the
Hanford Site and helps maintain the head gradient that
slopes towards the river.

There is a need to better estimate the amount of
recharge from runoff at the Hanford Site. There are many
technical difficulties in measuring such recharge directly,
so improved recharge estimates will likely result from
improved estimates of runoff. There is essentially no
historic runoff data for the Hanford Site. Historic peak
discharges measured in nearby streams provide little
indication of associated runoff volumes. It is unknown
whether historic runoff volumes measured in nearby
Esquatzel Coulee Basin (located about 40 miles to the east
of the Hanford Site) are representative of runoff at the
Hanford Site because of differences in climate, physiogra-
phy, and land-use. Because the annual variation in runoff
in the semiarid study area is extreme, it would require tens
of years to obtain the runoff data needed to improve the
current published estimate of recharge from runoff.

For this investigation, recharge from runoff was esti-
mated using a short-term data collection effort, long-term
historic climate data, and a numerical simulation model of
runoff and recharge. The short-term hydrologic data was
used to construct and test a numerical model, which in turn
was used to estimate long-term average rates of runoff and
recharge using historical climate data.

Purpose and Scope

The purpose of this investigation was to estimate the
long-term average runoff from Cold Creek and Dry Creek
Basins, and to estimate the long-term average recharge
from runoff at the Hanford Site. This report documents
the construction and application of the numerical models
used to simulate runoff and recharge, and presents esti-
mates of recharge from runoff for the period 1958 through
1993. Unfortunately, no substantial runoff occurred in the
study area during the period of this investigation, so the
numerical models were calibrated and tested with only
limited data. However, the runoff and recharge estimates
presented are thought to be improvements over the exist-
ing estimates and their accuracy, although not quantifiable,
is discussed in qualitative terms in this report.

Description of the Study Area

The 222-square-mile study area is located in
south-central Washington (fig. 1). The physiography is
characterized by two synclinal basins bordered by three
narrow east-trending anticlines. The basins open to the
east onto a broad plain composed of sediments from the
Columbia River. The entire area is underlain by basait.
The basalt is exposed or at a shallow depth on ridges in the
western parts of Cold Creek Basin, but it is blanketed by a
deep layer of loess and alluvial or glaciofluvial sediments
in Dry Creek valley and in the lowland plain of the
Hanford Site. Altitudes range from below 600 feet on the
eastern plain to over 4,000 feet on the western ridge tops.
Slopes are gentle in the valleys and on the plain, but they
are often steeper than 45 degrees on the ridges.

Most soils in the area formed in loess, although
some soils on the ridges formed in residuum and collu-
vium derived from basalt. Soils are deep to very deep on
moderate or gentle slopes in the lowlands and grade to
very shallow on the steep ridges. The deeper soils are pre-
dominately silt loams, with some fine sands or loamy fine
sands, and the shallower soils are predominately gravelly
or cobbly loams. The soils in the area are generally well
drained and have moderately high water-holding
capacities.

The semiarid climate in the area is characterized by
hot, dry summers and cold, moist winters. Average annual
precipitation for 1912 through 1980 ranges from
6.3 inches at the Hanford Meteorological Station (HMS)
(Stone and others, 1983) to greater than 11 inches at high



elevations. Over 50 percent of the precipitation falls from
November through February, and about 40 percent of that
falls as snow. Only 10 percent of the annual precipitation
falls from July through September. On average, daily pre-
cipitation at the HMS equals or exceeds 0.10 inches only
23 days per year, and it exceeds 1.00 inch only about once
every 18 years. Average annual air temperature at the
HMS is 53°F; it is coldest during January (29°F) and is
hottest during July (64°F). Relative humidity at the HMS
is low during the summer months (32 to 42 percent), and
moderate during the winter months (56 to 80 percent).
Windspeeds at the HMS are highest during the spring
months (9 miles per hour), and lowest during the winter
months (7 miles per hour). Daily average total solar radia-
tion at the HMS ranges from 89 langleys in December to
647 langleys in July.

Natural vegetation in the study area consists of
shrub-steppe plant communities composed of winter and
summer annual grasses and perennial grasses and shrubs
(Rickard and Vaughn, 1988). Because of the mixture of
shallow-rooted grasses, such as poa and cheatgrass, and
deep-rooted shrubs, such as sagebrush and rabbitbrush,
this desert vegetation is efficient in utilizing soil water.
‘All of the vegetation suffers summer water stress, but with
the exception of the winter annuals, it generally survives
the summer months by utilizing summer rains and water
stored at depth from winter precipitation. There are also
some small, natural riparian communities near perennial
springs and seeps. Approximately 86 percent of the study
area is covered with natural vegetation, and the remainder
has been converted to dryland wheat (13 percent) and
irrigated grapes, apples, or alfalfa (1 percent).

As is typical for semiarid environments, the majority
of precipitation falling on the study area is lost to evapo-
transpiration. Bauer and Vaccaro (1990) estimated about
81 to 94 percent of average annual precipitation in the
study area is lost through evapotranspiration. The lower
value is for areas with thin and stony soils. Gee (1992)
found that nearly 100 percent of precipitation was evapo-
transpired from sites with fine-textured soils and deep-
rooted shrubs, but only 65 percent was evapotranspired
from a site with sandy soil and shallow-rooted grasses.

Cold Creek and Dry Creek are ephemeral streams
that drain the two synclinal valleys in the study area. Dur-
ing periods of runoff, which are uncommon, these streams
flow eastward onto the alluvium underlying the Hanford
Site where they eventually disappear from the surface by
infiltration into the sediments. Topographically, the Cold
Creek Valley continues south-eastwardly to the Yakima
River, and Dry Creek drains to the Cold Creek Valley.

Historically, however, streamflow in Cold Creek has been
entirely infiltrated before reaching the mouth of Dry Creek
Valley, and streamflow in Dry Creek has been entirely
infiltrated soon after reaching the Cold Creek Valley and
well upslope from the Yakima River. There are many
small, perennial springs and seeps throughout the study
area whose discharges are quickly lost to infiltration and
evaporation. The most significant of these is Rattlesnake
Springs near the mouth of Dry Creek Valley, and the
unnamed valley-bottom seeps along the upper two-thirds
of Cold Creek. Dry Creek flows perennially for a few
miles below Rattlesnake Springs. The upper reach of Cold
Creek does not flow perennially in most years, but the
established, lush riparian zone suggests that water is
usually available at shallow depth.

Approach

The approach used to estimate recharge from runoff
was to construct numerical models to simulate rainfall-
runoff and recharge processes and to apply those models
using historical climate data as input. Specific tasks
included (1) collect short-term and assemble long-term
climatic and hydrologic data, (2) develop a conceptual
model of study area hydrology to guide the construction of
numerical models, (3) construct numerical models with
the Hydrological Simulation Program - FORTRAN
(HSPF) computer code, (4) estimate or calibrate numerical
model parameters, (5) synthesize long-term climate
records for the study basins by adjusting long-term data
observed at nearby weather stations to represent study area
climate, and (6) apply the numerical models to estimate
long-term average values for runoff and recharge from
runoff. The resulting runoff estimates were compared to
historic streamflow data from Esquatzel Coulee Basin as a
qualitative check for reasonableness, and the resulting
recharge estimates were compared to other recharge
estimates for the aquifer of interest to demonstrate the
relative importance of recharge from runoff,

CLIMATIC AND HYDROLOGIC DATA

Short-term climatic data were collected by the

U.S. Geological Survey in the study area during the period
October 1990 through May 1993, and long-term data were
obtained from the Hanford Meteorological Station (HMS)
and three National Weather Service stations for the period
October 1957 through May 1993. Those data were used to
synthesize long-term climate records for the study basins
by correlating the short-term, study-area data with the



long-term data from nearby sites. Additional climatic
data--including soil temperature and snow depth--were
obtained from the HMS and the National Weather Service
site at Pullman, Washington. Those data were used to cal-
ibrate and assess the frozen-ground and the snow accumu-
lation and melt components of the numerical models.

Hydrologic data--including streamflow and soil
moisture--were collected by the USGS in the study area
from October 1990 through May 1993. Those data were
used to calibrate the streamflow generation and channel
infiltration components of the numerical models. Addi-
tional hydrologic data--including evapotranspiration and
streamflow data--from sites both within and near the study
area were obtained from various published reports. Those
data were used to calibrate the evapotranspiration compo-
nent of the numerical models and to assess the simulation
results.

Climatic Data

Within the study area, 15-minute increment precipi-
tation data were collected at five sites (fig. 2) using weigh-
ing-bucket type recording gages with a rated accuracy of
+/-0.06 inches. All five gages were fitted with alter-type
wind screens. Total precipitation data were collected
approximately monthly at 17 sites using storage-type
precipitation gages; those gages were not fitted with wind
screens. Both the recording and storage gages were main-
tained for winter operation. A list of precipitation data
collection stations and their locations is in table 1. A sum-
mary of the precipitation data collected from September
1990 through June 1993 is in table 2.

