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SURFACE-WATER HYDROLOGY AND RUNOFF SIMULATIONS
FOR THREE BASINS IN PIERCE COUNTY, WASHINGTON

By M.C. Mastin

ABSTRACT

The surface-water hydrology in Clear, Clarks, and
Clover Creek Basins in central Pierce County,
Washington, is described with a conceptual model of the
runoff processes and then simulated with the Hydrological
Simulation Program-FORTRAN (HSPF), a continuous,
deterministic hydrologic model. The study area is cur-
rently undergoing a rapid conversion of rural, undevel-
oped land to urban and suburban land that often changes
the flow characteristics of the streams that drain these
lands. The complex interactions of land cover, climate,
soils, topography, channel characteristics, and ground-
water flow patterns determine the surface-water hydrology
of the study area and require a complex numerical model
to assess the impact of urbanization on streamflows. The
U.S. Geological Survey completed this investigation in
cooperation with the Storm Drainage and Surface Water
Management Utility within the Pierce County Department
of Public Works to describe the important rainfall-runoff
processes within the study area and to develop a simula-
tion model to be used as a tool to predict changes in runoff
characteristics resulting from changes in land use.

The conceptual model, a qualitative representation of
the study basins, links the physical characteristics to the
runoff process of the study basins. The model incorpo-
rates 11 generalizations identified by the investigation,
eight of which describe runoff from hillslopes, and three
that account for the effects of channel characteristics and
ground-water flow patterns on runoff.

Stream discharge was measured at 28 sites and precip-
itation was measured at six sites for 3 years in two over-
lapping phases during the period of October 1989 through
September 1992 to calibrate and validate the simulation
model. Comparison of rainfall data from October 1989
through September 1992 shows the data-collection period
beginning with 2 wet water years followed by the rela-
tively dry 1992 water year.

Runoff was simulated with two basin models—the
Clover Creek Basin model and the Clear-Clarks Basin
model—Dby incorporating the generalizations of the con-
ceptual model into the construction of two HSPF numeri-
cal models. Initially, the process-related parameters for
runoff from glacial-till hillslopes were calibrated with
numerical models for three catchment sites and one head-
water basin where streamflows were continuously mea-
sured and little or no influence from ground water, channel
storage, or channel losses affected runoff. At one of the
catchments soil moisture was monitored and compared
with simulated soil moisture. The values for these param-
eters were used in the basin models. Basin models were
calibrated to the first year of observed streamflow data by
adjusting other parameters in the numerical model that
simulated channel losses, simulated channel storage in a
few of the reaches in the headwaters and in the floodplain
of the main stem of Clover Creek, and simulated volume
and outflow of the ground-water reservoir representing the
regional ground-water aquifers. The models were run for
a second year without any adjustments, and simulated
results were compared with observed results as a measure
of validation of the models.

The investigation showed the importance of defining
the ground-water flow boundaries and demonstrated a sim-
ple method of simulating the influence of the regional
ground-water aquifer on streamflows. In the Clover Creek
Basin model, ground-water flow boundaries were used to
define subbasins containing mostly glacial outwash soils
and not containing any surface drainage channels. In the
Clear-Clarks Basin model, ground-water flow boundaries
outlined a recharge area outside the surface-water bound-
aries of the basin that was incorporated into the model in
order to provide sufficient water to balance simulated
ground-water outflows to the creeks. A simulated
ground-water reservoir used to represent regional
ground-water flow processes successfully provided the
proper water balance of inflows and outflows to the major
ground-water discharge locations, but its simple design



did not always accurately simulate the correct storm
hydrograph shape at two Clover Creek sites where most of
the storm-water discharge is ground water.

Results indicate that the models accurately simulate
the important runoff processes in the study area and there-
fore confirm the validity of the conceptual model.
Observed and simulated streamflows were compared for
all the stream gaging stations. For the second year of com-
parisons, the validation period, the largest difference
between simulated annual runoff and observed annual run-
off was 2.72 inches or 25.7 percent for one of the catch-
ment sites, and the differences for the remainder of sites
ranged from -12.0 to 15.8 percent. Percentage differences
for winter and spring runoff range from -28.9 to 42.2 per-
cent. Percentage differences for summer runoff are the
highest, although actual differences are low; the highest
percentage difference is 700 percent, representing an
actual difference of only 0.07 inch. Two thirds of the per-
centage differences between simulated and observed peak
flows for the three largest peaks of the water year at each
station were less than 27 percent. Percentage differences
between simulated and observed storm runoff volumes for
the three largest storms at the continuous-recording
streamflow stations ranged from -22.9 to 84.6 percent,
with two-thirds of the differences being less than
19 percent. Percentage differences between simulated and
observed daily mean discharges had absolute errors rang-
ing from 8.6 to 197.7 percent. Long-term simulations of
30 and 31 years confirmed the stability of the models by
not simulating unreasonable ranges of volumes in the sim-
ulated ground-water reservoirs or unreasonable peak
streamflows.

INTRODUCTION

Pierce County, Wash., is currently undergoing a rapid
conversion of rural, undeveloped land to urban and subur-
ban landscapes. Land-use changes may cause changes in
the surface hydrology that have a dramatic impact on the
flow characteristics of the streams that drain the water-
shed. The hydrologic effects of urbanization have been
well documented (Savini and Kammerer, 1961; Seaburn,
1969; Anderson, 1970). Increasing urbanization increases
the amount of impervious surfaces and reduces infiltration
of precipitation into the soil. Reduced infiltration results
in increases in the quantity of runoff to the streams. These
changes often result in problems such as increased flood-
ing, erosion, and sedimentation.

Therefore, effective land development planning
requires consideration of the effects of land-use changes
on streamflows in the basin where development is occur-
ring. Pierce County recently formed a Surface Water
Management Utility to plan for and alleviate the impact
of land-use changes on streams. The U.S. Geological
Survey, (USGS) in cooperation with the Surface Water
Management Ultility, conducted an investigation of the
rainfall- runoff processes important to streamflow genera-
tion in Pierce County and developed a method to predict
changes in runoff characteristics resulting from changes in
land use.

This investigation involved proposing a conceptual
model of how the physical characteristics of a basin affect
runoff and then applying a numerical model to simulate
streamflows according to guidelines provided by the con-
ceptual model. The surface-water hydrology of a water-
shed was defined by the combination of physical
properties found within it, including the geology, soils,
vegetation, topography, drainage patterns, land use, and
climate, and then the conceptual model linked these basin
properties with runoff processes that generate streamflow.
A typical drainage basin found in Pierce County is a com-
plicated mosaic of basin properties all contributing in vari-
ous degrees to the generation of streamflow. In order to
understand the cumulative effect of all of these contribut-
ing areas within the basin, a numerical model of the basin
as a system of storages, inputs, and outputs is employed.
Precipitation and potential evapotranspiration (PET) are
supplied to the model as input. User-defined inputs to the
model define the size of the different storages, the rate of
flow in and out of storage, and the network of linkages that
are designed to simulate water movement through the
basin according to the hydrological processes defined in
the conceptual model. Success of the simulation is mea-
sured by comparison of observed and simulated stream-
flows. Once an accurate simulated model of runoff is
created for a basin, the effects of changing land use on the
runoff characteristics of a stream in the basin can be
shown.

The Hydrological Simulation Program-FORTRAN
(HSPF; U.S. Environmental Protection Agency, 1984) was
the numerical model chosen for the simulatton of runoff in
Pierce County because recent studies in nearby King and
Snohomish Counties (Dinicola, 1990) and in Thurston
County, located just south of Pierce County (Berris, 1995),
demonstrated this model to be successful in simulating
runoff in similar landscapes. This study uses much of the
same conceptual model of runoff processes and guidelines
in the construction of the numerical model as the two stud-
ies mentioned above. However, it does add some refine-



ment to the conceptual model and the calibration process
as well as provide calibrated numerical models for three
basins in Pierce County: Clear, Clarks, and Clover
Creeks.

Runoff was simulated for the three basins by con-
structing and calibrating HSPF numerical models of basin
hydrology. Because little or no streamflow data existed
for the streams, a network of 28 stream-gaging sites was
constructed to collect 2 years of streamflow data for cali-
bration and validation of the models. Precipitation data
were collected at six sites and were used as input to the
models. The model parameters and linkages that control
the simulated movement of water through the system were
adjusted as necessary through a calibration procedure that
compared observed streamflow with simulated stream-
flow. Graphical and statistical comparisons of observed
streamflows and simulated streamflows provided a mea-
sure of the accuracy of the models. (The reader may note
that the singular “model” or plural “models” may be used,
depending on whether the discussion is about the frame-
work of the HSPF modeling system [singular use] or about
the specific, parameterized representations of individual
basins [plural use]. The meaning and usage will be clear
from the context.)

The time and budget constraints of this investigation
allowed streamflow data for calibration and validation of
the numerical models to be collected for only 2 years.
Generally, it is suggested that preferably 5 years or more
of observed data be available for calibration (Linsley,
Kobhler, and Paulhus, 1982, p. 347). The network of
stream and precipitation gages used in this investigation
was left in place to allow continued monitoring by staff of
the Pierce County Storm Drainage and Surface Water
Management Utility. At a later date when more observed
streamflow information is available, the simulated stream-
flow generated from the models presented in this investi-
gation can be compared with a longer observed record to
more accurately define the confidence level of the accu-
racy of the models or refine model parameters.

Purpose and Scope

This report (1) describes the conceptual model of the
relations between the important runoff processes affecting
the surface-water hydrology and the physical properties in
Clear, Clarks, and Clover Creek Basins; (2) explains the
construction and application of a deterministic, numerical
model to simulate runoff in the basins; and (3) discusses
the success of the simulations to represent observed run-
off. The objective of simulating streamflows with a

numerical model for these basins is to provide a tool for
planners and engineers to assess the impacts to stream-
flows due to possible land-development scenarios.

Observed streamflow, soil moisture, and precipitation
data were collected to provide input to the numerical
model and to compare with simulated data. Twenty-eight
streamflow-gaging stations and six precipitation data sites
were constructed and monitored during two overlapping
phases of operation during the period of October 1989 to
September 1992. During this period, several large storms
with high precipitation totals occurred, and 1 relatively dry
water year (1992) was recorded. Phase I included the
operation of the gaging network for Clear and Clarks
Creeks for the period October 1989 to September 1991,
and Phase II included the operation of the gaging network
for Clover Creek for the period October 1990 to
September 1992. Calibration of the model involved com-
paring the first year of observed streamflow with simulated
streamflow. The second year of observed streamflow data
was compared with the calibrated model simulations to
test the validity of the models. Soil-moisture data were
collected during the period from February 1991 to
May 1992 at seven sites and from July 1991 through
September 1993 at an eighth site on a cow pasture catch-
ment within the Clover Creek Basin. The soil-moisture
data augmented the streamflow data by providing a mea-
sure of how well the numerical models could simulate the
soil-moisture processes in the study area. Precipitation
was measured at six sites within the study area, and the
data were used as input to the numerical models.

One separate numerical model for Clear and Clarks
Creek, one model for Clover Creek, and three models of
catchments (drainage areas less than 200 acres) in Clover
Creek, each having different land uses, were calibrated
and validated for the periods when streamflows were mea-
sured. In the calibration process, streamflow and soil-
moisture data collected at the catchment studies assisted in
defining the runoff parameters for different land types in
the study area. These parameters were used in all of the
basin numerical models, which were calibrated individu-
ally to observed streamflow data in each of the basins.
The closeness of the simulated to observed runoff pro-
vided a test of the validity of the conceptual model as rep-
resented by a numerical model.

Long-term (30 and 31 years) model runs were made
for each of the models. The range in simulated runoff
rates and simulated volumes in the ground-water storage
was recorded to assess how stable the results were and
how well the data collection period represented long-term
hydrologic condition.
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DESCRIPTION OF THE STUDY AREA

The three drainage basins that define the study area all
share common boundaries and are located in central Pierce
County, Wash., at the southeastern end of the Puget Sound
Lowland region (fig. 1). The Clear Creek drainage basin
has two separate creeks, Swan Creek and Clear Creek,
with a combined drainage area of 6.53 square miles. The
Clarks Creek Basin has three separate creeks, Canyon
Creek, West Fork Clarks Creek (also referred to as Rody
Creek), and Diru Creek, with a combined drainage area of
4.51 square miles. The Clover Creek drainage basin con-
tains several creeks that all drain into Clover Creek, with a
combined drainage area of 75.9 square miles. The major
streams in the Clover Creek Basin besides Clover Creek
include Spanaway Creck, Morey Creek (a distributary
from Spanaway Creek), and the North Fork of Clover
Creek. Spanaway Lake on Spanaway Creek, which con-
tains about 4,600 acre-feet, is the only large lake in the
study area.

Warm, dry summers and cool, wet winters character-
ize the climate of the study area. The mean monthly
January temperature for the period 1951-80 was 37°F at
McMillin Reservoir, a long-term weather station located
2 miles east of the study area. The mean monthly temper-
ature for July and August, the two warmest months, is
63°F. The mean annual precipitation is 41.40 inches, and
78 percent of the precipitation falls from October through
April (U.S. Department of Commerce, 1982). Typical rain
storms of the region arrive from the west or southwest as
large frontal storms of low intensity and long duration.
Snow falls rarely and does not contribute substantially to
the total annual precipitation, so snowfall was not consid-
ered in the description of the runoff processes or addressed
in the runoff simulations in this study.

The study basins have complex sets of physical fea-
tures that overlay each other. These features include
changing topography, varied distribution of soils, and a
non-uniform pattern of land cover resulting from the land
use and settlement patterns of the region. The result is that
a large number of land types, each having a unique runoff
response to rainfall, are distributed throughout the basins.

The topography and soil distribution of the study area
can best be described in the framework of the surficial
geology. The surficial materials consist entirely of uncon-
solidated deposits, which cover all of the study area.
These deposits were formed by an ice sheet that extended
southward into Puget Sound (the Puget Lobe) during the
last period of continental glaciation known as the Vashon
Stade, which occurred during late Pleistocene time
approximately 15,000 years ago. The stratigraphic units
of glacial deposits resulting from this glacial advance and
retreat are known as the Vashon Drift (Crandell and others,
1965). Two landforms relating to the Vashon Drift that
contrast greatly in their hydrologic response to rainfall
dominate large parts of the study area: (1) rolling hills of
glacial till and (2) level plains of glacial outwash.

Deposits of glacial till make up the principal land
types in the northeast part of the study area, which
includes the Clear Creek and Clarks Creek Basins and the
North Fork of Clover Creek Basin. Lodgement till con-
sists of deposits up to 200 feet thick compacted under the
weight of the glacier. Because of its compact character, it
is frequently referred to as hardpan. Ablation till, which
was formed when the ice melted and left behind sediment
carried by the ice, is found on top of the lodgement till and
varies in thickness from zero to several feet. Ablation till
consists of loose, unstratified sand and gravel that is well
drained, in contrast to the lodgement till, which has low
permeability. Lodgement till restricts infiltration of water
and can create saturated soil conditions for varying lengths
of time during winter and spring. Soils that formed on
these areas are grouped in the soil association known as
Kapowsin (U.S. Department of Agriculture, 1979). The
topography varies from terrain in the headwaters area that
is relatively flat but contains some rolling hills impound-
ing numerous small lakes and swampy depressions, to ter-
rain near the mouths of streams cut into steep-sloped
canyons. Altitude ranges from a high of 500 feet in the
headwaters of West Fork Clarks Creek to 20 to 30 feet at
the northern boundary of the study area where the five
creeks in the Clear and Clarks Creek drainages flow into
the Puyallup River Valley at five separate locations along
Pioneer Way.









CONCEPTUAL MODEL

The conceptual model defines the important hydro-
logic processes that describe the pathways, fluxes, and
storages of water within the study area. The processes are
those of the runoff cycle, which includes that portion of
the hydrologic cycle beginning with (1) surface retention
of rainfall at the land surface, continuing with (2) flow
from hillslopes to the stream channels, and then ending
with (3) flow in the channels toward the mouths of the
streams; the runoff cycle also considers (4) the interaction
of surface water with ground water.

Because the physical attributes of the study basins
affect runoff processes, the model describes the character-
istic land types identified in the study area with one or
more runoff processes. In doing so, the conceptual model
provides a basis for understanding how changes in the
physical character of the landscape can create changes in
the runoff characteristics of the streams.

In describing the principal runoff processes in the
study area, the conceptual model provides an understand-
ing of the mechanics of the various runoff processes, an

-understanding that is a vital aid in developing a hydrologi-
cally correct numerical simulation of runoff. Generally, a
numerical model contains a large set of parameters that
determine how the model represents the runoff process.
These parameters are adjusted during the calibration pro-
cess to fit simulated data generated by the model to corre-
sponding observed data. The large set of parameters
provides many degrees of freedom to the user to arrive at
similar simulations with an almost infinite number of com-
binations of parameters. Therefore, it is important to con-
strain the range of values for the parameters to values that
are consistent with the physical runoff processes defined in
the conceptual model. Assuming that the correct runoff
processes have been identified within the conceptual
model and that the parameters used in the numerical model
allow reasonably accurate simulation of the processes, the
numerical model will be hydrologically realistic. This
model will more accurately predict changes in runoff with
changes in land use or runoff in other basins with similar
physical attributes than a model calibrated without proper
consideration of how runoff was generated.

Surface Retention

When rain falls, it falls either on leaves or branches of
vegetation or on the land surface. Water stored on the wet-
ted surfaces of vegetation is called interception storage.
Water stored on the land surface is termed depression stor-
age, and together with the interception storage, the quan-
tity of rain retained from entering the soil or flowing
overland is surface retention.

The quantity of interception storage depends on vege-
tation type, density, form, and age. When the storage
capacity of vegetation has been exceeded, water drips off
branches and leaves, as throughfall or stemflow, to the
ground, where it is available to enter the soil or to flow
overland. Water is removed from interception storage
only through evaporation. In non-vegetated areas, small
depressions on the surface store water called depression
storage. When depression storage has been exceeded,
water flows downslope as overland flow. As with inter-
ception storage, water is removed from depression storage
only through evaporation. The small quantities of storage
available in surface retention make the storage effects of
surface retention unimportant in major runoff events, but it
often influences a sizable portion of annual rainfall and
may be important in reducing total annual runoff.

In the study area, vegetation in undisturbed areas is
composed of dense conifer or mixed conifer and decidu-
ous forests. The large mass of leaves and branches of
these forests provides a relatively high interception capac-
ity. Reported quantities of interception vary with different
observers. From a number of studies, Dunne and Leopold
(1978, p. 88) computed median values of canopy intercep-
tion of rain as a percentage of gross rainfall to be
13 percent for deciduous forests and 22 percent for conif-
erous forests. They also reported that total annual inter-
ception by grasses is generally not reported but is usually
less than interception in forests. In disturbed areas of the
study area, many of the trees have been removed, and in
some areas, they have been replaced by grass. The result
is a decrease in the quantity of moisture stored as intercep-
tion storage and transpired from the deep rooting zone of
the soil. Depression storage as puddles may be important
in these areas where interception is absent.



Flow From Hillslopes

The conceptual model includes three processes of
runoff from hillslopes that produce most of the runoff
from the several major land types in the study area. They
include two processes for overland flow: Horton overland
flow and saturated overland flow. The other process, sub-
surface flow, has flow pathways underground. The rela-
tive importance of these processes is determined by
characteristics of the land types, such as rates of infiltra-
tion. Defining the flow processes involves describing
(1) the flow path runoff takes from the land unit to the
stream channel, (2) the rate of flow to the stream channel,
and (3) the mechanics of the process involved in generat-
ing runoff.

Horton Overland Flow

When the rainfall rate exceeds the infiltration capacity
(the maximum rate at which water can enter the soil) of
the soil, Horton overland flow occurs. This is a common
occurrence in urban areas during a rainstorm. Pavement,
rooftops, and compacted surfaces have little or no infiltra-
tion capacity, and overland flow is readily generated. In
rural areas of the study area, the conversion of forest lands
to pastures and lawns has modified the natural soil struc-
ture and texture and has generally reduced infiltration
capacities of the soils. Nearby impervious areas often
drain into these modified soils, and the increased rate of
water input increases the likelihood of overland flow.
Rain gutters that drain impervious roofs onto lawns pro-
vide an example. During medium to heavy rainfall inten-
sities, these pasture and lawn areas are likely to produce
Horton overland flow.

Velocities of overland flow are relatively high com-
pared to subsurface flow, ranging from 30 to 1,600 feet per
hour (Dunne and Leopold, 1978), and are controlled by
the resistance to flow on the overland flow plane and the
slope of the plane. Storm discharge hydrographs domi-
nated by this type of runoff are characterized by steep ris-
ing and recessional limbs before and after the peak and a
relatively short lag time from peak rainfall intensity to
peak stream discharge.

Undisturbed forest soils of the Puget Sound Lowland
have infiltration rates from 10 to 50 inches per hour
(Burges and others, 1989). These are well above the rates
of rainfall for the study area, which 1s estimated to be
about 0.75 inch per hour for the 100-year, 1-hour rate

(U.S. Department of Commerce, 1973). (The 100-year,
1-hour rate is the average rate of rainfall over a 1-hour
period that is exceeded on average only once every

100 years.) Thus Horton overland flow is rare in undis-
turbed soils except under saturated soil conditions, condi-
tions which are associated with a separate runoff process
known as saturated overland flow.

Saturated Overland Flow

Once a s0il becomes saturated, the infiltration capac-
ity is zero, and any additional rain will become overland
flow. Saturated overland flow occurs at the base of slopes
along drainage channels in poorly drained depressions
(wetlands) and at topographic hollows where flow lines
converge. In contrast to Horton overland flow, the soils
are saturated from the bottom up because of rising water
tables fed from direct precipitation, shallow subsurface
flow, or ground-water flow. The runoff response to rainfall
is quick once the soil becomes saturated, the same as
described above for Horton overland flow. Typically, in
the fall at the beginning of the rainy season, the ground-
water table has dropped below land surface, and little run-
off is generated from the first rain storms. As the rainy
season progresses and the water table rises, the saturated
overland flow process becomes dominant in these areas
and generates rapid runoff responses to rainfall. In the
glacial-till soils of the study area, lodgement till impedes
downward flow of water and creates perched water that
saturates the thin overlying soil layer. Flat terrain com-
mon to much of the study area enhances the saturated con-
ditions because lateral drainage of the perched water is
slow. Saturated overland flow may be the dominant flow
process during storms in mid-winter through spring.

Subsurface Flow

Subsurface flow—often referred to as interflow—
occurs when rainwater infiltrates into the soil and moves
laterally in the shallow subsurface of the soil horizon.
This flow process is believed to be dominant in the glacial
till soils of the study area. The Soil Conservation Service
(U.S. Department of Agriculture, 1979) lists the perme-
ability (the rate that water moves through soil) for the
lodgement till as less than 0.06 inch per hour and for typi-
cal soil above the lodgement till as from 0.6 to 2.0 inches
per hour. Downward moving water encounters the rela-
tively impervious lodgement till and moves laterally
downslope towards the stream channel.



In glacial till basins of the study area, the subsurface
flow process occurs in combination with saturated over-
land flow and results in variable rates of runoff from hill-
slopes. Lateral flow rates through the soil matrix increase
as the slope increases, but even the fastest rates are much
slower than overland flow rates. However, the subsurface
water may return to the surface (return flow) at locations
where interflow streamlines meet, such as topographic
hollows, or at areas where the water table has intersected
the surface. Dunne and Black (1970) measured return
flow velocities that were 100 to 500 times greater than the
velocity of subsurface flow in glacial-till catchments in
Vermont. When subsurface flow is dominant, the charac-
teristic response of runoff to rainfall is slower than the
overland flow response. The shape of the discharge
hydrograph is more attenuated, and the lag time between
peak rainfall rate and peak discharge rate is greater.
Between storm flows, discharge will be greater than an
area characterized by overland flow as slow moving water
from distant parts of the watershed arrives at the channel
days or weeks after falling on the ground.

One of the early conceptual models of storm-water
runoff from hillslopes in humid climates introduced the
variable-source concept (Hewlett and Hibbert, 1967). The
concept states that areas of runoff generation (source
areas) vary in size both seasonally and during storms. A
watershed is dynamic, and the size of source areas for
storm runoff depends on soil properties, antecedent mois-
ture conditions, and storm intensity and duration. There-
fore, rainstorms of similar volumes may generate varying
peak discharges and storm runoff volumes from a given
watershed. The importance of the variable-source concept
as an underlying theme that ties the runoff processes—
subsurface, return and saturated overland flow—to the
dynamic nature of runoff from watersheds in humid cli-
mates has been expressed by several authors (Pierce,
Stewart, and Sklash, 1986; and Dunne and Leopold,
1978). The concept provides a basis for understanding the
generation of storm runoff from glacial till land types
found within the study area. It also underscores the impor-
tance of defining the soil properties of a particular land
type, accounting for antecedent moisture conditions in the
watershed, and knowing the intensity and duration of
storms.

Flow in Channels

Once water enters the channel, channel roughness,
geometry, and slope influence the delivery of water to
downstream locations. In the headwaters of the till basins
of the study area, channels have gentle slopes, and in some
locations large wetlands provide considerable water stor-
age. Both factors tend to attenuate flood peaks down-
stream. Channels in the Clear and Clarks Creek drainages
enter canyons as they approach the Puyallup Valley, where
steep slopes and little storage capacity result in increased
streamflow velocities and quicker runoff response to rain-
storms. In contrast, Spanaway Creek and the main stem of
Clover Creek have gentle slopes and wide stream valleys
as they flow through the Steilacoom outwash plains. On
these streams, overbank storage of floodwaters in the wide
valley plains reduces flood peaks.