Other 15-minute increment meteorological data were
collected in the study area at the Cold Creek micrometeo-
rological station (MET in fig. 2). Air temperature, relative
humidity, solar radiation, windspeed, and soil temperature
data were collected using a thermistor, a relative humidity
sensor, a button—typc pyranometer, a 3-cup anemometer,
and buried thermistors, respectively. A summary of the
meteorological data collected for the period October 1990
through May 1993 is in table 3.

Climatic data were obtained for stations outside the
study area for October 1957 through May 1993. They
include hourly-increment precipitation, air temperature,
dew-point temperature, solar radiation, and windspeed
data from the HMS, and daily precipitation data from
National Weather Service stations at Sunnyside, Moxee
City 10 E, and Priest Rapids Dam (table 1 and fig. 1). A

summary of the meteorological data is included in table 3,
and monthly precipitation data for the period September
1990 through June 1993 is in table 2.

Daily soil temperature and snow depth data for
January 1970 through May 1993 were obtained from the
National Weather Service station at Pullman, Washington,
located about 120 miles west of the study area, and daily
snow depth data for water years 1977-90 were obtained
for the HMS. Those data are described in the “Numerical
Models of Runoff and Recharge from Runoff” section of
this report.

Hydrologic Data

Fifteen-minute increment streamflow data were col-
lected at four gaging stations (fig. 2 and tables 4 and 5) in
Cold Creek and Dry Creek Basins. Water-measurement
structures were built at three of the stations to allow for
more accurate discharge calculations. Broad-crested
v-notch weirs (Brakensiek and others, 1979) were con-
structed for the sites in upper Cold Creek (12510618) and
lower Dry Creek (12510655), and an 8-foot trapezoidal
supercritical-flow flume (Kilpatrick and Schneider, 1983)
was constructed for the site in lower Cold Creek
(12510625). Existing culverts under a state highway were
used as control structures for the measurement of dis-
charge at the upper Dry Creek site (12510650). Monthly
and annual peak-discharge and total streamflow data for
the period October 1990 through May 1993 are in table 4.
Daily streamflow data have been published elsewhere
(Miles and others, 1992, 1993, and 1994).

Miscellaneous soil moisture measurements were
made at four sites in Cold Creek and Dry Creek stream
channels; all the sites were located in downstream reaches
underlain by alluvium (fig. 2). Vertical profiles of soil-
moisture were made by lowering a neutron soil-moisture
probe into 15- to 30-foot-deep access tubes. Measure-
ments were initially made in 2-inch diameter steel tubes
installed in augered holes, but data collected during runoff
suggested that most of the downward water flux was due
to preferential flow in the backfilled zones around the
tubes. A second set of 5-inch diameter steel tubes was
installed with an air-percussion drill-rig (the technique did
not require backfilling) that greatly reduced preferential
flow problems. Data from the 2-inch tubes were consid-
ered unreliable and are not presented. Applicable soil-
moisture data from one of the 5-inch tubes (C2) are pre-
sented in figure 3 and the “Conceptual Model of Runoff
and Recharge from Runoff” section of this report.
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Table 1.--Precipitation data collection stations

[Gage operators: USGS, United States Geological Survey; PNL, Pacific Northwest Laboratory; NWS, National
Weather Service)

Station Station focation Altitude
code Station name Gage operator and type (latitude - longitude) (feet)
DD1 Old Field USGS non-recording 46°28°15” 119°43°13” 1,060
DD2 Snivelyl USGS non-recording 46°26°56” 119°42°52” 1,600
DD3 Snively2 USGS non-recording 46°26°06” 119°43°00” 1,920
DD3.5 Check USGS non-recording 46°25°30” 119°44°04” 2,600
DD4 Bennett USGS non-recording 46°28°19” 119°46°35” 1,200
DD5 Boundary USGS non-recording 46°29°12” 119°47°05” 1,020
DD6 Neutron USGS non-recording 46°30°04” 119°45°54” 820
DD7 Roberts USGS non-recording 46°30°16” 119°53°03” 1,280
DD38 Midway USGS non-recording 46°29°24” 119°54°27” 1,700
DD9 Pass USGS non-recording 46°28°22” 119°55’52” 2,300
DD10 Bus USGS non-recording 46°31°34” 119°56°48” 1,440
DD12 Meeboer USGS non-recording 46°31°11” 119°59°50” 1,640
DD13 Apples USGS non-recording 46°30°22” 120°05°21” 1,800
cCi Grapes USGS non-recording 46°34°51” 119°50°12” 1,280
cC2 Emerson USGS non-recording 46°36°32” 119°50°40” 2,100
CC3 Met USGS non-recording 46°35°11” 119°52°26” 1,460
CC4 Gate USGS non-recording 46°35°52” 119°54°52” 1,760
RS Rattlesnake USGS recording 46°30°23” 119°41°54” 690
SN Snively USGS recording 46°25°30” 119°44°04” 2,600
MD Middle Dry USGS recording 46°31°29” 119°52°19” 1,130
DR Desert Rose USGS recording 46°32°14” 120°02°28” 2,040
HMS Hanford Met. Station PNL recording 46°34°00” 119°36°00” 733
MOX Moxee City 10 E NWS recording 46°31°00” 120°10°00” 1,551
PRD Priest Rapids Dam NWS recording 46°39°00" 119°54°00” 459
SUN Sunnyside NWS recording 46°19°00” 120°00°00” 747
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Table 3.--Summary of monthly mean climatic data for the study area

[CCMS, Cold Creek Meteorological Station; HMS, Hanford Meteorological Station; HMS-LT, Long-Term averages for the Hanford
Meteorological Station for period of record shown; --, long-term averages are shown in the rows for water year 1991 only]

Air Temperature Windspeed Dew Point Solar Radiation
(degrees F) (miles per hour) (degrees F) (langleys)

CCMS HMS HMS-LT CCMS HMS HMS-LT CCMS HMS HMS-LT CCMS HMS HMS-LT
Date 1912-80 1945-80 1950-80 1955-80

OCT 1990 50.6 524 53.0 6.4 8.8 6.6 33.8 353 36 238 240 262

NOV 1990 44.8 46.3 39.8 5.8 10.6 6.1 333 33.6 31 143 132 129
DEC 1990 24.2 24.7 327 5.0 7.3 6.1 17.2 17.2 27 101 88 89
JAN 1991 29.4 28.9 29.3 4.6 5.4 6.4 227 22.4 23 122 114 115

FEB 1991 44.5 44.6 36.3 5.5 6.8 7.1 342 335 28 207 184 195
MAR 1991 42.0 44.1 45.1 6.3 8.0 8.5 30.0 29.2 28 303 302 333

APR 1991 52.2 54.6 53.1 7.3 10.5 9.0 29.0 31.0 31 479 447 464
MAY 1991 58.3 60.9 61.5 7.3 9.8 8.9 343 37.4 36 493 482 566
JUNE 1991 62.6 65.7 69.3 7.0 9.0 9.2 40.7 432 41 540 521 629
JULY 1991 76.1 78.6 76.4 7.6 9.6 8.7 38.1 459 43 661 635 647

AUG 1991 77.2 78.3 74.3 6.8 8.8 8.0 38.8 47.4 43 547 537 549
SEP 1991 69.9 70.0 65.2 7.3 79 7.5 28.9 40.2 40 457 432 414

OCT 1991 53.0 53.0 -- 6.2 7.3 -- 233 31.0 - 275 262 -
NOV 1991 36.9 41.2 - 44 6.7 -- 31.1 343 -- 102 96 --
DEC 1991 36.7 37.9 -- 4.6 6.3 - 30.6 323 -- 93 80 -
JAN 1992 359 37.6 -- 4.2 6.0 -- 30.7 31.8 -- 91 84 --
FEB 1992 40.6 42.1 -- 4.5 5.8 -- 35.6 36.7 - 147 139 --
MAR 1992 50.6 51.6 -- 6.3 6.7 -- 34.0 353 -- 338 341 --
APR 1992 52.8 56.3 -- 6.2 8.9 - 349 37.1 -- 428 416 --
MAY 1992 66.2 68.4 -- 7.5 9.3 -- 25.9 35.1 - 627 607 --
JUNE 1992 74.6 77.0 - 7.1 9.6 - 32.8 44.2 - 626 596 --
JULY 1992 74.6 76.8 - 7.2 9.0 -- 38.4 48.6 -- 568 546 --
AUG 1992 76.0 77.3 - 6.7 8.4 -- 28.8 44.1 - 540 508 -
SEP 1992 63.0 64.6 - 7.0 9.0 -- 314 41.0 -- 393 365 --
OCT 1992 54.6 55.5 -- 5.8 6.5 -- 31.3 37.6 - 234 217 -
NOV 1992 38.0 41.0 -- 43 5.8 -- 31.6 343 -- 111 107 --
DEC 1992 29.1 30.1 -- 59 6.9 -- 225 24.0 - 100 88 --
JAN 1993 24.2 25.3 - 5.1 6.0 - 19.0 20.9 -- 113 101 -
FEB 1993 29.5 31.0 - 53 5.9 -- 20.6 234 -- 199 172 --
MAR 1993 40.8 429 -- 5.1 6.7 -- 29.7 322 -- 277 250 --
APR 1993 49.7 52.6 -- 5.6 8.9 -- 334 36.4 -- 406 380 --
MAY 1993 64.5 66.7 - 6.2 9.3 - 334 431 - 561 509 --
Average 50.7 524 -- 6.0 7.9 -- 30.6 35.1 -- 330 313 -