Observation of streamflows in the study area indi-
cated that the conceptual model needed to account for
channel losses of water by infiltration through permeable
stream beds. In many of the streams it is common to
observe flowing streams in the upper reaches, dry channels
in sections further downstream, and full flowing streams
near the mouths. Losses are believed to be a large percent-
age of total flow, even during storm runoff, on many of the
streams.

Channel losses are common at the head of the canyon
sections of streams in the Clear and Clarks Creek Basins
where the streambed cuts below the till hardpan and
encounters a permeable substratum. Large water losses
begin in the main stem of Clover Creek where the channel
diverges into two channels in a large wetland section about
halfway on the total length of the channel. Low banks in
this area allow water to spread over large areas and
thereby allow larger volumes to infiltrate into the soil.
Farther downstream, the channels converge, but channel
losses are still large. Local residents have said that these
losses are due to breaks in the “seal” (believed to be
fine-grained deposits) of the channel bed where tree
stumps were removed from the natural channel bed. It
was also reported by residents that in the section of chan-
nel on the main stem of Clover Creek below the conflu-
ence of the North Fork of Clover Creek, where the channel
bed is paved, holes were intentionally punched through a
part of the paved channel to promote channel losses (oral
communication with Paul Russel, a long-time resident on
Clover Creek, April 1992).



Interaction of Surface Water with
Ground Water

Ground water contributes runoff into a stream channel
directly or indirectly from seeps and springs, and it is most
significant in the glacial outwash deposits of the study
area. In glacial outwash deposits of the study area, perme-
able soils are underlain by more permeable glacial out-
wash deposits. The Spanaway soil association, the most
common glacial outwash soil of the study area, is reported
to have a permeability from 2.0 to 6.0 inches per hour at a
depth below 18 inches (U.S. Department of Agriculture,
1979). Most, if not all, of the rain that falls on these soils
will percolate vertically through the soil matrix to become
recharge to the aquifer.

Runoft from undisturbed glacial outwash land types
will be almost entirely ground-water discharge, and the
response to rainfall will be slow. Flow rates of ground
water are proportional to the slope of the water table,
which often mimics the slope of the land surface. The
slope of the land surface of the outwash deposits is gener-
ally mild in the study area, and therefore the slope of the
water table is generally mild and flow rates are slow. The
lag time between rainfall peaks and stream discharge
peaks may be on the order of days or weeks, resulting in
storm-discharge hydrographs that are greatly attenuated
because a large percentage of the incident precipitation is
routed to ground water.

Because of high infiltration rates in the large areas of
glacial outwash, surface water interacts substantially with
ground water in the study area. The detailed ground-water
study that would be necessary to define the precise move-
ment of ground water in the study area is outside the scope
of this project. However, reports by Walters and Kimmel
(1968) and by Brown and Caldwell (1985) provide
detailed accounts of geohydrology of the area and general-
ized maps of ground-water flow paths.

Many springs have been observed in the lower canyon
sections in the Clear and Clarks Creek Basins of the study
area. Many flow all year, long after streams in the upper
portion of the basin have gone dry. The main stem of
Clover Creek originates from springs and contains sec-
tions of stream channel where large increases in stream-
flow can be measured during all seasons of the year and no
surface tributary channels exist. These are all examples of
ground-water discharge sites that have been identified in
the study area, and at some locations the volume of
ground-water discharge has been measured. The source
area of ground-water recharge or the pathway it has taken

to get to these discharge sites can be inferred from general-
ized ground-water flow maps, but precise locations are not
known,

The conceptual model of the interaction of surface
water and ground water takes recharge from the hillslopes
and water from channel losses and adds it to an unconfined
regional aquifer that acts as a large reservoir. Water from
the regional aquifer supplies the stream channel with a rel-
atively constant discharge at locations where springs and
seeps are present or where the water table intersects the
channel. The areal extent of the regional aquifer is not
controlled by the surface watershed boundaries of the
study basins, and the quantity of recharge from a particular
basin does not have to balance the quantity of discharge
from the aquifer into the same basin.

Generalizations About Runoff
in the Study Area

Eleven generalizations summarize the conceptual
model. The first seven generalizations discuss surface
retention and runoff from hillslopes in the study area.
With only minor alterations, they are the same as those
discussed by Dinicola (1990) for similar basins in the
Puget Sound Lowland in King and Snohomish Counties.
The remaining four generalizations are about supplemen-
tal influences on the hydrology of the study area.

(1) Retention storage and plant transpiration are
decreased when land is disturbed.

(2) Rapid, direct overland flow is the runoff process on
impervious areas.

(3) Horton overland flow, in combination with some of
the other flow processes, is an important runoff
process from disturbed pervious land areas. The
importance of Horton overland flow in disturbed
pervious land areas is due primarily to changes in
soil structure and texture brought about by
disturbing the land that reduces infiltration and to
increased moisture supply from nearby impervious
surfaces.

(4) Horton overland flow is not an important runoff
process over most, if not all, of the undisturbed lands
of the study area.



5) Saturation overland flow is an important runoff
process in depressions, stream bottoms, and flat
till-capped hilltops. Runoff response to rainfall is
quick but only after the initial rain storms have filled
the available water capacity of the soils.

(6) Subsurface flow combined with return flow and
saturated overland flow is the predominant flow
process on undisturbed hillslopes mantled with
glacial till. Within the soil profile, transmission of
water is greatly retarded, but once the water returns
to the surface, it can contribute substantially to storm
runoff. The rate of subsurface flow is proportional to
the angle of the hillslope.

(7) Ground-water flow is the predominant runoff
process on glacial outwash deposits. Runoff rates
from this process are relatively slow and attenuated.

(8) Storm-runoff-producing zones on glacial-till lands
expand and contract seasonally and during storms;
the variable size of the zones influences the quantity
and timing of runoff. Knowledge of antecedent soil
moisture, soil characteristics, and rainfall intensity
and duration is needed to determine the extent of the
runoff-producing zones or the runoff response to a
rainstorm.

(9) Wetlands, lakes, ponds, and overbank floodplains are
important floodwater storage areas that reduce flood
peaks.

(10) Channel losses recharge the ground-water aquifer
and reduce flood peaks downstream.

(11) Ground-water flow boundaries are not necessarily
coincident with surface-drainage boundaries. It is
likely that water moves from one basin to another
through the ground-water pathway.

SIMULATION OF RUNOFF

The validity of the conceptual model was tested by
runoff simulations. The rainfall-runoff relations summa-
rized in the previous section by the generalizations about
runoff were incorporated into a numerical mode] that sim-
ulated the processes in the study basins.
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A typical basin in the study area is a patchwork of dif-
ferent land uses overlying a natural landscape of varying
physical characteristics of soil, vegetation, and topogra-
phy. The result is a watershed made of hundreds of land
units scattered throughout the basin. Each unique land
unit produces runoff in different locations in the basin.
The complexity of integrating the runoff of the large num-
ber of land units into one measurable streamflow at the
mouth of a basin necessitates the use of a numerical
model. If a numerical model can simulate the processes of
runoff defined by the conceptual model and tests of the
numerical model to simulate runoff are successful, then
there is reasonable assurance that the conceptual model is
valid.

Simulation of runoff also provides a method to assess
how changes in land use affect runoff characteristics in the
study basins. During construction of the numerical model,
a land segmentation scheme grouped land units that
exhibit similar runoff responses into land segments so that
a basin was represented by a few or many of the land seg-
ments of known areal extent within the basin. Thus, by
changing the proportion of the areas of different land seg-
ments to a new proportion, any scenario of changing land
use in a basin could be simulated. Then the new basin
model could be rerun and changes in streamflow could be
compared with original simulated streamflows.

The numerical model chosen to make the runoff simu-
lation was Hydrological Simulation Program-FORTRAN
(HSPF). HSPF had been used successfully in similar stud-
ies by Dinicola (1990) and Berris (1995) in nearby regions
of the Puget Sound Lowland on similar basins. In this
application of HSPF, one basin model, the Clear-Clarks
Basin model, was constructed for the five creeks of the
Clear-Clarks Basin: Swan, Clear, Canyon, West Fork
Clarks, and Diru Creeks. Runoff simulations were made
for this basin model for the 1990 and 1991 water years
when observed discharge data were available for compari-
son. A second basin model, the Clover Basin model, was
constructed for Clover Creek, and runoff simulations were
made for the 1991 and 1992 water years, the period of
record for observed discharge on Clover Creek. The
remainder of this chapter describes (1) how the HSPF
model simulates runoff, (2) how the basin models were
constructed, and (3) how the basin models were calibrated
to observed data.



Description of the Numerical Model

The HSPF numerical model contains many features
that make it well suited to simulate runoff according to the
conceptual model of the study area.

(1) HSPF is a deterministic hydrologic model capable of
simulating various hydrologic processes including
those present in the conceptual model.

HSPF is a continuous-simulation mode! that
maintains an accounting of changes in soil moisture
conditions over time. Precipitation is a user-
supplied input to the model that is generally a time
series of measured precipitation. This feature allows
accurate definition of storm intensity and duration.
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(3) HSPF uses a distributed parameter approach that
divides the basin into a large number of subareas to
account for variations of hydrologic responses
within a basin.

(4) HSPF contains flexible network operations that
allow the outputs of various runoff production
processes to be directed to specific locations within
or outside the simulated basin.

(5) HSPF contains flow routing operations that can
approximate the flow of water in natural and
man-made channels.

The HSPF user defines how the model will simulate
hydrologic processes and basin characteristics for a partic-
ular watershed with a User’s Control Input file (UCI).
Within the UCI, operations are arranged in program
blocks. For example, the NETWORK block describes the
hydrologic links to be simulated. One such link may be
that runoff output from a particular land segment will be
applied to a particular channel reach. These programming
blocks are referred to in the following sections on model
description and construction. Complete listings of UCI
files for the basin models are given in the supplemental
data section of this report.

The method used by HSPF to simulate runoff pro-
cesses can be visualized as a network of reservoirs that
receives inflows of water and then releases water as an
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outflow. Initial input of water to the network of reservoirs
is rainfall supplied by the user as a time series of inches of
rainfall per time step. (Metric units are available for all the
computations in the HSPF program, but the option was not
used in this study.) The rate of flow and the pathway water
takes between the reservoirs are controlled by a system of
valves. The final destination of water simulated in this
system is to the atmosphere by evapotranspiration (ET), to
deep or inactive ground water, or to streamflow. Evapo-
transpiration may remove available water from several of
the reservoirs and direct it out of the system at a rate that is
a function of daily PET supplied by the user as a time
series in inches per day. The HSPF model maintains a
continuous accounting of inflow, outflows, and amount of
storages as inches of water. It maintains a complete bal-
ance between all inflows and outflows that are simulated
or supplied by the user. It also computes volumes by mul-
tiplying the inches of runoff by the area of the land unit
represented.

The size of the reservoirs, the operation of the valves,
and rate of outflow between the reservoirs are controlled
by a set of user-defined, process-related parameters. The
parameters define how hydrologic processes governing
surface retention and runoft from a land segment are simu-
lated by the numerical model. A different set of parame-
ters is defined for each land segment to be simulated. A
list of the process-related parameters and their definitions
is given in table 1. Initial values for these parameters,
which are abstract or difficult to measure in the field, were
obtained from Dinicola (1990) for a similar study in King
and Snohomish counties and some of these values were
adjusted during the calibration process.

HSPF distinguishes between pervious land segments
and impervious land segments with the IMPLND and
PERLND program blocks in the UCI file. These two pro-
gram blocks contain the process-related parameters for
these two sets of land segments. The process of runoff
from impervious land is simple, and the simulation of this
process by HSPF is discussed first. Simulation of runoff
from pervious land segments is more involved and is
briefly discussed second. The reader is referred to pages
158 to 176 and pages 209 to 212 of the HSPF users man-
ual for more complete discussions (U.S. Environmental
Protection Agency, 1984).



Table 1--Definition of process-related Hydrological Simulation Program-FORTRAN (HSPF) parameters controlling
the simulation of runoff from hillsiopes in Pierce County, Washington

AGWETP

AGWRC

BASETP

CEPSC

DEEPFR

INFEXP

INFILD

INFILT

INTFW

IRC

KVARY

LSUR

LZETP

LZSN

NSUR

RETSC

SLSUR

UZSN

Fraction of available-PET demand that can be met with stored ground water. Simulates ET from
phreatophytes in general.

Ground-water recession parameter. An index of the rate at which ground water drains from the land.