Table 4.--Monthly and annual peak-discharge and total-streamflow data for the study area, October 1990-May 1993
[Max.Q, maximum instantaneous discharge; Total, monthly or annual total volume of streamflow; ft3/s, cubic feet per
second; ac-ft, acre-feet; e, estimated]

Discharge

Upper Cold Creek Lower Cold Creek Upper Dry Creek Lower Dry Creek

Station 12510618 Station 12510625 Station 12510650 Station 12510655

Max.Q Total Max.Q Total Max.Q Total Max.Q Total
Date (cfs) (ac-ft) (cfs) (ac-ft) (cfs) (ac-ft) (cfs) (ac-ft)
1990 OCT 0 0 0 0 0 0 0.46 23
1990 NOV 0 0 0 0 0 0 0.55 29
1990 DEC 0 0 0 0 0 0 0.56 ¢ 32 e
1991 JAN 0 0 0 0 0 0 74 41
1991 FEB 0 0 0 0 0 0 0.62 29
1991 MAR 0 0 0 0 0 0 0.53 26
1991 APR 0 0 0 0 0 0 0.51 26
1991 MAY 0 0 0 0 0 0 0.49 26
1991 JUN 0 0 170 5.7 50 ¢ 99 ¢ 12 32
1991 JUL 0 0 0 0 0 0 0.62 30
1991 AUG 0 0 0 0 0 0 0.46 26
1991 SEP 0 0 0 0 0 0 0.44 24
WY 1991 0 0 170 5.7 50 e 99 ¢ 74 345 ¢
1991 OCT 0 0 0 0 0 0 0.48 24
1991 NOV 0 0 2.6 0.20 0 0 0.43 24
1991 DEC 0 0 0 0 0 0 0.46 e 27 e
1992 JAN 0 0 0 0 0 0 0.49 e 29 e
1992 FEB 0 0 0 0 0 0 0.49 26
1992 MAR 0 0 0 0 0 00 0.49 27
1992 APR 10 0.30 0.75 0.02 0 0 0.52 28
1992 MAY 0 0 0 0 0 0 0.50 27
1992 JUN 0 0 0.01 0.02 0 0 0.46 21
1992 JUL 0 0 0 0 0 0 0.49 28
1992 AUG 0 0 0 0 0 0 043 ¢ 23 e
1992 SEP 0 0 0 0 0 0 041 e 23 e
WY 1992 10 0.30 2.6 024 0 0 0.52 308 e
1992 OCT 0 0 0 0 0 0 043 ¢ 24 ¢
1992 NOV 0 0 0 0 0 0 0.43 23
1992 DEC 0 0 0e 0e 0 0 0.44 24
1993 JAN 0 0 0e Oe 0 0 0.44 20
1993 FEB 0 0 53 0.60 e 0 0 0.40 e 21 e
1993 MAR 15 38 4.2 0.90 0 0 0.49 28
1993 APR 0.69 27 0 0 0 0 0.49 27
1993 MAY 0.48 18 0 0 0 0 0.50 28
OCT-MAY 1993 15 84.1 53 ¢ 1.50 e 0 0 0.50 195 e
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DEPTH BELOW CHANNEL BOTTOM, IN FEET
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Figure 3. Soil moisture at site C2 before and after the June 29, 1991 runoff in lower
Cold Creek.
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Evapotranspiration data collected by Tomlinson
(1994) and Gee and others (1992) during June 1990
through September 1991 at two sites in the study area
were obtained. Both sites were located on the lower
slopes of the Rattlesnake Hills in the eastern portion of
Dry Creek Basin. At Tomlinson’s Snively Basin site, daily
evapotranspiration from a mixed-grass-covered plot was
calculated using micrometeorological data and the
Bowen-ratio method. At Gee and others’ Benson Springs
site, daily evapotranspiration from a bunchgrass-covered
plot was calculated using data from a weighing-type
monolith lysimeter. The evapotranspiration data are
presented in the “Estimation and Calibration of Parameter
Values” section of this report.

Streamflow data collected since 1957 at 21 stations
in and around the study area (table 5) were assembled
(Williams and Pearson, 1985). Seventeen of the stations
gaged small tributary basins (0.65 to 7.30 square miles)
where only instantaneous peak-flows were determined.
The remaining four stations gaged larger areas (27.8 to
551 square miles) in the Esquatzel Coulee Basin where
both peak-flow and daily streamflow data were collected
with recording stream gages. Annual streamflow data
from three of the recording stream-gaging stations in the
Esquatzel Coulee Basin are summarized in table 6.

CONCEPTUAL MODEL OF RUNOFF AND
RECHARGE FROM RUNOFF

This conceptual model describes, in general terms,
runoff generation and recharge from runoff in the study
area. It was used to guide the construction of numerical
models and the estimation of parameter values. The con-
ceptual model was devised from hydrologic and climatic
data collected for this study, as well as from previously
published data and results from this and other semiarid
areas.

Runoff Generation

Runoff in the study area is uncommon and is pri-
marily generated by winter precipitation, often augmented
with snowmelt and probably enhanced by frozen ground.
Nearly all runoff recorded at the stations listed in table 5
occurred from late December through March. Probable
causes of selected winter runoff are presented in the litera-
ture. Peak streamflows of 350 and 190 cubic feet per
second (ft3/s) at Rattlesnake Springs in Dry Creek Basin in
January of 1969 and 1970 were both attributed to rapid
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snowmelt on frozen soil (Harr, 1971). Substantial runoff
at unspecified locations on the Hanford Site in February
1985 were attributed to a warm “chinook” wind, gusting to
43 miles per hour, which melted most of an 8-inch snow-
pack in less than one day (Gee and others, 1992). Floods
of January 1974 in southern Washington were attributed to
rapid melting of above-normal snowpacks, rainfall, and
frozen soils (Longfield, 1974), and the floods of 1956 in
the Esquatzel Coulee area (Anderson and Bodhaine, 1956)
were attributed to heavy rain falling on frozen soils
covered by varying amounts of snow.

The effect that frozen soils have on runoff generation
in the study area is not well documented. The frozen-soils
information presented in the previously referenced runoff
reports was anecdotal, and it is possible that high rainfall
and snowmelt intensities may have been the sole cause of
runoff. Soil freezing was monitored at the meteorological
station in Cold Creek Basin during this investigation, but
the paucity of runoff precluded an assessment of the
effects of frozen soils on runoff generation. Many reports
documenting the hydrologic significance of frozen soils in
other seasonally cold regions are summarized by Fox
(1992) and by Gray and Prowse (1992). Infiltration into
dry, frozen soils or soils frozen to depths less than about
6 inches may not be significantly different from infiltration
into unfrozen soils, but infiltration may be greatly
impaired in soils that have a high moisture content when
frozen or in soils that are frozen at depths greater than
12 inches. The moisture and thermal regimes of soils in
the study area during past periods of runoff is largely
unknown. In general, soil-moisture contents during winter
presumably range from very low to very high, and subsoil
temperatures below freezing have been recorded at the
HMS many times during December, January, and
February.

Although there were periods of heavy rainfall, melt-
ing snowpacks, and frozen soils during the data collection
period for this investigation, the combination of these fac-
tors needed to generate large volumes of runoff did not
occur. Record snowfall in the region during the winter of
1992-93 did result in sustained runoff from snowmelt in
the upper Cold Creek Basin (table 4), but the volume of
runoff was minor in relation to probable historic runoff.
Those data and historical data support the hypothesis that
runoff generation in the study area is not well correlated to
annual precipitation. Comparison of peak-discharge data
for stations listed in table 5 with annual precipitation at the
HMS showed poor correlation between above average
precipitation and widespread runoff in the region.