Fraction of available-PET demand that can be met with ground-water outflow. Simulates ET from
riparian vegetation.

Interception storage capacity of plants.

Fraction of ground water that does not discharge to the surface within the boundaries of the modeled
area.

Infiltration equation exponent. Controls the rate at which infiltration decreases with increasing soil
moisture.

Ratio of the maximum to mean infiltration rate of a pervious area. Accounts for the degree of varia-
tions in the infiltration capacity.

Infiltration capacity. An index to the infiltration capacity at the soil surface and an indirect index of
the percolation rate from the bottom of soil zone.

Interflow index. In combination with INFILT, an index to the quantity of water that infiltrates and
flows as shallow subsurface runoff.

Interflow recession parameter. An index of the rate at which shallow subsurface flow drains from the
land.

Ground-water outflow modifier. An index of how much influence recent recharge has on
ground-water outflow.

Average length of the overland flow plane.

Lower-zone ET. An index to the density of deep-rooted vegetation on a pervious area.
Lower-zone nominal storage. An index to the soil moisture holding capacity.

Average roughness of the overland flow plane.

Retention storage capacity of impervious areas.

Average slope of the overland flow plane.

Upper-zone nominal storage. An index to the quantity of depression and surface layer storage of a
pervious area.
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Impervious Land Segments

Simulation of runoff from impervious surfaces by
HSPF within the IMPLND program block is made with
two storage reservoirs, retention storage and detention
storage, and allows rapid, direct overland flow to be simu-
lated in agreement with the conceptual model of runoff
from impervious areas. Rainfall is applied to retention
storage and is removed by ET. When retention storage is
exceeded, additional rainfall moves to detention storage, a
temporary surface storage of water that supplies the water
for overland flow. The capacity of retention storage is
defined by the parameter RETSC. Detention storage is
unlimited. Water is routed, according to the Chezy-
Manning equation, out of detention storage each time step
as overland flow until the storage has been depleted.
Average length, slope, and roughness of the overland flow
plane are supplied by the user, who specifies values for
parameters LSUR, SLSUR, and NSUR. Adjusting these
values will adjust the rate of flow from the impervious
land segment, which will be a relatively quick rate of flow
unless unreasonably large LSUR and NSUR values or
unreasonably low SLSUR values are used.

Pervious Land Segments

The PERLAND program block of HSPF is more com-
plex than the IMPLND program block because it contains
more possible flow paths and storages of water within the
system. Also, PERLND allows the simulation of several
flow processes at the same time that are dependant on cur-
rent soil-moisture conditions and moisture input. These
complexities are required to simulate the several runoff
processes described in the conceptual model. A schematic
diagram representing the simulation of runoff by HSPF
from pervious land segments is shown on figure 2.

Distribution of water available for infiltration and run-
off in HSPF begins with rainfall applied to interception
storage. Moisture exceeding the storage capacity of inter-
ception storage defined by parameter CEPSC becomes
available for infiltration into the ground. Parameters
INFILT, INFEXP, and INFILD are all involved with distri-
bution of water at this point. INFILT is an index of the
average rate of water entering the soil as direct infiltration
under dry soil conditions. INFEXP is added to the infiltra-
tion algorithm to vary the rate of direct infiltration with
varying quantities of soil moisture. Large values of
INFEXP for a particular land segment can be used to sim-
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ulate a large infiltration capacity under dry soil conditions
that rapidly decreases to low infiltration capacity as soil
moisture increases, and thereby the land segment more
readily produces saturation overland flow. Soil moisture is
determined by the model as a ratio of the quantity of water
in the lower zone storage to the user-defined nominal
value, the LZSN parameter. INFILD is a ratio of maxi-
mum infiltration capacity to the average infiltration capac-
ity of a land segment. It is used in the infiltration
algorithms as a linear probability density function to
account for areal variation of infiltration that may be used
to simulate the variable-source concept of storm runoff
described in the conceptual model.

Subsurface flow processes described in the conceptual
model are partly simulated in the HSPF numerical model
within the upper zone storage and are influenced by the
quantities of water stored in the lower zone. In the HSPF
numerical model, water that does not infiltrate directly
becomes available for upper zone storage and delayed
infiltration of water into the soil. The upper zone of the
soil is generally considered the depth of tillage, or in the
context of this study, it is the topmost part of the soil hori-
zon that accounts for the amount of depression and surface
layer storage of a pervious area. The lower zone extends
from the upper zone to the bottom of the root zone. The
fraction of available water that enters upper zone storage is
a function of the ratio of the quantity of water currently in
upper zone storage to a nominal storage value defined by
the UZSN parameter. As the quantity of water in the
upper zone storage increases, the fraction of available
water that enters the upper zone storage decreases. The
quantity of water that percolates from the upper zone stor-
age as delayed infiltration is computed from an empirical
expression relating percolation to a function of the current
storage in the upper zone, the current soil moisture (lower
zone), and parameters UZSN and INFILT. Decreases in
storage in the upper zone or increases in soil moisture
(lower zone) will decrease the rate of delayed infiltration.

Overland flow and interflow runoff processes
described in the conceptual model are also simulated in the
HSPF numerical model. In the numerical model, water
that does not directly infiltrate or become directed into
upper zone storage may become overland flow or inter-
flow. The proportion of available water that becomes
either overland flow or interflow is determined from an
index parameter, INTFW. The higher the value given to
INTFW, such as might be assigned to undisturbed land
areas, the higher the proportion of available water that will



flow into interflow storage. Flow from interflow storage to
the stream channel is determined for each time step by a
function of interflow storage, inflow into interflow storage,
and the recession parameter IRC. IRC is the ratio of the
present rate of outflow to outflow 24 hours earlier. The
conceptual model states that the rate of subsurface flow is
proportional to the angle of the hillslope. The simulation
of this concept can be accomplished by assigning rela-
tively high values of IRC on the steep land segments that
will increase the rate of interflow and low values on the
flat land segments to simulate slower rates of interflow. In
the numerical model overland flow storage is the counter-
part of detention storage in the impervious land seg-
ments. Flow from overland flow storage to the channel is
governed by the same equations as those used in the
IMPLND program block, and it is controlled by the user-
specified parameters LSUR, SLSUR, and NSUR.

The conceptual model emphasizes the role of
ground-water flow in the runoff process in the study area,
and this role 1s accommodated in the numerical model. In
the numerical model, water that has infiltrated becomes
either lower zone storage or ground water. The fraction of
this water that becomes lower zone storage is a function of
the current soil moisture and the only outlet from lower
zone storage is through ET. The DEEPFR parameter
defines the fraction of ground water that becomes deep or
inactive ground water. Deep or inactive ground water can
be routed to any desired location in the network represent-
ing a basin, which may be useful in simulating the move-
ment of ground water from one subbasin to another, one of
the runoff processes described in the conceptual model.
The remaining water not entering deep or inactive ground
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water enters ground-water storage. Two user-specified
parameters, KVARY and AGWRC, the current ground-
water storage, and an index to ground-water slope are used
to determine outflow (base flow) from storage into the
stream channel. The index is a measure in inches that is
increased each time interval by inflow to ground-water
storage and decreased by 3 percent each day. KVARY
allows the relation of outflow to storage to be nonlinear.
AGWRC is a recession constant that is the ratio of current
outflow to outflow 24 hours earlier.

ET is only briefly mentioned in the conceptual model,
but it is essential to the water budget of a watershed, and
the HSPF numerical model allows simulation of ET from
five separate sources. In the numerical model, ET
removes water from base flow if it is available at the
potential rate of ET times the user-defined parameter
BASETP, a fraction from zero to one. The remaining ET
demand is met by removal of water from the following
storage locations in this order: interception storage, upper
zone storage, ground-water storage, then lower zone stor-
age. Interception storage will supply moisture at the
potential rate if the ratio of upper zone storage to UZSN is
greater than 2.0. If it is less than 2.0, the rate of moisture
supply is reduced from the potential rate. AGWETP is a
parameter similar to BASETP: it is the fraction of the
remaining PET that can be satisfied from active ground-
water storage. Lower zone storage supplies moisture at
the potential rate if it is available and if the parameter
LZETP equals its maximum value of one. At values less
than one, the rate is reduced by a function of current soil
moisture and value of LZETP.
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Figure 2.--Flowchart of simulated runoff from pervious land segments.
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Table 2.--Area of land segments as a percent of subbasins and area of subbasins, Pierce County, Washington--Cont.

Total area
Areas of land-segment areas, in percent of total area of subbasin® of subbasin
Subbasin (Square
codes? EIA  TFF TFM TFS TFG TGM TGS OF OG SA (Acres) miles)
Diru Creek Basin
Dl 84 220 0 0 56.9 0 0 0 12.7 243.4 0.38
D2 82 387 0.7 50 396 72 0.6 0 0 333.1 0.52
D3 33 292 9.8 159 212 9.5 0.7 4.6 2.8 3.1 176.3 0.28
Total for basin 752.8 1.18
Clover Creek Basin
CL1A 73 22 4.7 43 5.1 2.0 3.0 146 46.7 10.2 1,255.8 1.96
CLIB 5.7 12.3 29 1.4 8.7 1.7 0.7 192 450 2.5 12,2254 19.10
CL2A 5.9 17.3 0.1 3.1 13.2 0.2 1.3 225 322 4.1 2,521.5 3.94
CL2B 3.7 12.5 0.6 1.5 7.7 0.3 0.3 39.8 305 3.0 2,820.3 441
CL3 8.6 16.9 0 03 56.6 0 2.1 0.4 9.0 6.1 1,540.2 241
CL4 6.6 18.8 5.0 24 56.8 5.6 03 0 0 4.6 556.3 0.87
CLS 159 0 1.1 0.8 0 0 0.1 88 64.2 9.0 1,483.9 2.32
CL6 1.5 0 0 0 72.0 0 2.7 0 6.8 7.0 209.5 0.33
CL7 34.1 0 0 0 0 0 0 0.7 523 129 573.6 0.90
CL8 33.2 0.1 0 0.5 6.9 0 0.9 1.7 49.1 7.6 1,291.2 2.02
CL9 40.9 0 0 0 0 0 0 49 525 1.7 1,982.5 3.10
CLI0 312 0 0 0 0 1.1 0.8 21.8 444 0.8 484.2 0.76
MOREY 5.0 0 0 0 0 0 483 421 4.6 202.6 0.32
NF1 5.2 14.9 0 6l.5 0 0 0 0 18.4 501.3 0.78
NF2 7.1 438 10.9 22 659 5.2 0.9 0 0 2.8 805.1 1.26
NF3 15.7 3.9 1.6 69.0 0.6 0 0 0 9.2 917.2 1.43
NF4 24.3 7.0 0 64.8 0 0 0 0 4.0 550.2 0.86
NF5 73 10.5 134 44.8 23.4 0 0 0.4 0.2 167.5 0.26
NF6 4.1 18.9 9.4 02 532 73 0 1.6 0.5 4.8 601.7 0.94
NF7 5.7 53 26.2 375 254 0 0 0 0 157.5 0.25
NF8 14.2 0 0 19.2 0.1 6.8 46.3 134 279.3 0.44
SPIA 1.1 0 0 0 0 0 0 480 339 17.0 1,676.6 2.62
SP1B 7.2 3.5 0.5 0.4 2.6 1.0 0.4 39.5 433 1.6 7,314.9 11.43
Sp2 18.3 0 0 0 0.3 0 0 145 619 5.1 1,821.7 2.85
SP3 54.9 0 0 0 0 0 0 131 320 0 137.9 0.22
SP4 14.5 0 0 0 0 0 0 394  41.1 5.0 284.5 0.44
SP5 10.4 0 0 0 0 0 0 223 46.6 20.7 335.7 0.52
Total for basin ~ 42,698.1 66.72
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Table 2.--Area of land segments as a percent of subbasins and area of subbasins, Pierce County, Washington--Cont.

Total area
Land-segment areas, in percent of total area of subbasin® of subbasin
(Square
Subbasin  EIA  TFF TFM TFS TFG TGM TGS OF 0G SA (Acres) miles)
Catchments’
Cow pasture
0 36.2 0 0 63.8 0 0 0 0 0 89.5 0.14

Suburban

23.2 0 0 0 76.8 0 0 0 0 0 9.5 0.01
Mixed-use

153 11.2 0 0 71.0 0 0 0 0 25 120.1 0.19

ITotal percent may not add up to 100 because of rounding.

See figures 3a and 3b for location of subbasins.

3Catchments are included in Clover Creek basin areas.