Table 6.--Total streamflow at selected stream-gaging stations in the Esquatzel Coulee Basin for water years 1958-93

[ac-ft, acre-feet; ac-ft/mi2, acre-feet per square mile of drainage area; missing record denoted by “.”; Average, average
annual runoff for period of record shown]

Total streamflow

Water Station 12513000 Station 12512500 Station 12512550
year ac-ft ac-ft/mi? ac-ft ac-ft/mi? ac-ft ac-ft/mi?
1958 0 0 0 0

1959 19 0.01 54 19

1960 0 0 0 0

1961 0 0 0 0

1962 0 0 0 0

1963 102 0.44 21 0.76

1964 0 0 0.11

1965 218 0.93 47 1.7

1966 0 0 0 0

1967 0 0 0 0

1968 0 0 0 0

1969 7,260 31 1,360 49

1970 3,710 16 789 28

1971 999 43 275 9.9

1972 168 0.72 39 1.4

1973 43 0.18 66 24

1974 143 0.61 44 1.6

1975 459 2.0 89 32

1976 36 0.15 8.9 0.32

1977 0.10 0 0 . .
1978 0.40 0 4.4 0.08
1979 3,460 14.8 1,150 22
1980 2,950 12.6 823 16
1981 0 0 0 0
1982 1,036 4.4 437 8.4
1983 7.5 0.03 5.1 0.10
1984 2,210 9.46 898 17
1985 7,650 33 1,837 35
1986 281 1.2 235 45
1987 71 0.30 21 0.40
1988 175 0.75 159 3.0
1989 1,770 7.6 411 7.9
1990 0 0 0 0
1991 0 0 19 0.37
1992 0 0 0 0
1993 2,560 11 583 11
Average 982 42 140 5.0 411 79




As is typical of many arid to semiarid regions, runoff
is infrequent in the study area. The historical peak-
discharge data shows that for water years 1957 through
1977--the period when most of the stream-gaging stations
were operational--runoff occurred, on average, about once
every two years. Relatively substantial runoff was
observed about once every four years. Runoff was also
uncommon for the duration of this investigation; it was
recorded four times from October 1990 through May 1993
(table 4), and it was relatively insubstantial. The largest
peak discharge per unit area was 1.6 ft3/s/mi? at station
12510625 during June 1991, and the largest annual runoff
volume per unit area (excluding spring-fed discharge at
station 12510655) was 3.5 acre-ft/mi? at station 12510618
during the 1993 water year. For comparison, unit-area
peak discharges and annual runoff volumes of greater than
10 ft*/s/mi? and 10 acre-ft/mi?, respectively, are not
uncommon in the region (Williams and Pearson, 1985).

Recharge from Runoff

All runoff in the study area is ultimately lost to evap-
oration or infiltration. Cold Creek and Dry Creek channels
decrease in size downstream from the lower stream-
gaging stations until they eventually become indistinct in
terminal runout zones. Although there are no topographic
barriers between the runout zones and the Yakima River,
there is no geomorphic or botanical evidence to indicate
that unchannelized flow from Cold and Dry Creek Basins
proceeds downstream beyond these zones. Given that run-
off is primarily generated during winter months when
evaporation rates are low, it is unlikely that much runoff is
lost to evaporation.

It is likely that most of the runoff that infiltrates into
alluvial channels eventually percolates and recharges the
uppermost unconfined aquifer beneath the Hanford Site.
The alluvial channels in the study area are mostly nonveg-
etated and are underlain by coarse sediments with low
water-holding capacity. Thus, transpiration is negligible,
and little water is held near the surface for evaporation.
Soil moisture data from before and after minor runoff in
lower Cold Creek (fig. 3) suggest that even during sum-
mer, rapid percolation through channel sediments does
indeed occur. Evapotranspiration of infiltrated runoff is
likely greater in the terminal runout zones that are vege-
tated and are underlain by fine sands and redeposited silt
loams, than in the nonvegetated channels. Although Gee
and others (1992) found no evidence for direct recharge
from precipitation alone in vegetated areas underlain by
silt loams at the Hanford Site, the addition of large vol-
umes of runoff water over such sites would likely lead to
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percolation below the zone of active evapotranspiration.
Contrary to that conclusion, Scanlon (1994) found that
percolated water from episodic infiltration in Hueco
Bolson, Texas, did not necessarily recharge ground water,
even after percolating to depths greater than 40 feet.
Under west Texas climate conditions, the water was sub-
jected to long-term upward liquid and vapor flow.
However, Scanlon hypothesized that downward flow is
more prevalent at the Hanford Site because underlying
sediments are coarser and infiltration is common during
winter, when temperatures and evapotranspiration are
lowest.

Runoff and recharge characteristics differ between
upper Cold Creek and upper Dry Creek Basins because of
differences in basin physiography. Upper Cold Creek
Basin is v-shaped with steep slopes covered by thin, stony
soils, and the narrow valley is nearly devoid of alluvial fill.
Thus, runoff flows quickly downstream and does not infil-
trate into the channel bottom until it reaches a point
approximately 1 mile upstream from the lower Cold Creek
stream gage (station 12510625) where the alluvial valley
begins. Upper Dry Creek Basin is wide, the steep sides
are separated from the main stream channel by gentle
slopes with deep soils, and the valley is underlain with
alluvium. Thus, runoff can infiltrate into both the tributary
and the mainstream channel bottoms. The lower sections
of Cold Creek and Dry Creek Basins are similar--steep
slopes with shallow soils drain to gentler slopes with
deeper soils and valleys underlain by extensive alluvial
deposits.

Recharge from Spring Discharge

Some discharge from ephemeral springs along upper
Cold Creek and perennial springs along lower Dry Creek
is subsequently infiltrated and probably contributes to
recharge at the Hanford Site. A shallow ground-water
flow system in the bedrock underlying upper Cold Creek
Basin is the likely source of ephemeral spring discharge.
Springs and seeps along the upper Cold Creek channel
were observed to discharge to the stream from March
through July of 1993, and anecdotal information from area
residents suggest that such discharges are common follow-
ing particularly wet winters. The springs did not discharge
to the surface during the previous two drier years, but the
established, lush riparian vegetation growing along upper
Cold Creek indicates that shallow ground water is regu-
larly available. The 1993 spring-fed discharge disap-
peared from the surface soon after flowing onto the
alluvial fill in lower Cold Creek valley, which is also
where the lush riparian zone abruptly ends.



No such springs or riparian zones are present along
upper Dry Creek, but it is believed that the discharge from
Rattlesnake Springs in lower Dry Creek Basin is from a
localized perched aquifer (Price and Harr, 1970; and
Brown, 1970). The perennial springs discharge into Dry
Creek immediately upstream from the lower stream gage
(station 12510655). Annual average discharges from
Rattlesnake Springs for the 1991-93 water years were rela-
tively constant at 0.48, 0.42, and 0.41 ft3/s, respectively;
Price and Harr (1970) reported an annual average dis-
charge of 0.47 ft>/s. Discharge was not well correlated
with annual precipitation. Monthly mean discharges
varied from 0.58 to 0.33 ft3/s, but the seasonal variation
was not consistent from year to year. These data suggest
that discharge from Rattlesnake Springs does not vary
with recent ground-water recharge; Price and Harr (1970)
reached the same conclusion. Surface water in Dry Creek
was visible in the channel for 0.9 to 1.7 miles downstream
of the springs, depending on discharge. The lush riparian
zone below Rattlesnake Springs thins out abruptly
between 1 and 2 miles downstream of the springs, indi-
cating that shallow ground water is not present outside of
the immediate vicinity of the springs.

NUMERICAL MODELS OF RUNOFF AND
RECHARGE FROM RUNOFF

Numerical models were used to estimate long-term
average runoff and recharge for the study area. The
models, one for Cold Creek Basin and one for Dry Creek
Basin, were constructed using the Hydrological Simula-
tion Program - FORTRAN (HSPF-Version 9) computer
program.

The Hydrological Simulation Program -
FORTRAN (HSPF)

HSPF was selected because it could simulate most of
the important hydrologic processes in the conceptual
model of runoff and recharge, including snow accumula-
tion and melt, infiltration of runoff into channel bottoms
and runout zones, evapotranspiration and percolation of
infiltrated runoff, and ephemeral or perennial discharge of
ground water. HSPF could not directly simulate frozen
ground or its effect on runoff. However, a separate proce-
dure was used to estimate the times of frozen ground, and
an HSPF routine allowed adjustment of infiltration-related
parameter values to account for frozen-ground effects.
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HSPF is a continuous-type precipitation-runoff
program,; it simulates and updates hydrologic fluxes and
storages during each user-specified time step (1 hour for
this investigation) over the entire time span of a simula-
tion. The program is documented in the HSPF users
manual (U.S. Environmental Protection Agency, 1984).

HSPF represents a drainage basin with land segments
and reaches; the former represent land areas and the latter
represent stream channels. Land segments and reaches are
connected with a network routine in HSPF to represent the
geometry of a drainage basin as a whole.

HSPF uses a mass-balance approach, or water bud-
get, to account for all inflows, outflows and changes in
storage for both land segments and reaches. Inflows may
be precipitation; snowmelt; and overland flow, interflow,
ground-water flow, or streamflow from other land seg-
ments or reaches. Outflows may be evapotranspiration
(including sublimation of snow); overland flow, interflow,
ground-water flow, or streamflow; and recharge to
regional ground-water systems (inactive ground water).
Changes in storage can be in any of the numerous defined
storage components of the water budget, such as a snow-
pack, soil moisture, or ground water. HSPF requires
records of precipitation and estimates of potential evapo-
transpiration (PET) to drive the nonsnow-related water
budget computations, and it requires additional records of
air temperature, dew point, solar radiation, and wind speed
to simulate snow accumulation and melt.

A land segment in HSPF represents a parcel of land
that has distinct and relatively uniform hydrologic charac-
teristics and climate. Those characteristics are commonly
inferred from soil type, vegetation, and topography. HSPF
represents the hydrologic characteristics of land segments
with process-related parameters in the water-budget
formulations. The process-related parameters represent
properties relevant to the movement or storage of water in
land segments (table 7). Many of the process-related
parameters cannot be measured directly, so their values are
estimated from available physiographic data and then
refined through calibration. The water-budget formulation
for land segments is described in detail in the HSPF users
manual (U.S. Environmental Protection Agency, 1984,
pages 158-176).

A reach in HSPF represents a segment of a surface-
water drainage network that has relatively uniform
hydraulic properties. HSPF represents the hydraulic char-
acteristics of a given reach of stream channel or any other



Table 7.--Definitions and descriptions of process-related parameters in the HSPF program

Parameter Definition and Description

AGWETP Active ground-water evapotranspiration (ET) index; represents the fraction of PET that can be met from
plants transpiring water directly from the saturated zone.

AGWRC Active ground-water recession coefficient; governs the rate at which ground water is discharged from a
land segment. When there is no inflow to ground-water storage, it is equal to the ratio of the rate of
discharge ‘today’ to the rate of discharge ‘yesterday’.

BASETP Baseflow evapotranspiration index; represents the fraction of PET that can be met from riparian plants
transpiring discharged ground water.

CEPSC Interception storage capacity; represents the maximum amount of intercepted precipitation that can be

’ stored on vegetation.

DEEPFR Deep fraction of ground-water index; represents the fraction of ground-water recharge that will enter the
deep (inactive) ground-water system and be lost from the basin of interest.

INFEXP Infiltration equation exponent; it is the exponent in the infiltration equation that governs the rate of
decrease of infiltration with increasing soil moisture. :

INFILD Infiltration difference; the ratio of the maximum to the mean infiltration rates within a land segment. Itis
used to represent the amount of variation in soil properties within a land-segment type.

INFILT Infiltration index; governs the partitioning of water incident on the soil surface into either potential direct
runoff or lower-zone soil moisture.

INTFW Interflow index; governs the partitioning of potential direct runoff into either interflow (shallow-
subsurface flow), overland flow, or upper-zone soil moisture storage.

IRC Interflow recession coefficient; governs the rate at which interflow is discharged from a land segment.
KVARY “K” variation; governs, in combination with AGWRC, the rate at which ground water is discharged from
a land segment. It affects this discharge when there is inflow to ground-water storage.

LSUR Length of the surface overland-flow plane; represents the average length of the overland flow plane for a
land segment.

LZETP Lower-zone evapotranspiration; represents the fraction of PET that can be met by plants transpiring water
from the lower soil zone.

LZSN Lower-zone storage - nominal; represents the soil-moisture storage ability of the lower soil zone.

NSUR “N” value of the surface; represents the average Manning’s roughness coefficient of a land segment.

SLSUR Slope of the surface; represents the average slope of a land segment.

UZSN Upper-zone storage - nominal; represents the storage ability in depressions and surface layers of a land

segment.
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conveyance feature in flow tables (FTABLES), which
define the discharge from the downstream end of a reach
as a function of the volume in the reach. These FTABLES
can generally be derived using various theoretical flow
equations in combination with some measurable reach
characteristics, such as cross section, roughness, slope,
and length. A water budget for a reach is calculated by
first adding the inflows to the storage of a reach, and then
apportioning stored water to channel infiltration or down-
stream flow according to the FTABLE.

HSPF represents drainage basin geometry as a
connected series of land segments and reaches. For this
investigation, individual land segments with similar char-
acteristics but different locations in a basin were grouped
into land-segment types and a single set of process-related
parameter values was determined for each land-segment
type. For example, all moderately sloping, north-facing,
sagebrush-covered parcels with deep silt-loam soils were
included in a single land-segment type. A complex
mosaic of slopes, aspects, vegetation, and soils was thus
represented with relatively few land-segment types.
Reaches were not grouped, so a separate FTABLE was
calculated for each reach. The land area draining to a
given reach was defined as a subbasin, and the areal extent
of land segments within each subbasin was specified in the
network routine of HSPFE.

The connections between land segments and reaches
are also specified in the network routine of HSPE. Out-
flows calculated for any land segment or reach--such as
overland flow or stream discharge--can be routed to any
other land segment or reach so a variety of connections
between land segments and reaches can be represented.
For this investigation, it was necessary to represent the
alluvium beneath stream channels as land segments so
storage and evaporation of infiltrated water could be simu-
lated. Infiltration of runoff into the alluvium was simu-
lated by routing some streamflow to the underlying land
segment where the water was then apportioned between
storage, evaporation, and percolation according to the
water-budget calculations.

Simulation of Frozen Soils

Simulation of the occurrence and infiltration proper-
ties of frozen ground were critical for realistic simulation
of runoff, but HSPF does not explicitly simulate soil freez-
ing and thawing. Therefore, estimated dates of soil
freezing and thawing were determined using a separate
procedure, and the effects that freezing had on infiltration
was simulated by adjusting and resetting the value of the
INFILT parameter in HSPF, a parameter that directly
controls the simulation of infiltration and runoff.

Dates of soil freezing and thawing were estimated
using a method developed and tested by Cary and others
(1978) in eastern Washington. The method considers only
the net daily heat flow across the soil surface. It is applica-
ble when the top foot of soil has cooled to near 0°C; at that
time, almost all further heat loss comes from freezing
water because the latent heat of freezing is much greater
than the heat capacity of soil. Thus, the daily heat flow
into or out of the soil may be interpreted as freezing or
thawing of water. When the sum of the daily heat flows is
negative, ice must be present in the soil, and when it is
positive, the soil is unfrozen. This concept may be stated
as

n
M = ZGn+upn (1)
n=1

where M is the net daily heat flow in watts per square
meter, n indicates the day beginning with the soil tempera-
ture near 0°C, G, is the daily average soil heat flux down-
ward across the soil surface, and up,, is daily average soil
heat flux upward from subsoil layers into the zone suscep-
tible to freezing. When M is less than zero, it is assumed
that the soil is frozen, and when M is equal to or greater
than zero, it is assumed that the soil is not frozen.

Values of up,,, which are typically small, are esti-
mated by the empirical relation

up, = 2.5sin (J +80) , (2}

where J is the Julian date. Cary and others (1978) report
that the equation gave values of mean daily upward soil
heat flux that followed the experimental measurements
reasonably well. Values of Gn are estimated by the semi-
empirical relation

T I
_l_<( ~ a—l) )
G, = 1\T."—3 [1 12+N] o (3)

where k is the average soil thermal conductivity (watts per
meter per degree Celsius) over length [ (meters), Za is the
average daily air temperature (degrees Celsius), Ta-1 is the
average daily air temperature of the previous day, B is a
proportionality constant, /, is the depth of snow cover in
meters, and N is a calibration constant. The summation
calculation for M begins approximately with the autumn
day when the soil temperature is near 0°C. For each



consecutive day through the winter, values for up,, are cal-
culated from equation (2) and values for Gr are calculated
from equation (3) using average daily air temperature and
snow cover data. Approximate values for the quantity &/
and the coefficients B and N are presented in Cary and
others (1978), although those values can be refined
through calibration to observed data. A snowpack cannot
have a temperature greater than 0°C, so the upper limit of
Ta is set equal to 0°C when snow cover is present.
Because the method assumes the soil is always near 0°C
when it is not frozen, the upper limit of 7a-7, which is a
surrogate for average soil temperature in equation (3), is
also set to 0°C.

Daily values of air temperature and snow cover--as
well as parameter-value estimates of the quantity &/ and
the coefficients B and N--are required to obtain daily solu-
tions for equations (1) and (3). For this investigation, the
necessary parameter values were calibrated by starting
with a set of values from Cary and others (1978) and
adjusting those values using observed daily air tempera-
ture, snow depth, and soil temperature data from the
National Weather Service station at Pullman, Washington,
for 1970 through 1993. The Pullman data were used for
calibration because no equivalent data sets were available
for sites within the study area. The resulting parameter
values were considered to be transferrable to the study
area because the silt-loam soils at the Pullman station are
similar to the predominant soil type in the study area. The
calibration involved calculation of daily values of M from
the observed air temperature and snow depth data accord-
ing to the procedure previously described and adjustment
of parameter values to get good agreement between simu-
lated and observed frozen soil. Observed frozen soil was
indicated when the soil temperature at 2-inch depth was
less than 0°C, and simulated frozen soil (at a 2-inch depth)
was indicated when M was less than -25 watts per square
meter.

The final calibrated parameter values (k//=25,B=1,
and N = 0.025) resulted in correct frozen-soil predictions
for the Pullman site 83 percent of the time. The method
incorrectly predicted frozen soil 5 percent of the days
when the soil temperature was greater than 0°C, and it
incorrectly predicted thawed soil 12 percent of the days
when the soil temperature was less than or equal to 0°C.