Land Segments

Dinicola (1990) presented a method of dividing a
basin into land segments that can be easily identified by
their physical traits and that exhibit a distinct runoff
response to rainfall. Dinicola’s method used the U.S.
Department of Agriculture (USDA) soil series descrip-
tions and maps from published county soil surveys to
delineate pervious land segments within the study basins.
Impervious land segments were mapped and computed
from land-use maps. Each land-segment type had its own
set of process-related model parameters, which were
defined to simulate runoff within the context of the con-
ceptual model and were calibrated by comparison of
observed discharge data and simulated discharge data.
Berris (1995), using the same method with minor alter-
ations, and Dinicola (U.S. Geological Survey, written
commun., 1994), in a follow-up study, validated this land
segmentation scheme as a workable methodology to
divide a watershed in the Puget Sound Lowland into
meaningful hydrologic units. The same method was used
in this study. The land segmentation method defined nine
pervious land segments based on a combination of soil
type, land cover, and slope.
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Soils in the study area are described as soil series in
the soil survey for Pierce County (U.S. Department of
Agriculture, 1979). To begin land segmentation of the
study area, the soils series were divided into three groups:
(1) soils derived from glacial till deposits, (2) soils derived
from glacial outwash deposits, and (3) soils formed under
saturated conditions. Generally, it was clear from the
descriptions which soil series belonged in each of the three
classes. Table 3 lists the soils series of all soils found in
the study area and associated land-segment groups.

Till and outwash soils are subdivided into two
land-cover categories, forest cover and grass cover. Forest
cover represents undisturbed landscapes, and grass cover
represents disturbed landscapes that include pastures and
lawns typically found in rural areas or vacant lots found in
more urbanized areas. Saturated soils are found in wet-
land areas, which are generally inundated only seasonally.
Till soils are subdivided further into three slope classes
that agree with the slope classes used by the soil survey,
flat soils (0-6 percent slope), moderate soils (6-15 percent
slope), and steep soils (15 percent and greater slopes).
The complete listing of areas of land segments as a per-
centage of the subbasin area is shown on table 2.



Table 3--Land segment groups used in runoff simulation and associated soil series found in the study area in
Pierce County, Washington (U.S.Department of Agriculture, 1979)

Land-segment groups Pierce County area soil series

Till Alderwood gravelly sandy loam
Kapowsin gravelly loam
Kitsap silt loam
McKenna gravelly loam
Xerochrepts
Xerorthents, fill areas

Outwash Everett gravelly sandy loam
Everett stony sandy loam
Indianola loamy sand
Neilton gravelly loamy sand
Nisqually loamy sand
Rangar sandy loam
Spanaway gravelly sandy loam

Saturated Aquic Xerofluvents
Bellingham silty clay loam
Briscot loam
Dupont muck
Norma fine sandy loam
Shalcar muck
Snohomish silty clay loam
Spana loam
Sultan silt loam
Tanwax muck
Tisch silt
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Effective impervious land segments (EIA) represent
impervious surfaces directly connected to stream chan-
nels. Effectiveness varies with degree of urbanization. In
low-density rural areas, impervious surfaces are a small
percentage of the total area, and drainage networks of
curbs, gutters, and storm sewers are not well developed.
Most of the runoff from these impervious areas simply
augments input to surrounding pervious land segments (an
example is a roof draining to a lawn). Thus, effectiveness
of impervious areas in low-density rural areas to direct
surface runoff directly into the stream channel is low. As
urbanization increases, the impervious area increases, and
the hydraulic connectivity of these surfaces to the stream
channel increases; therefore, the effectiveness of surface
runoff to quickly become streamflow increases. Based on
three reports that compared land use with total impervious
area and the percentage of area that is effective impervious
area (Alley and Veenhuis, 1983; Laenen, 1983; and Prych
and Ebbert, 1986), Dinicola (1990) used the following
table to compute the percent of total area that is EIA from
five categories of land use:

EIA, in
percent of
total area

Land use Housing density

Low density development One unit per 2 to 5 acres 4

Medium density development One unit per acre 10
Suburban development Four units per acre! 23

High-density development Multi-family or

high density 48

Commercial, industrial, or
transportation facilities -- 85.5

Un this study, housing density for suburban land use was
terpreted to include housing densities of one to four units per acre

In order to compute the areas of the nine different
land segments for each subbasin, a digitized coverage of
the soil series groups representing the till (including the
three slope groups), outwash, and saturated land segments
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was made on a geographic information system (GIS) from
the county soil maps. In order to compute the areas of
effective impervious land segments, a digitized land-use
coverage was made for the Clear and Clarks Creek Basins
from aerial photo prints dated 1985. A set of aerial photos
taken in 1989 was used to delineate land use for the Clover
Creek Basin. Other than several large, new developments
not shown on the aerial photos and accounted for in the
land-use coverage, it is assumed that land use has not
changed significantly since the aerial photo dates and the
data collection period. Land-use categories included for-
ested areas and grass areas along with the five develop-
ment categories listed in the previous table. In low density
developed areas 4 percent of the area was designated as
effective impervious area, and the remainder was classi-
fied as forested or grass. In the other development catego-
ries, land cover that was not designated as effective
impervious area was assumed to be grass cover. A third
coverage, containing the subbasin boundaries of the study
area, was also digitized. The three coverages were com-
bined to produce the acreage of each of the nine pervious
land segments and the acreage of EIA or the impervious
land segment for each subbasin. Table 2 presents the dis-
tribution of the land segments for each subbasin as a per-
cent of the total area of the subbasin.

Two distinct patterns in the distribution of land-
segment types are evident in the study area. The north-
central part of the study area, including the Clear, Clarks,
and North Fork Clover Creek Basins, is composed mostly
of till-soil land segments (80.3 percent of the area). One
till segment, the till-grass-flat slopes segment (TGF), dom-
inates the land-segment types of the region (51.0 percent
of the total area). EIA land segments occupy 8.7 percent,
outwash land segments occupy 4.2 percent, and saturated
land segments occupy 6.8 percent of the total area. Basins
of the main stem of Clover Creek and Spanaway Creek
that make up the remainder of the study area have a much
different distribution of till and outwash land segments. In
these two basins, outwash land segments account for
64.8 percent of the total area. Till land segments occupy
20.0 percent, EIA land segments occupy 10.5 percent, and
saturated land segments occupy 4.7 percent of the total
area. The distribution of till, outwash, and saturated land
segments is shown on figure 4.





















Table 4.--Streamflow and rainfall gaging site names, locations, station numbers, and period of record, Pierce
County, Washington

Station number

Station name

Latitude and longitude

Period of record

12090340

12090355

12090365

12090380

12090400
12090500
12102025

12102140

12102190

12102212

12090330

12090360

12090370

12090395

12090430

12090448

12090452

12090460

Continuous-recording streamflow gages

Unnamed Tributary to Clover Creek at
Bingham Avenue East near Parkland

Clover Creek at 25th Avenue East
near Parkland

Unnamed Tributary to North Fork
Clover Creek at Waller Road East
near Parkland

Unnamed Tributary to North Fork
Clover Creek at 99th Avenue East
near Tacoma

North Fork Clover Creek near Parkland
Clover Creek near Tillicum

Diru Creek below Hatchery and
Pioneer Way near Tacoma

Clear Creek at Pioneer Way below
Fish Hatchery near Tacoma

Swan Creek at 80th Street East
near Tacoma

Swan Creek at Pioneer Way near Tacoma

Crest-stage gages

Clover Creek at Military Road
near Spanaway

Clover Creek below 138th Street South
near Parkland

North Fork Clover Creek at Brookdale
Road near Parkland

Unnamed Tributary to North Fork
Clover Creek at Brookdale Road
near Parkland

Clover Creek at 17th Avenue South
near Parkland

Spanaway Creek at Spanaway Loop
Road near Spanaway

Spanaway Creek at Spanaway Lake
Outlet near Spanaway

Spanaway Creek at Tule Lake Outlet
near Parkland
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47°07°33” 122°22°00”

47°07°40” 122°23°43”

47°08°02” 122°23°16”

47°10°03” 122°24°39”

47°08°05” 122°24’50”
47°08°40” 122°30°10”
47°11°35” 122°20°12”

47°13°10” 122°22°25”

47°11°05” 122°23°33”

47°13°43” 122°23°26™

47°06° 177 122°22°32”

47°07°56” 122°25°33”

47°07°58” 122°24°06”

47°08°05” 122°24°28”

47°08°35” 122°27°28”

47°06°03” 122°26’55”

47°07°217 122°26°43”

47°08'24” 122°27°17”

10-90

10-90

10-90

10-90

11-90
10-90
10-89

10-89

10-89

10-89

10-90

01-91

11-90

10-90

11-90

01-91

10-90

03-91

09-92

09-92

09-92

09-92

09-92
09-92
09-91

09-91

09-91

09-91

09-92

09-92

09-92

09-92

09-92

09-92

09-92

09-92



Table 4.--Streamflow and rainfall gaging site names, locations, station numbers, and period of record, Pierce
County, Washington--Cont.

Station number

Station name

Latitude and longitude

Period of record

12090480

12090602

12102040

12102050

12102105

12102112

12102115

12102145

12102180

12102200

12090365
470253122232001

470532122223901

470711122263201

470948122211801

471242122232201

Crest-stage gages--Continued

Morey Creek above McChord Air

Force Base near Parkland

Clover Creek at Gravelly Lake Drive

near Tacoma

West Fork Clarks Creek at 104th
Street East near Puyallup

Clarks Creek Tributary at Pioneer

Way near Puyallup

West Fork Clear Creek at 84th
Street East near Tacoma

East Fork Clear Creek at 100th
Street East near Tacoma

East Fork Clear Creek at 72nd
Street East near Tacoma

Canyon Creek at 77th Street
East near Tacoma

Swan Creek at 96th Street
East near Tacoma

Swan Creek at 72nd Street East
near Tacoma

Rainfall gages

Penman site at Cow Pasture

Elk Plan Precipitation Gage at
County Yard

Brown’s Precipitation Gage at
3810 180th Street

Spanaway Park Precipitation
Gage at Maintenance Shop

Canyon Road Precipitation
Gage at Len Nelson’s House

Waller Road Precipitation Gage

at County Gravel Pit

47°07°48” 122°27°43”

47°09°22” 122°31°18”

47°09°43” 122°20°53”

47°11'46” 122°20°47"

47°10°527 122°22°34”

47°09°59 122°21°57”

47°11°30” 122°22°11”

47°11°13” 122°21°15”

47°10712” 122°23°33”

47°11°30” 122°23°35”

47°08°02” 122°23°16”
47°02°53” 122°23°20”

47°05°32 122°22°39”

47°07 117 122°26°32”

47°09°48” 122°21°18”

47°12°427 122°23°22”

02-91

01-91

10-89

10-89

10-89

10-89

10-89

10-89

10-89

10-89

08-91
05-91

01-91

01-91

10-89

10-89

09-92

09-92

09-91

09-91

09-91

09-91

09-91

09-91

09-91

09-91

09-92
09-92

09-92

09-92

09-92

09-91

32



PET, in inches of water per day, was computed by two
methods. Daily pan-evaporation data recorded at Puyallup
2 West Experimental Station, a National Weather Service
site located one-half mile southeast of the stream gage on
Diru Creek, were used when available. The data were
adjusted by a pan coefficient of 0.75 (Farnsworth and
Thompson, 1982) to represent PET. The data were col-
lected during the growing season, generally May through
September, and the station was discontinued during the
remainder of the year. When pan-evaporation data were
not available, PET was estimated by application of the
Jensen-Haise equation (Jensen, 1973). Incident solar radi-
ation, one of the variables in the Jensen-Haise equation,
was computed as a function of the percent possible sun-
shine. Daily minimum and maximum temperatures, eleva-
tion, and latitude for the Puyallup 2 West Experimental
Station site and percent possible sunshine recorded at the
National Weather Service Seattle-Tacoma Airport site
were used in the Jensen-Haise equation.

Several seepage runs were conducted during the
period of data collection. Seepage runs are a series of dis-
charge measurements made along a stream reach during a
short time span when stream levels are relatively stable.
Seepage runs were important in identifying areas of chan-
nel losses to ground water or areas of increases in stream-
flow from ground-water flow. Table 5 displays the results
of two seepage runs on Clover Creek, when specific con-
ductance and water temperature were measured and chlo-
ride samples were collected to help identify sources of
water. The differences between the specific conductance
readings for the stations on the upper main stem of Clover
Creek (above Clover Creek mile 6.3) and the Spanaway
Creek stations (Spanaway Creek at Tule Lake outlet and
Morey Creek) suggested that the sources for these creeks
are different.

Six rain gages were installed for this project. Two
were storage-type rain gages with float-potentiometer
assemblies. The other four rain gages were tipping-bucket
rain gages. Rainfall was recorded at 15-minute intervals.
Occasional missing records and a portion of the 1991
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water year not recorded by the Clover Creek rain gages
were estimated from the record at the Canyon Road rain
gage, which was the only gage that was operated through-
out the entire data collection period of the study. To esti-
mate the missing record, the percent difference between
the cumulative total of available record of each gage and
the comparable record at Canyon Road was determined.
Then the estimated record for missing data at a particular
station was computed by substituting available Canyon
Road data adjusted by the percent difference. Brown’s
rain gage near Frederickson recorded the highest totals,
recording 5.7 percent more rain than the Canyon Road
gage for a comparable period of 600 days. Approximately
3 miles south of Brown’s rain gage is the Elk Plain rain
gage, which generally recorded the least quantity of rain.
For a comparison period of 501 days, the Elk Plain gage
recorded 6.7 percent less than the Canyon Road gage.