The calibrated method was tested for study area con-
ditions using observed air and soil temperature data, and
HSPF simulated snow depth for the Cold Creek meteoro-
logical station. The method correctly predicted frozen soil
92 percent of the time for the winter months (November
through March) of 1990 through 1993, but the method
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predicted the final 1993 thaw 4 days after the thaw was
observed. Although such results are reasonable, the few
days with incorrect simulations may have resulted in large
errors in the simulation of runoff. Frozen ground gener-
ally has a significant effect on runoff during only a few
days each winter when rainfall and snowmelt intensities
are great enough to produce significant runoff. Thus, if
frozen-soil conditions were incorrectly simulated on those
few critical days, runoff simulation errors could be large.

Model Construction

To construct numerical models for Cold Creek and
Dry Creek Basins, physiographic data was used to appor-
tion land area to land-segment types and to divide surface-
water drainage networks into reaches; basin geometry was
defined by establishing links between land segments and
reaches; parameter values for land segments and reaches
were estimated from physiographic data, channel geome-
try data, and theoretical hydraulic formulas; and selected
parameter values were calibrated to observed data.

Land Segments

Land segments were defined on the basis of soil type,
vegetation type, slope, aspect, altitude, and geographic
location. Land-segment types were defined as a group of
land segments with the same soils and vegetation, but sub-
ject to different climate. A unique set of HSPF parameter
values was determined for each land-segment type, so the
spatial distribution of land-segment types represented the
spatial distribution of study area physiography. Likewise,
unique climatic data were assigned to all land segments
with a given slope, aspect, altitude and general geographic
location, thus representing the spatial distribution of
climatic data. It was not computationally feasible to repre-
sent the entire continuum of physical and climatic
characteristics found in the study area, so simplified
classification schemes for soil, vegetation, topography,
and geography were utilized.

All soils in the study area were classified into one of
four categories, based on total depth and available water
capacity (AWC). The original soils data--obtained from
T.A. Zimmerman (Pacific Northwest Laboratory, written
commun., 1985)--were classified into five depth-AWC
groups for coarsely-mapped areas on the Yakima Firing
Range, and into 17 groups for all other areas. All of those
groups were combined to create the four categories for this
investigation. Those categories, their areally-weighted
average depths and AWCs, and their areal extent in the
study area are shown in table 8.



Table 8.--Soil categories and their average depth, average available water capacity, and areal extents in the study area

[AWC, available water capacity]

Average depth Average AWC Areal extent (percent of
Soil category (feet) (inches per inch) total study area)
Shallow-low AWC 1.5 0.13
Shallow-high AWC 1.7 0.20
Deep-low AWC 44 0.12
Deep-high AWC 4.0 0.19

Five vegetation types--or land uses--were defined for
the study area. The original land use data--also obtained
from T.A. Zimmerman (Pacific Northwest Laboratory,
written commun., 1985)--were classified into five suitable
categories. Because a sixth category, commercial,
included less than one-tenth of one percent of the study
area, those areas were reclassified as grasslands. The
vegetation categories and their areal extent in the study
area are shown in table 9.

Table 9.--Vegeration categories and their areal extents
in the study area
[<, less than]

Areal extent (percent of

Vegetation category total study area)

Sagebrush 35
Bare sand <1
Irrigated agriculture <1
Grasslands 51
Dryland wheat 13

Topographic classification was based on slope,
aspect, and altitude. Three slope categories, two aspect
categories, and four altitude categories were defined from
digital elevation model data with a grid spacing of 30 by
30 meters. Slope and aspect categories and their areal
extents in the study area are shown in table 10; altitude
categories and their areal extents in the study area are
shown in table 11.

Combining the 13 defined soil-vegetation groups
with 84 defined climate zones--based on slope, aspect,
altitude and geographic location--resulted in a total of 274
land-segment types for the study area. A few additional
land segments were defined to represent the alluvium
beneath stream channels.

Table 10.--Slope and aspect categories and their areal
extent in the study area
[>, greater than]

Slope/ Areal extent
aspect Slope range (percent of
category (degrees) Aspect  total study area)
Mild 0-4 north 19

Mild 0-4 south 17
Moderate >4-10 north 19
Moderate >4-10 south 22

Steep > 10 north 15

Steep >10 south 8

Table 11.--Altitude categories and their areal extent in
the study area

Altitude Altitude range  Areal extent (percent of
category (feet) total study area)

1 512-1,312 19

2 1,313 - 2,297 42

3 2,298 - 3,281 31

4 3,282 - 4,193 8
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Geographic location was characterized by defining
eight subbasins for the study area, four each in Cold Creek
and Dry Creek Basins. Subbasin boundaries are shown on
figure 2, and subbasin sizes are shown in table 12,

Table 12.--Subbasin drainage areas in the study area

Drainage area

Subasin name (square miles)

COLD4 17.0
COLD3 11.6
COLD2 10.7
COLDI1 35.2
Cold Creek Basin total 74.5
DRY4 56.9
DRY3 29.6
DRY2 347
DRY1 26.7
Dry Creek Basin total 1479
Reaches

The reaches defined for the study basins represent
only the general hydraulic characteristics of the drainage
networks; small-scale variations in characteristics were
not represented. The beginning and end points of reaches,
called nodes in HSPF, were defined at all points where
specific flow information was desired, such as at the four
stream-gaging station sites and at the point where Dry
Creek crosses the Hanford Site boundary. Those nodes
were required because inflows and outflows from reaches
are calculated only at defined nodes in the HSPF program.
Nodes were also defined at the upstream boundary of the
alluvial channel deposits in Cold Creek to delineate that
location where channel infiltration begins, at the Rattle-
snake Springs location to allow simulation of
ground-water discharge to Dry Creek, and at two points
that delineate a reach where dispersed seeps and springs
discharge to upper Cold Creek.

A total of 10 surface-water reaches, five in each
basin, were defined for the study area. One additional
reach was defined to represent the shallow ground-water
flow system beneath upper Cold Creek Basin.
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Basin Geometry

Basin geometry was represented by defining the
hydraulic links between land segments and reaches,
including links representing channel infiltration areas and
terminal runout zones. The geometry of Cold Creek and
Dry Creek Basins, as represented in the numerical models,
is shown as schematic diagrams in figures 4 and 5.

Runoff from land segments was routed to the nearest
surface-water reach, and direct recharge from land seg-
ments was routed either to the regional ground-water flow
system or to a ground-water reach representing the shal-
low ground-water flow system underlying the upper Cold
Creek Basin (subbasins COLD4, COLD3, and COLD2).
In those subbasins, direct recharge was routed to the
ground-water reach so it could be allocated between the
regional ground-water flow system and ephemeral
ground-water discharge into stream channels; this was
done because the standard ground-water algorithms in
HSPF do not allow simulation of ephemeral ground-water
discharge. Also, in the Dry Creek Basin model, a constant
amount of ground-water discharge was routed to the reach
that represents Rattlesnake Springs (D4)--the actual source
of ground water to Rattlesnake Springs is not known, so
no specific source was identified in the model. Discharge
to those springs was assumed to be constant throughout
the period of simulation and not affected by seasonal
variations in ground-water recharge, so a separate ground-
water reach was not needed to represent the source of the
spring water. For all other areas represented in the mod-
els, direct recharge from land segments was assumed to
recharge the regional ground-water system and was not
routed to any channel reaches in the study area.

Streamflow in all channel reaches was routed either
downstream or to below-channel land segments as infil-
trated runoff. All streamflow in upper Cold Creek Basin
(reaches Cl1, C2, and C3) was routed to the next down-
stream reach; no infiltration was simulated for those non-
alluvial channels. All streamflow from reach D4 in the
Dry Creek model was also routed downstream; no infiltra-
tion was simulated because ground water is discharged to
Rattlesnake Springs in this reach. Streamflow in all other
reaches was first apportioned to meet the channel infiltra-
tion demand, and any remaining flow was routed down-
stream. Water apportioned to channel infiltration was
routed to below-channel land segments. Those segments
were used to simulate the storage and evapotranspiration
of infiltrated runoff from alluvial sediments, which the
standard HSPF channel-routing algorithms do not
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simulate. Water that was neither stored in nor evapotrans-
pired from below-channel land segments was considered a
source of recharge from runoff.

All streamflow remaining in the furthest downstream
reaches defined for Cold Creek and Dry Creek (C5 and
D5, respectively) was routed to a series of runout-zone
land segments designed to simulate variable areas of inun-
dation that would result from variable volumes of runoff.
The runout zones for Cold Creek and Dry Creek were each
represented by a series of three land segments. Stream-
flow onto the first segment was first apportioned to infiltra-
tion, and any remaining flow was routed downstream to
the second segment. Streamflow onto the second segment
was treated likewise, but streamflow onto the third and
final segment was all apportioned to infiltration. For all
segments, the infiltrated water was further apportioned
between evapotranspiration and percolation, and the latter
was considered to be a source of recharge from runoff.

Estimation and Calibration of Parameter
Values

Parameter values were estimated from physiographic
data, channel geometry data, theoretical hydraulic formu-
las, and information derived from other investigations.
Selected values were calibrated to observed hydrologic
data, but many other parameter values--as well as the com-
plete numerical models--could not be calibrated and tested
over the full range of expected climate conditions.
Because it is not technically sound to quantify calibration
errors on the basis of limited available data, a qualitative
discussion of model sensitivity and errors is presented.
Additional hydrologic data would be needed to further
assess model calibration and performance.

Land-Segment Parameters

Land-segment parameters are related to snow accu-
mulation and melt, evapotranspiration, runoff timing, and
infiltration. All parameter values for the various land-
segment types are listed in the HSPF input files in
Appendixes | through 7.

Snow accumulation and melt parameters

Most parameter values related to snow accumulation
and melt on land segments were estimated from published
reports on snow hydrology. A sensitivity analysis showed
that simulated snow accumulation and melt was most
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sensitive to the coefficient that adjusts measured snow-
fall to account for undercatch of snow by the gage
(SNOWCEF), and to two empirical parameters--the
sublimation adjustment coefficient (SNOEVP) and the
condensation/convection melt coefficient (CCFACT). The
value for SNOWCEF was set at 1.25, which assumes the
precipitation gages catch only 80 percent of actual snow-
fall. That value was estimated from a graph of windspeed
and snowfall catch efficiency (Goodison and McKay,
1978) using the average winter windspeeds at the HMS of
about 2 meters per second. The values for SNOEVP and
CCFACT were calibrated to daily snow depth data from
the HMS for water years 1977-90. The simulated and
observed snow depths for two selected winters with above
average snowfall (figure 6) are indicative of the calibration
results. The model simulated the ephemeral occurrence of
snowcover quite well, but it simulated the absolute snow-
depth less accurately. Snow-water equivalent data were
not available for the calibration.

Evapotranspiration parameters

Parameter values related to evapotranspiration from
land segments were estimated using information from pre-
vious investigations in the study area. Monthly values for
interception storage capacity (CEPSC) and lower zone
evapotranspiration index (LZETP) were extracted from
Bauer and Vaccaro’s Deep Percolation Model for eastern
Washington (1987) and from an unpublished recharge
model produced for the Basalt Waste Isolation Project
(C.R. Cole, Pacific Northwest Laboratory, written com-
mun., 1984). Values for the lower soil-zone storage capa-
city indices (LZSN) were estimated from soil-water stor-
age capacity data compiled by T.A. Zimmerman (Pacific
Northwest Laboratory, written commun., 1985). Parame-
ter values related to evapotranspiration from below-
channel land segments were set to represent sand and
cobble materials with sparse vegetal cover on the basis of
the author’s experience with HSPF.

Simulation of total evapotranspiration from grass
covered land segments was assessed using calculated
evapotranspiration data for the period June 1990-
September 1991 from two experimental sites in Dry Creek
Basin (Tomlinson, 1994; G.W. Gee, Pacific Northwest
Laboratory, written commun., 1993; S.A. Tomlinson,
U.S. Geological Survey, written commun., 1995). Instru-
mentation that allowed estimation of evapotranspiration
using the Bowen-ratio method was in place at one site, and
a weighing lysimeter was in place at the second site. Both
sites were grass covered. Total ET was simulated with
HSPF for the two sites using appropriate climate data for



SNOW DEPTH, IN INCHES

T T T
- (a)
i —— Qbserved
—— Simulated
8 -
6 —
4 L
2 -
. ) \J\ L
1 1 1
November December | January February
1978 1979
] T T
[ (b)
| e Qbserved
—— Simulated
8
6 —
4 +
2 -
0
1 o 1
December January February March
1988 1989

Figure 6. Observed and simulated snow depth at the Hanford Meteorological Station for
(a) November 1978 to February 1979, and (b) December 1988 to March 1989.

25



the defined climate zones of the experimental sites. The
calculated data and the HSPF simulation results from three
different values for the LZSN parameter are shown in
figure 7. The three parameter values included the original
estimated value for grass-covered land segments underlain
by deep soils with high available-water capacities, and
values reflecting soil available-moisture capacities 20 per-
cent greater than and less than the original estimated
value. All three parameter values resulted in reasonable
evapotranspiration simulations at both sites. Runoff--
particularly winter runoff--is only slightly affected by
evapotranspiration through the influence of ET on ante-
cedent soil-moisture conditions, so the original estimates
for all three evapotranspiration parameter values (LZSN,
CEPSC, and LZETP) for grass-covered land segments
appeared to be fully adequate for this investigation. Data
were not available to assess the adequacy of parameter
values for other land segment types.

Runoff-timing parameters

Parameter values that primarily control only the tim-
ing of runoff--average length, slope, and roughness of
overland flow planes (LSUR, SLSUR, and NSUR respec-
tively), the interflow index (INTFW), and upper soil-zone
storage capacity index (UZSN)-- were estimated directly
from field or map measurements or from the author’s
experience. There were no available data to calibrate or
assess the validity of those values, but their influence on
simulated runoff and recharge volumes is minor.

Infiltration parameters

Parameter values related to infiltration into both fro-
zen and thawed soils (the infiltration index INFILT and the
infiltration-equation exponent INFEXP) were determined
through calibration to available streamflow data after all
other model parameter values were either estimated or
calibrated. A sensitivity analysis, wherein changes in
simulated runoff relative to changes in model parameter
values were assessed, showed that simulated runoff is
most sensitive to the values for INFILT and INFEXP.
Continuous records of streamflow observed during
October 1990 through May 1993 (table 4) and four instan-
taneous peak-discharge estimates of historic flows
(table 13) were used for calibration. The available data
were not ideal for calibration; no substantial runoff
occurred during the period October 1990-May 1993, when
continuous records of streamflow were collected and no
runoff volume data were available with the historic
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peak-discharge data. However, the peak discharge data
were used anyway because they are somewhat indicative
of the magnitude of historic runoff.

The same values for INFILT and INFEXP were
assigned to all land segment types. This simplification
was justified because actual infiltration characteristics are
likely similar for the fine-textured soils that cover most of
the study area and because the observed streamflow data
were not adequate to realistically ascertain subtle differ-
ences. Simulated infiltration still did vary between land
segments because of the variation in previously assigned
available-water capacity and evapotranspiration related
parameter values.

To calibrate INFILT and INFEXP, values were
adjusted for thawed conditions to simulate no significant
runoff during the October 1990-May 1993 (as was
observed). Then, values were adjusted for frozen-soil
conditions to simulate substantial runoff to coincide with
the four historical peak discharges while still simulating
little or no runoff for October 1991-May 1993. Accurate
simulation of 1990-93 runoff volumes was given much
greater emphasis than accurate simulation of historical
peak flows because peak flows in the study area are not
well correlated with runoff volumes. For example, peak
discharges associated with recent runoff were greatly
affected by sudden releases of runoff from temporary
storage behind tumbleweed- and sediment-choked culverts
and channels. Thus, a small volume of runoff often
resulted in a large peak discharge. The observed data were
not available to simulate those random storages and
releases of runoff.

The final calibrated parameters resulted in simulated
historical peak discharges that were consistently less than
observed (table 13). No storm runoff was simulated for
January 13, 1969, when runoff was observed in lower Dry
Creek. The model did predict frozen ground throughout
the basin, but air temperatures were below freezing from
January 12 through February 3, so all precipitation was
simulated as snowfall and essentially no snow was melted.
A peak discharge of only 31 ft¥/s was simulated for
January 14, 1970, when runoff was observed in lower Dry
Creek. Rapid snowmelt was simulated for that day, but
most of that was held in the deep, dry snowpack and was
not available for runoff. Sustained, above freezing tem-
peratures and rainfall did result in significant simulated
runoff for the following week; a peak discharge of
345 ft%/s was simulated for January 24, 1970 . A peak
discharge of only 156 ft3/s was simulated for January 16,
1971, in upper Dry Creek; the observed peak discharge
was 2,280 ft*/s. The model predicted frozen ground
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Figure 7. Simulated and calculated evapotranspiration estimates for (a) the Snively Basin

Bowen-ratio site, and (b) the Benson Springs grass lysimeter site. HSPF - LZSN refers to the
value of the lower-zone nominal storage capacity parameter used to get these results from the

HSPF simulation model.