During the period from February 5, 1991, to April 15,
1992, 40 instantaneous volumetric soil-moisture measure-
ments were made at seven locations on one of the catch-
ments known as the “Cow Pasture.” An eighth location
was added July 18, 1991, and 40 additional measurements
at the new location were made through September 29,
1992. Figure 6 shows the location of soil-moisture mea-
surements at the catchment. The time-domain reflectome-
try (TDR) technique was used to measure soil moisture.
In this technique, two or three pairs of vertical rods
extending from the surface to depths between 1.0 and
4.9 feet were installed at each location. The pairs of rods
served as wave guides to measure the dielectric constant of
the soil column between the rods. The dielectric constant
depends strongly on the water content of the soil. Field
evaluations show that this technique compares well with
water content values determined from gravimetric samples
(Topp and Davis, 1985). The TDR technique allows mea-
surements of soil moisture to be made quickly in the field
with minimal disruption of the soil. Probes were left in
place throughout the period of data collection. Next to
each set of probes a shallow piezometer was installed to
measure water levels when the soil above the hardpan was
saturated.



Table 5.--Results from two seepage runs on June 26, 1991, and April 21, 1992, showing gains and losses of water on
the main stem of Clover Creek, Pierce County, Washington

[ft*/s, cubic feet per second; °C, degrees Celsius; S/cm, microsiemens per centimeter at 25°C; mg/L, milligrams per
liter; --, gain or loss not applicable or data not collected]

CHAMBER CREEK BASIN
Clover Creek Seepage Investigations

A series of discharge measurements was made on June 26, 1991, and April 21, 1992, on Clover Creek and its main
tributaries to study the gains and losses of water on the main stem of Clover Creek. The creek is 12.5 miles long,
beginning as a spring 0.7 mile above the highest measurement site, station number 12090325, and ending at Steilacoom
Lake 0.4 mile below the lowest measurement site, station number 12090602. Creek flows were stable during both seepage
runs, with less than 0.03 inch of rain falling during the prior 3 days before either seepage run was made. The three
tributaries, the North Fork of Clover Creek, Spanaway Creek, and Morey Creek, are considered a contribution to flow and
not a gain. No diversions of flow are known. Indicated gains or losses may be substantially in error as affected by small
inaccuracies in the open-channel measurements.
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Table 5.--Results from two seepage runs on June 26, 1991, and April 21, 1992, showing gains and losses of water on
the main stem of Clover Creek, Pierce County, Washington--Continued

Water Specific

Clover Measured Gain  tempe-  conduc- Chloride

Creek discharge  or rature tance (Cl,in

mile Stream Location D) loss  (°C) (US/cm)  mg/L)

Measurements made June 26, 1991

11.8 Clover Creek NE1/4SW1/4 sec 30, T.19 N., R4 E, 0.87 -- 9.7 137 4.9
at Tacoma Sportsmen Club rifle
range (12090325)

104 Clover Creek Crest-stage gaging station at Military 6.29 +5.42 11.4 153 7.7
Road near Spanaway (12090330)

9.3  Clover Creek NE1/4SW1/4 sec 23, T.19 N, R3 E. 18.8 +12.5 12.2 150 6.9
at 152nd Street (12090335)

8.2  Clover Creek Gaging station at 25th Avenue 15.5 -33 13.7 148 6.7
East near Parkland (12090355)

7.4  Clover Creek NW1/4SW1/4 sec 48, T. 19 N,,R3 E. 11.0 -4.5 142 148 6.8
at 12th Avenue East below Brookdale
Golf Coarse near Spanaway (12090358)

6.5 Clover Creek Crest-stage gaging station below 138th 0.13 -10.9 16.6 140 6.7
Street South near Parkland (12090360)

6.3  Clover Creek Staff gage station at 136th Street South 0 -0.13 -- - -
near Parkland (12090362)

6.2  NorthFork SWI1/4SE1/4 sec41, T.19N,R3 E, 0 - - -- --

Clover Creek  0.04 mile upstream of mouth.

4.6 Clover Creek Crest-stage gaging station at 17th Avenue 0 0 -~ -- -~
South near Parkland (12090430)

4.1  Spanaway Crest-stage gaging station at Tule Lake 16.4 - 17.2 117 6.1

Creek outlet near Parkland, 0.60 mile upstream

of mouth (12090460)

34  Morey Creek Crest-stage gaging station above McChord ~ 5.54 -- 16.3 118 6.1
Air Force Base near Parkland, 0.61 mile
upstream of mouth (12090480)

1.6  Clover Creek Gaging station near Tillicum (12090500) 30.5 +8.6 14.7 126 6.3

0.4  Clover Creek Crest-stage gaging station at Gravelly Lake 29.2 -1.3 15.0 125 6.4

Drive near Tacoma (12090602)
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Table 5.--Results from two seepage runs on June 26, 1991, and April 21, 1992, showing gains and losses of water on
the main stem of Clover Creek, Pierce County, Washington--Continued

Water Specific
Clover Measured  Gain  tempe-  conduc- Chloride
Creek discharge  or rature tance (Cl, in
mile Stream Location (ft3/s) loss ) (1uS/cm) mg/L)
Measurements made April 21, 1992

11.8 Clover Creek NE1/4SW1/4 sec 30, T.19 N, R4 E., at 1.01 - 8.5 142 4.7

Tacoma Sportsmen Club rifle range

(12090325)
10.4 Clover Creek Crest-stage gaging station at Military 6.3 +5.3 10.0 149 6.6

Road near Spanaway (12090330)
9.3  Clover Creek NE1/4SW1/4 sec 23, T.19N,,R.3 E. 15.6 +9.3 10.3 155 6.3

at 152nd Street (12090335)
8.2  Clover Creek Gaging station at 25th Avenue

East near Parkland (12090355) 14.9 -0.7 11.1 154 6.2
7.4  Clover Creek NW1/4SW1/4 sec 48, T.19 N., R.3 E.

at 12th Avenue East below Brookdale

Golf Coarse near Spanaway (12090358) 12.8 -2.1 11.0 152 6.2
6.5 Clover Creek Crest-stage gaging station below 138th

Street South near Parkland (12090360) 4.22 -8.6 12.5 148 6.2
6.3  Clover Creek Staff gage station at 136th Street South

near Parkland (12090362) 2.31 -1.91 12.6 151 6.3
6.2  North Fork SWI1/4SE1/4sec 41, T.19N,R3E,

Clover Creek  0.04 mile upstream of mouth 4.46 - 13.0 124 5.1

4,6  Clover Creek Crest-stage gaging station at 17th Avenue

South near Parkland (12090430) 5.7 -1.1 12.0 120 5.3
4.1  Spanaway Crest-stage gaging station at Tule Lake

Creek outlet near Parkland, 0.60 mile upstream

of mouth (12090460) 14 - 14.0 122 6.5
34  Morey Creek Crest-stage gaging station above McChord

Air Force Base near Parkland, 0.61 mile

upstream of mouth (12090480) 5.6 -- 13.5 120 6.5
1.6 Clover Creek Gaging station near Tillicum (12090500) 50 +25 11.5 127 6.4
0.4  Clover Creek Crest-stage gaging station at Gravelly Lake

Drive near Tacoma (12090602) 44 -6 11.0 126 6.5

'Discharge was determined from gage-height reading and current rating.

Measured at gaging station at North Fork of Clover Creek near Parkland, 0.7 mile upstream of mouth (12090400).
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immediately downstream of the intersection of the two
main road ditches. The observed streamflow record at this
site was rated poor because of variable backwater condi-
tions at the site and the small quantities of measured dis-
charges.

The preliminary HSPF numerical model was con-
structed, and the preliminary calibration for the Cow
Pasture Catchment and the Rural Basin was conducted
according to the guidelines published by Dinicola
(1990). Preliminary calibrations at both the Cow Pasture
and the Rural Basin were generally satisfactory, but some
trends in the errors were noted. During the largest storms,
the models tended to simulate storm hydrographs with
steeper rising limbs than observed, to oversimulate runoff
during the fall storms (simulated discharge was greater
than observed discharge), to undersimulate winter and
spring medium to low flows (simulated discharge was less
than observed discharge), and to undersimulate total run-
off (figs. 7, 9).

Preliminary models were refined by small adjust-
ments to routing and to selected parameters to produce
slightly better final calibrated models. The flashy storm
hydrographs seemed to indicate that the preliminary simu-
lated storm hydrograph produced too much overland flow.
By routing more storm-water flow through interflow to the
channel and less by overland flow, the final calibrated
model produces a less flashy storm hydrograph (fig 8, 9).
This adjustment was achieved in the numerical model by
increasing the value of the INTFW process-related param-
eter (from the reservoir analogy of the numerical model,
INTFW is a valve that lets water into the interflow reser-
voir) and by decreasing the IRC parameter (the outlet
valve for the interflow reservoir), thereby extending the
recession limb of the storm hydrograph. In preliminary
numerical models, outflow from active ground-water stor-
age was routed to the basin outlet as ground-water dis-
charge rather than routed into the channel. In the final
calibrated models, outflows from active ground-water
storage are routed to the channel, and the outflows are
intended to simulate relatively slow-moving soil moisture
discharge to the channel. The final models use an addi-
tional flow path not used by the preliminary models to rep-
resent recharge through the till that may eventually
discharge to the basin outlet. This addition was accom-
plished by changing the DEEPFR process-related parame-
ter from the value of 0.0 that was used in the preliminary
models to 0.25 in the final models, which allows one-
fourth of all the water available to the active ground-water
reservoir to be diverted to the deep ground-water reservoir.
(In the basin models, this water is recharge to the simu-
lated ground-water reservoirs). The remaining water in
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the active ground-water flow path helps maintain stream-
flows between large storms and during spring and early
summer. The parameter AGWRC was adjusted until sim-
ulated low flows reasonably fitted the observed low flows.
The active ground-water and interflow flow paths were
used in the final calibrated models to give the numerical
models the flexibility to simulate the movement of water
in the soil zone; this routing is compatible with the con-
ceptual model in representing the variable lag between the
time when water enters the soil and when it enters the
channel. The interflow pathway in the final calibrated
model represents the relatively quick flow rates of subsur-
face flow near the channel, and the active ground-water
pathway represents delayed subsurface flow from parts of
the land segments located some distance away from a
stream channel. The deep ground-water pathway repre-
sents recharge through the glacial till into the regional
ground-water system.

In the final basin models, two distinctions of recharge
or ground-water discharge were made for runoff from the
land segments. In till- and saturated-soil land segments,
AGWO represented slow-moving shallow soil water, and
in outwash-soil land segments it represented ground-water
recharge to local aquifers that discharged to the nearby
channel reach. Recharge to regional aquifers was simu-
lated with the deep or inactive ground-water inflow
(IGWI) that recharged the simulated ground-water reser-
voir and generally discharged at a distant channel reach.
In till-soil land segments the IGWI represented recharge to
a regional aquifer, and in outwash-soil land segments no
recharge to regional ground-water aquifers was simulated
(IGWI=0.0). Exceptions to these rules are for subbasins
in the remote southern sections of the Clover Creek Basin,
subbasins CL1B, CL2B, and SP1B, where no nearby
streams existed and all runoff from the land segments
recharged the simulated ground-water reservoirs.

In the preliminary models and especially in the final
models, most of simulated runoff to the channel for till and
saturated land segments travels through the soil. In order
to decrease storm runoff simulated during the fall season,
the LZSN parameter was increased in the final models to
increase the size of the lower zone reservoir; thus more
water is routed through the soil zone, and the simulated
storm hydrographs are less responsive to precipitation
inputs until the lower zone reservoir begins to fill to capac-
ity. In the final models, generally only 2 percent or less of
the total runoff from the till land segments is overland
flow; the remainder passes through the soil zone before
reaching the channel or the ground-water reservoir.
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RAINFALL,
IN INCHES
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Figure 9.--Storm hydrographs of observed discharge with the preliminary and final
calibrated simulations for the Rural Basin and rainfall at the Canyon Road gage,
Pierce County, Washington.
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The simulated soil moisture was compared with
observed soil moisture to provide some validation that the
model correctly simulates the quantities of moisture stored
in the soil reservoirs. Soil-moisture measurement sites
were located at the bottom, midpoint, and top of two
transects along slopes from the channel to the ridge top
(sites T1.bot, T1.mid, T1.top, T2.bot, T2.mid, and T2.top
on fig. 6). The two other soil moisture sites were the
Cedar site, located in a grove of cedar trees, and the
Penman site, located at the weather station in a flat pasture
in the upper part of the catchment. All the sites were
located on a cow pasture and were on till-grass-fiat land
segments, except the Cedar site, which was on a till-
forest-flat land segment. The T1.bot site was in a small
marshy area in the channel that closely represented
a saturated land segment that remained saturated about
one-third longer than the other sites, and for this reason,
the observed data from T1.bot were used for comparison
with simulated soil moisture for saturated land segments.