27



Table 13.--Observed data and simulated peak discharges and runoff volumes from the calibrated numerical models

[Max.Q, maximum instantaneous discharge; ft3/s, cubic feet per second; acre-ft, acre-feet; e, estimated; missing data

denoted by “.”; na, not applicable]

Upper Cold Creek Lower Cold Creek Upper Dry Creek Lower Dry Creek
Station 12510618 Station 12510625 Station 12510650 Station 12510655
Max.Q Total Max.Q Total Max.Q Total Max.Q Total
Date (ft3/s) (acre-ft) (ft3/s) (acre-ft) (ft3/s) (acre-ft) (ft3/s) (acre-ft)
Observed Discharge
01/13/1969 190
01/14/1970 . 350
01/16/1971 . 2,280
03/06/1989 244
WY 1991 0 0 170 5.7 50e 99e 74.0 345 e
WY 1992 10.0 0.30 2.6 0.24 0 0 0.52 308
Oct-May 1993 14.6 83.8 53e 1.50e 0 0 0.50 195 e
1991-93 Total na 101 na 75e na 99e na 848 e
Simulated Discharge
01/13/1969 na na na na na na 0.45 na
01/14/1970 na na na na na na 31.! na
01/16/1971 na na na na 156 na na na
03/06/1989 na na 103 na na na na na
WY 1991 7.8 13.9 0 0 0.61 0.10 0.45 309
WY 1992 3.0 14.0 0 0 0 0 0.45 309
Oct-May 1993  41.1 160 51.6 54.5 0 0 205 341
1991-93 Total na 188 na 54.5 na 0.10 na 957

N peak discharge of 345 ft3/s was simulated for January 24, 1970.

throughout most of the basin, but the input precipitation
and simulated snowmelt were not enough to generate a
peak discharge as large as the observed peak. Even when
model parameter values were adjusted so that infiltration
was essentially zero, the simulated peak discharge was
still an order of magnitude less than the observed value;
such results indicate that the actual precipitation that led to
runoff during that time was not represented in the input
climatic data. The model correctly simulated frozen
ground and snowmelt runoff for March 6, 1989, but the
simulated peak discharge in lower Cold Creek was 58
percent less than that observed. When parameter values
were adjusted to simulate essentially no infiltration, the
peak discharge was still 25 percent less than observed.
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Although most of the observed low-volume runoff
for water years 1991-93 was poorly simulated (figs. 8-9
and table 13), the final calibrated parameters correctly
simulated the lack of substantial runoff during the period.
No storm runoff was simulated for January 12 or June 20,
1991, in lower Dry Creek (fig. 9). The January 12 runoff
resulted from the rapid melting of snow that had accumu-
lated as drifts in the incised stream channels. Redistribu-
tion of snow by wind was not considered in the models, so
they simulated the melting of a thin, dispersed snowpack
that did not result in runoff. The June 20 runoff was a
result of a localized intense precipitation that was not rep-
resented in the precipitation data used for the simulations.
No runoff was simulated for June 29, 1991, in lower Cold
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Figure 8. Observed and simulated daily mean discharge for October 1990 to May 1993,
for (a) Upper Cold Creek Basin, and (b) Lower Cold Creek Basin.
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Creek (fig. 8) for similar reasons. The observed runoff
was a result of localized intense precipitation that was not
represented in the precipitation data used for the simula-
tions. The relatively large observed peak discharge of

61 ft>/s from that runoff was also a result of rapidly
released waters that were ponded behind a temporarily
plugged culvert. Minor volumes of streamflow were sim-
ulated for upper Cold Creek during 1991-92, when none
were recorded at the streamflow-gaging station. Minor
runoff was observed in the upper basin during this period,
but it was infiltrated into tributary channel bottoms before
it reached the streamflow-gaging station. In the Cold
Creek model, infiltration into channel deposits was not
simulated in the upper basin because the alluvial channel
deposits are either absent or only a few feet thick. Excess
streamflow was simulated in upper Cold Creek and in
lower Dry and Cold Creeks during snowmelt periods in
January and March, 1993. The models correctly simulated
snowmelt over frozen soils that was observed in January,
but the actual snowmelt was stored in the snowpack itself,
whereas the simulated snowmelt saturated the snowpack
and resulted in streamflow. The models simulated snow-
melt over some frozen and some thawed soils in March, as
was observed, but they simulated too much melt early in
the month when the ground was still frozen, so simulated
streamflows were greater than observed.

Through trial and error, no combination of INFILT
and INFEXP parameter values could accurately simulate
all observed data--historical peak discharges were consis-
tently underestimated, and 1990-93 streamflow was con-
sistently overestimated. Given the likely poor correlation
between the historical peak discharges and the unknown
associated runoff volumes, the 1990-93 simulation results
were assumed to be more indicative of overall model per-
formance. Thus, the final parameter values were set to
simulate a plausible upper limit for runoff and recharge
primarily on the basis of 1990-93 simulation results.
Parameter values were assigned to make infiltration capac-
ities moderately high when soils were not frozen and very
low when soils were frozen, and the models were con-
structed to instantaneously switch from one parameter
value to the other during a freeze or thaw. In reality, infil-
tration capacities of frozen soils vary greatly from storm to
storm, primarily as a function of the water content of the
upper soil layer and of the depth, duration, and rapidity of
frost formation. Also, the actual transition from thawed to
frozen conditions is gradual rather than instantaneous.
The assigned parameter values represent little infiltration
into frozen soils for all instances, so they may oversimu-
late runoff from some periods, as was seen for January and
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March of 1993. Given that errors in almost all other com-
ponents of the numerical models--including inaccuracies
in the input climate data--are reflected in the calibration
results, much uncertainty remains regarding how well the
calibrated values represent the actual infiltration character-
istics of the study area.

Reach Parameters

The important reach parameter values are in
FTABLES, which define the discharge from the down-
stream end of a reach or a channel bottom as a function of
the volume in the reach. The FTABLES for all reaches are
listed in the HSPF input files in Appendixes 1 through 7.
Values in all standard FTABLES were not calibrated; they
were estimated directly from field and map measurements.
The volumes of water in a reach for selected flow depths
were determined from field measurements of representa-
tive channel cross sections and map measurements of
channel length; the corresponding downstream discharges
were estimated using Manning’s equation. An estimate of
total wetted-channel area was also made for each flow
depth. Storage and discharge values for the FTABLE used
to represent the ground-water reach in upper Cold Creek
Basin were calibrated to match the observed 1990-93
baseflow discharge in upper Cold Creek.

The discharges representing channel infiltration were
estimated for a reach by multiplying the corresponding
wetted-channel area by an average infiltration rate of
4 inches per hour. That average infiltration capacity was
estimated using the few observed runoff data from the
basins. Soil-moisture measurements were made in access
tube C2 immediately before and 17 hours after runoff
flowed over the site (fig. 3). Water was still ponded
around the tube when the second measurement was made,
and the wetting front had moved downward at a rate of
about 4 inches per hour. Also, the downstream extent of
surface flow was noted for the few flood waves that passed
the streamflow-gaging stations. From those data, the aver-
age unit-area infiltration rate was estimated by dividing
the peak discharge by the total downstream wetted-
channel area. The resulting estimates are likely larger than
the actual infiltration rates because the calculation
assumes that attenuation of the runoff peak was from
channel infiltration only. The estimated loss rates were
2 and 5 inches per hour for events observed in Cold Creek
Basin, and were 5 and 8 inches per hour for events
observed in Dry Creek Basin.



SYNTHESIS OF LONG-TERM
CLIMATE DATA

Synthesized long-term (October 1957 through May
1993) data sets of hourly precipitation, air temperature,
dew point, solar radiation, and potential evapotranspira-
tion--in addition to observed windspeed and solar radia-
tion data--were used to estimate long-term average values
for runoff and recharge. The climate data were synthe-
sized by adjusting long-term data observed at nearby
weather stations to account for location and altitude
variability across the study area.

Seventeen precipitation data sets were synthesized
from daily data observed at the HMS, Moxee City 10 E,
Priest Rapids Dam, and Sunnyside weather stations. The
study basins were first divided into five precipitation
regions on the basis of correlation of precipitation totals to
data from the four long-term stations (table 2). The
UCOLD precipitation region contained subbasin COLD4;
the LCOLD region contained subbasins COLD3, COLD2,
and COLD1; the UDRY region contained subbasin DRY4;
the MDRY region contained subbasin DRY3; and the
LDRY region contained subbasins DRY2 and DRY 1.
Daily precipitation data from the long-term stations
located outside of the study area were then multiplied by
adjustment factors to represent study-area precipitation.
The adjustment factors accounted for precipitation varia-
tion due to location and altitude. Variation due to location
was accounted for by using different long-term station
data for different precipitation regions in the study area;
Priest Rapids Dam data were used for the UCOLD region,
HMS data were used for the LCOLD and LDRY regions,
Mozxee City 10 E data were used for the UDRY region,
and Sunnyside data were used for the MDRY region. The
location components of the adjustment factors were deter-
mined by comparing monthly precipitation totals from the
long-term stations to data from USGS recording precipita-
tion stations located within the study basins. Precipitation
variation with altitude within a given region was calcu-
lated using data from all of the USGS precipitation
stations in the study area. The resulting increases in pre-
cipitation with altitude ranged from 0.24 inches per
thousand feet in Cold Creek Basin to 0.79 inches per
thousand feet in Dry Creek Basin. Finally, the adjusted
daily values for all regions and altitudes were disaggre-
gated into hourly values according to the hourly distribu-
tion of precipitation recorded at the HMS, which were the
only observed hourly data available.

Four air temperature and dew-point temperature
datasets, one for each of the four altitude categories (table
11), were synthesized from hourly data observed at the
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