Observed soil moisture was measured with pairs of
probes at two or three depths by the TDR method; the
results represented average volume percentage of water in
the soil from the surface to the depth of the probes. The
measured soil moisture represents total water in the soil,
but part of the total water is the moisture below the wilting
point of the soil that is not available for runoff or ET. On
the other hand, soil moisture simulated in the model by
storage in the upper, lower, and active ground-water reser-
voirs is all available to the model for runoff or ET and thus
represents only that part of the physical soil moisture
above the wilting point. Therefore, the total measured soil
moisture had to be corrected by subtraction of moisture
below the wilting point so that comparisons could be
made. The wilting point of the soil was estimated to be the
lowest soil measurement made during the data collection
period. The plots of soil moisture over time for the T1.bot
and T2.bot sites did not show any sustained low moisture
reading that indicated the soil had reached the wilting
point. Therefore, the wilting point for the soil at these two
sites was assumed to be the value estimated for nearby
sites. Except for the T1.bot site, soil depths were mea-
sured by the maximum depth that the piezometers could be
driven into the ground because the till-soil interface at the
base of the soil layer obstructed further penetration. The
soil depths measured in this fashion ranged from 2.65 to
3.65 feet. At T1.bot where the wet interface allowed the
piezometer to penetrate, soil depth was estimated at
3.2 feet, the average of all the other soil depths. The avail-
able soil moisture in inches, ASM , at each of the sites was
estimated using the following formula:
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ASM = (SM% - WP%) x SDx 12,

where SM% is the percentage of water by volume in the
soil column measured by the longest pair of probes that
does not penetrate the till, WP% is the wilting point of the
soil as a percentage of moisture by volume of soil, and SD
is the soil depth in feet.

In addition to the increase in the parameter LZSN to
enlarge the simulated lower-zone reservoir, the AGWETP
and the LZETP process-related parameters for the till and
saturated land segments were also adjusted to influence the
simulated rate of soil moisture depletion during the sum-
mer and more closely match observed available soil mois-
ture. Observed available soil moisture shows a wide
variation between sites. Simulated soil-moisture curves
follow the general trend of the observed data, and final
simulated moistures more closely match the trend than the
initially simulated soil moistures (figs. 10 and 11).

Soil-moisture measurements also aided in calibration
of the DEEPFR parameter for the saturated land segment.
The saturated land segment is absent from the Cow
Pasture, as determined from soil maps, and is poorly repre-
sented in the Rural Basin (14.7 percent). For this reason,
gaged runoff from these two basins was not representative
of the saturated land segment, and therefore, it was not
reasonable to compute recharge from the annual water
budget (recharge equals precipitation minus actual evapo-
transpiration minus runoff) in the same manner that it was
computed for the till land segments. Recharge from the
saturated land segment was estimated based on the
assumption that recharge through the till is a function of
the time that the soil above the till is saturated. Compari-
sons of piezometer and TDR data at different sites in the
Cow Pasture showed that soil at the T1.bot site, the repre-
sentative saturated soils site, was saturated approximately
33 percent of the time longer than the other soil moisture
sites. The DEEPFR parameter for the saturated land seg-
ment was thus adjusted to produce approximately 33 per-
cent more recharge than the till-grass-flat land segments.
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On the basis of calibration to the hydrograph shape of
the observed discharge record, three process-related
parameters—AGWRC, INTFW, and IRC—were changed
from their preliminary values. AGWRC was changed
from a value of 0.996 to 0.80 for all the till and saturated
land segments. The original value was calibrated by
Dinicola (1990) for controlling the simulated recession
limb of base-flow contributions from ground-water dis-
charge, a discharge representing a pathway through the till
to a nearby or distant channel reach. In the final models,
AGWRC controls the recession of soil-water discharge
and had to be lowered to allow simulated streamflows at
the Cow Pasture and the Rural Basin to go dry in the
spring and early summer. Soil-water discharge represents
a soil-surface pathway above the till that always dis-
charges to a nearby channel reach. INTFW was raised to
increase the portion of interflow from the water available
for surface runoff or interflow and, thereby, to decrease the
portion of overland flow. This adjustment resulted in a
less flashy storm hydrograph in the final models. The IRC
parameter affects the recession limb of the interflow
hydrograph, and this parameter was lowered in the final
models to match more closely the observed hydrograph
immediately following peak discharges. In preliminary
models, INTFW and IRC varied with slope of the till land
segments. The parameters were changed for the medium-
and steep-sloped land segments in proportion to changes
made for the flat-sloped land segments. Few or no
medium and steep land segments were found in the Cow
Pasture or the Rural Basin to allow direct calibration of
these parameters.

A final change to one of the preliminary process-
related parameters was to SLSUR, the average slope of the
overland flow plane. Measurements of slope from the
topographic map of the Cow Pasture showed gentle slopes
that averaged about 0.01. The slopes at the Cow Pasture
typified the region in general and were less than the aver-
age of the flat-slope category (0.0 to 6.0 percent) used by
the USDA for soil classification and by this study to deter-
mine till-flat land segments, so SLSUR for the till-flat land
segments was changed from the preliminary model’s value
of 0.05 to 0.01. The other two slope classes were approxi-
mate averages of the slope classes that appeared reason-
able for the limited amount of medium- and steep-sloped
land segments found in the study area, so they were not
adjusted.
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The calibration of the Cow Pasture and Rural Basin
models produced a set of process-related parameters that
govern simulation of runoff from the different land seg-
ments. The influence of the parameters can best be shown
by how different parameters affect a storm hydrograph and
how runoff is distributed between different possible simu-
lated flow paths. A large storm in April 1991 provides an
example of how four different land segments distribute
runoff to the stream channel (figs. 12 and 13). Hydro-
graphs of the till-grass-flat and till-forest-flat land seg-
ments have similar shapes, and both show a large percent-
age of total runoff as interflow (fig. 12). The major
difference was the large quantity of surface runoff gener-
ated by the grass land segment compared to the small
quantity of surface runoff in the forest land segment.
Surface runoff from the grass land segment was only
5.7 percent of storm runoff over the duration of the storm
(April 2-6), but was 50.3 percent of instantaneous flow at
the peak on April 4. Active ground water (representing
relatively slow-moving soil-moisture discharge) was also
a small portion of total storm flow, but it was important in
maintaining low flows between peak flows. By April 12,
active ground water supplied all of the flow to the channel.
Surface runoff was a large percentage of total runoff for
the hydrograph of the saturated land segment (fig. 13).
The April storm occurred late in the rainy season when
soil moisture was high. Little infiltration could occur even
during moderate rain intensities, and peak runoff had little
lag time after the peak rain intensities. Peak runoff
quickly fell as rainfall dropped off, and active ground
water dominated the hydrograph as soil moisture slowly
drained. There was little response by the outwash land
segment to the rainstorm, although by April 15 it produced
more runoff, almost entirely ground-water outflow, than
any of the other three land segments combined. The out-
wash land segment produced peak discharge that was only
8.7 percent of the peak discharge from the till-grass-flat
land segment and 12.2 percent of the peak discharge from
the saturated land segment.

A list of calibrated process-related parameters is
shown in table 6. These parameters were used unchanged
in both final basin models that simulated runoff for the
entire study area.
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Figure 12.--Simulated storm runoff and various components of flow from till-forest-flat and
till-grass-flat land segments and rainfall from the Canyon Road gage, Pierce County,
Washington.
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Figure 13.--Simulated storm runoff and various components of flow from saturated and
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Table 6.--Calibrated process-related model parameters for each of the land segments, Pierce County, Washington

[Units are printed below parameter name; in., inch; in/hr, inches per hour; ft, feet; 1/in, 1/inch; n/a, not applicable; where
units are not listed, the parameter has no units; EIA, effective impervious areas; TFF, till soils, forest cover, flat slopes;
TFM, till soils, forest cover, moderate slopes; TFS, till soils, forest cover, steep slopes; TFG, till soils, grass cover, flat
slopes; TGM, till soils, grass cover, moderate slopes; TGS, till soils, grass cover, steep slopes; OF, outwash soils, forest
cover; OG, outwash soils, non-forest cover; SA, saturated soils, all covers]

Model parameter®

Land LZSN INFILT LSUR KVARY AGWRC
segment (in.) (in/hr) (ft) SLSUR (1/in) (1/day) INFEXP INFILD BASETP
EIA n/a n/a 500 0.01 n/a n/a n/a n/a n/a
TFF 6.0 0.08 400 0.01 0.5 0.80 35 2.0 0.0
TFM 6.0 0.08 400 0.10 0.5 0.80 2.0 2.0 .0
TFS 6.0 0.08 200 0.20 0.5 0.80 1.5 2.0 .0
TGF 6.0 0.03 400 0.01 0.5 0.80 3.5 2.0 .0
TGM 6.0 0.03 400 0.10 0.5 0.80 2.0 2.0 .0
TGS 6.0 0.03 200 0.20 0.5 0.80 1.5 2.0 .0
OF 5.0 2.00 400 0.05 0.3 0.996 2.0 2.0 .0
oG 5.0 0.80 400 0.05 0.3 0.996 2.0 2.0 .0
SA 5.0 2.00 100 0.001 0.5 0.80 10.0 2.0 .0
Model parameter!
Land CEPSC UZSN IRC RETSC
segment AGWETP (in.) (in.) NSUR INTFW (1/day) LZETP (in.) DEEPFR
EIA n/a n/a n/a 0.10 n/a n/a n/a 0 n/a
TFF 0.80 0.20 1.00 0.35 6.0 0.15 0.50 n/a 0.25
TFM 0.80 0.20 .50 0.35 9.0 0.12 0.50 n/a 0.25
TFS 0.80 0.20 .30 0.35 11.0 0.10 0.50 n/a 0.25
TGF 0.60 0.10 .50 0.25 6.0 0.15 045 n/a 0.25
TGM 0.60 0.10 25 0.25 9.0 0.12 0.45 n/a 0.25
TGS 0.60 0.10 15 0.25 11.0 0.10 0.45 n/a 0.25
OF 0 0.20 0.60 0.35 0 0.70 0.70 n/a 0
oG 0 0.10 0.50 0.25 0 0.70 0.25 n/a 0
SA 0.70 0.10 3.00 0.50 1.0 0.50 0.40 n/a 0.22

ISee table 1 for model parameter definitions.
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Basin Calibration

The final step in the calibration process, after values
for the process-related parameters had been chosen for
cach land-segment type, was basin calibration. Basin
models were constructed with calibrated parameters from
the Cow Pasture and Rural Basin calibrations, Dinicola’s
(1990) parameter values, and basin characteristics deter-
mined from maps and field measurements as previously
discussed. Simulated hydrographs were generated at all
streamflow gaging sites for the first year of the data-collec-
tion period. At some sites little or no calibration was
needed, and simulated hydrographs matched observed
hydrographs closely. At many of the stream-gaging sites,
especially sites near the mouths of basins, the match
between simulated and observed hydrographs was poor.
These basin models needed adjustments that were unique
for each stream. Three types of adjustments made during
basin calibrations all involved changes to volume and out-
flows of the FTABLE’s in the numerical models:

(1) changes to outflows that simulated channel losses,

(2) changes to outflows and volumes in the FTABLE’s that
represented the ground-water reservoir for each basin, and
(3) changes to outflows and volumes to account for storage
and release of storm runoff that was not accounted for in
field surveys of characteristic channel cross sections.
Basin calibration was subjective and relied heavily on
comparisons of observed and simulated hydrographs and
the hydrologic judgement of the modeler. Observations in
the field during dry periods and especially during wet peri-
ods of the year and results from seepage runs were impor-
tant sources of information that aided in the calibration.

Channel losses in most reaches were measured
directly during seepage runs on the creek. The measure-
ments, however, only provided the quantity of the losses at
a particular stage of flow in the channel. The range of
channel losses throughout the range of stages of flow
within a channel was not known. This relationship was
estimated by comparison of simulated and observed
streamflows. If simulated streamflows agreed with
observed streamflows upstream of a channel reach known
to lose water and if the simulation downstream of the
reach did not agree with the observed streamflow, outflow
in the FTABLE representing channel losses was adjusted
until a reasonable fit between simulated and observed
hydrographs was obtained. This procedure assumed that
the model was simulating all hillslope runoff to the reach
correctly and that the error in the preliminary streamflow
simulation was due to channel losses.

50

Ground-water reservoirs in the RCHRES block of the
numerical model supply and regulate simulated base flow
at the lower subbasins in the Clear and Clarks Creek
Basins, at headwater basins and several points at gaining
reaches on the main stem of Clover Creek, and in the
Spanaway Creek Basin. Either continuous-recording sta-
tions or periodic discharge measurements at these loca-
tions provided data for making reasonably accurate
estimates of base-flow contributions from a simulated
ground-water reservoir. Observed seasonal and annual
runoff totals were also used to calibrate outflows from the
simulated ground-water reservoir. Outflows were bal-
anced by inflows to the reservoir from recharge from the
PERLND’s and channel losses, and the outflows fluctuated
during the water year according to the volumes in the res-
ervoir. During the winter as inflows increased and vol-
umes in the ground-water reservoir increased, outflows
increased, and, likewise, during the summer inflows
decreased, volumes decreased, and the outflows
decreased.

The Clover Creek model, which included the recharge
area for the ground-water reservoir by defining the south-
ern and eastern subbasins according to ground-water flow
boundaries, had a surplus of inflowing recharge to both
simulated ground-water reservoirs. In both simulated res-
ervoirs, an additional outlet gate was added to the
ground-water reservoir FTABLE’s that represented
ground-water outflow out of the basin. The quantity of
outflow from this gate was adjusted to maintain a slight
gain (approximately 8 percent in the final calibration) in
the final volume in the ground-water RCHRES at the end
of the water year over the initial volume after all the other
outflows were calibrated to measured streamflows. It was
assumed that there was a little gain in the actual ground-
water storage for the 1991 calibration year from the higher
than normal quantity of precipitation, which was the
source of recharge to the aquifers.

In preliminary runs of the Clear-Clarks Basin model,
inflows to the simulated ground-water reservoir were not
sufficient to maintain the outflows needed to match
observed base flows at the mouths of the streams. The
ground-water recharge area outside the surface drainage
boundaries of the Clear-Clarks Basin was delineated from
the ground-water flow boundaries drawn from the potenti-
ometric map of the deep ground-water system produced
from well-level data by Brown and Caldwell (1985,
figs. 5-22). This recharge area outside the Clear-Clarks
Basin boundaries (4,678.8 acres) extends south into the
Clover Creek Basin and west beyond the Tacoma city lim-
its and outside the study-area boundaries (fig. 3a). The
acreage and type of land segments of this recharge area for



the area common with the Clover Creek Basin were com-
puted by methods discussed earlier in the text, but the land
segments outside the study area had to be computed in a
slightly different manner. The county soil survey maps do
not extend into the Tacoma city limits, so a geologic map
of central Pierce County (Walters and Kimmel, 1968,
plate 1) was used to determine the land-segment type,
which was mostly glacial till. Because the geologic map
did not include slope classes, all the land segments were
designated as flat,"as indicated by the topographic maps.
Land cover information was determined from aerial pho-
tos at a 1:24,000 scale (U.S. Department of Agriculture,
1979). The computed acreages of land segments for
recharge areas outside the basin boundaries were added to
the model, and only recharge from these segments was
computed, which was subsequently routed into the simu-
lated ground-water reservoir. One of the outlet gates on
this reservoir was not routed into any simulated stream
channel. It represented ground-water that discharges
either out of the basin or into Canyon Creek, and it was
simply accumulated by the model for summaries of the
basin water balance. It should be noted that there was no
routing of outflows from the ground-water reservoir into
the simulated Canyon Creek channel because there were
no observed data at the mouth of the creek from which to
estimate the ground-water contributions that would have
been simulated from the ground-water reservoir.
Observed discharge data are needed before accurate simu-
lation of low flows at the mouth of Canyon Creek can be
obtained and validated.

In construction of the basin model, a field survey of
representative channel cross sections was made for most
subbasins. These surveys were made during summer
when no water was flowing in the headwater basins, and it
was difficult to define the extent of high water boundaries
of the channel. Much of the headwater areas in the study
area are flat, and during the wet season, many natural and
man-made shallow ponds can be observed. The accumu-
lated effect of the ponds is to provide a large reservoir of
storage and slow release of outflows that reduce peak
streamflows and attenuate the recession limb of the dis-
charge hydrograph. Large ponds often form in the channel
where outflow is controlled at a constriction in the channel
such as a culvert. The field survey of representative cross
sections did not account for these controlling constriction
points, nor did it account for the ponding that occurred in
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swales or detention ponds not in the main channel. Some
of the large seasonal ponds are shown on county drainage
maps, whereas others can only be seen in the field during
the wet season. The effects of the headwater seasonal
ponds could be seen in preliminary runoff simulation by
the numerical models. Preliminary simulated hydrographs
would oversimulate peak flows, especially in the fall, and
undersimulate flow between peaks. Volumes in the
FTABLE’s representing channel reaches for headwater
channels were increased and outflows were decreased to
account for the effects of seasonal ponding. Occasional
stream discharge measurements were available in the
headwater reaches to provide an instantaneous check for
calibrating simulated outflows in these reaches. Attempts
were made to quantify the volumetric changes in the
FTABLE’s by measuring the surface area of all the
mapped ponds within the basin and estimating the added
storm runoff volume these ponds would store. This pro-
vided an initial adjustment of the FTABLE’s, but the final
adjusted FTABLE’s were a result of a trial-and-error cali-
bration process of fitting the simulated hydrograph with
the nearest observed hydrograph downstream of the head-
water basin.

The progression of the basin calibration process is
illustrated by several examples of hydrographs for the
Clear Creek Basin (figs. 14-15). The preliminary run for
Clear Creek at Pioneer Way, station number 12102140,
(fig. 14) used the calibrated process-related parameters,
but channel losses, ground-water discharge to the stream,
and seasonal storage in ponds in the headwaters particular
to this basin were not simulated in this version of the
numerical model. The observed hydrograph (fig. 14)
showed a constant base flow of approximately 8 cubic feet
per second throughout the year. The simulated hydro-
graph showed the creek to be dry for about half of the year
because no ground-water discharge into the channel was
being simulated. In addition, the simulated hydrograph
greatly oversimulated the peak flows: The January 9 peak
was simulated at 264 cubic feet per second, and the
observed peak (estimated from reconstruction of the
observed hydrograph unaffected by backwater and from
comparison with the observed record at nearby Swan
Creek) was only 180 cubic feet per second. The observed
annual runoff for the 1990 water year was 44.01 inches, or
22.91 inches more than the simulated runoff for the pre-
liminary calibration run.
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The accounting of simulated runoff for Clear Creek
shows how this creek in particular is influenced by
regional ground-water discharge. In the final calibration
model run for Clear Creek at Pioneer Way, ground-water
discharge (shown as a dotted line on fig. 14) was simulated
by outflows from the ground-water reservoir that produces
a nearly constant outflow of about 8 cubic feet per second
throughout the year. An equivalent of 16.75 inches of
recharge from the surface-water drainage boundaries of
Clear Creek was inflow to the ground-water reservoir, but
38.02 inches of runoff from the simulated ground-water
reservoir was required to balance the annual simulated and
observed runoff—a difference of 21.27 inches represent-
ing ground-water discharge derived from recharge outside
of the surface-water boundaries of Clear Creek.

The oversimulated peak flows for East Fork Clear
Creek at 100th Street East and Clear Creek at Pioneer Way
were reduced by increasing the volume in the FTABLE’s
representing the headwater reaches in the east fork of
Clear Creek and adding a second outflow to the FTABLE’s
of several reaches to represent channel losses. Three
crest-stage gages were located in the upper portions of the
drainage basin to aid in calibration of the Clear Creek part
of the Clear-Clarks model. The preliminary calibration
run showed that peak flows on the east fork Clear Creek
were oversimulated. A review of drainage maps for the
headwater region showed several large ponds; one of the
ponds above the crest-stage gage at 100 Street East was
mapped with a seasonal boundary enclosing 5.9 acres.
Many trial model runs were made with changes to the vol-
umes and outflows in the FTABLE’s that represented these
headwater reaches to account for this storage and reduce
simulated peak flows until they more closely matched
observed flows. The effects of changes between the pre-
liminary and final calibration runs can be seen in the storm
hydrograph of peak flow of the water year on January 9 at
a point representing flow at the crest-stage gage at East
Fork Clear Creek at 100th Street East (fig. 15). The final
simulated discharge closely matches a discharge measure-
ment for the peak of 25.1 cubic feet per second made at
this site on January 9. The FTABLE representing the
reach above this gaging station was given additional vol-
umes—{rom 0.6 acre-foot at the lowest stage where the
channel surface area, volume, and outflow are specified to
10.2 acre-feet at the highest specified stage—and the out-
flows were reduced to about 20 percent of the original val-
ues calculated from field surveys of the channel cross
section. The effect of these changes was to reduce the
peak flow and increase the lag time between peak rainfall
intensity and peak discharge. Although the simulated
January 9 peak discharge in the final calibration run was
still 3.5 cubic feet per second higher than the observed dis-
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charge, it represented a balance of other errors between
observed and simulated discharges in the basin model.
Reducing the peak further would increase errors down-
stream. Seepage runs at the gaging stations showed that
channel losses occur in several of the simulated reaches.
These losses were simulated by adding a second outflow
gate in the FTABLE'’s representing reaches where these
losses occurred. The simulated channel losses were
directed to the ground-water reservoir and later returned to
the channel ground-water discharge at a downstream loca-
tion where springs are reported (Ed McLeary, operator of
the hatchery on Clear Creek, Troutlodge, Inc., oral com-
mun., December 1989). Channel losses were important in
decreasing oversimulated peak flows at Clear Creek at
Pioneer Way. Figure 14 shows the January 9th observed
and simulated storm hydrograph at Clear Creek at Pioneer
Way and the total quantity of channel loss in all of the
Clear Creek stream channels. The hydrograph shows that
the quantity of simulated channel losses can be a large pro-
portion of the total simulated runoff at this site, especially
at medium peak flows.

For the most part, the basin calibration procedure
described for the Clear Creek example was followed for
each of the separate creek systems in the two basin mod-
els, but several additional strategies were needed for Diru
Creek and Clover Creek. Simulation of Diru Creek
required the addition of 0.47 cubic foot per second of
water (except for a period when the well was shut down in
September 1991) to the lower reach to simulate the con-
stant addition of water from a deep well by the hatchery
lIocated just above Pioneer Way. The Clover Creek simu-
lations required several additional strategies to improve
the calibrations.

In the Clover Creek model, comparisons of simulated
and observed hydrographs at the mouths of two reaches in
the outwash plain, reaches 5 and 13 where channel losses
were observed, indicated variable rates of loss. During fall
when the level of the water table was low, the simulated
hydrograph consistently oversimulated flows, and during
the winter when the water table rose, low-flow period
streamflows were generally undersimulated. It is believed
that the rise and fall of the water table changes the reach
seasonally from a ground-water discharge area to a
ground-water recharge area. To simulate these variable
channel losses and gains, variable outflows from the upper
ground-water reservoir were routed into the reaches, and
simulation of stream flows improved. The outflows are
zero until the simulated ground-water reservoir has
reached a mid-level stage in the reservoir, and they
increase as the stage increases.



On the main stem of Clover Creek, preliminary simu-
lations of runoff tended to oversimulate peak flows. The
volumes in the FTABLE'’s for the highest stages of flow in
the channel for these reaches (reaches 1, 5, 15, and 23)
were increased to reduce peak flows and attenuate the
recession limb of the simulated storm hydrograph. The
increases were made because at various low spots in the
channel, high flows can overflow the banks into the flood-
plain, become temporary storage that reduces peak flows,
and return to the channel slowly as storm waters recede.
Overbank flow was observed at stages lower than pre-
dicted by the original compilation of the FTABLE’s, and
therefore, increases in the channel volumes at high stages
seemed reasonable.

In the southeastern portion of Clover Creek, three
large subbasins—SP1, CL1, and CL2--defined by
ground-water flow paths were further subdivided into
small subbasins immediately surrounding the channel
reach and larger subbasins remote from the reach. Runoff
from the smaller subbasin was directed into the channel
reach because it is believed that the smaller subbasin is
more directly connected to the reach than the distant parts
of the subbasin that must follow a long ground-water path-
way before entering a surface-water channel. An excep-
tion was made for the smaller basin in CL1 (CL1A) where
the till land segments are separated from the stream chan-
nel by outwash land segments. The runoff from these seg-
ments was directed directly into the ground-water
reservoir. All runoff from the remaining larger subbasins
was directed to a simulated ground-water reservoir. Sub-
basins CL1 and CL2 were subdivided into smaller, directly
connected subbasins (CL1A, and CL2A) along the ridge
line defining the southern boundary of the surface-water
drainage basin for reaches 1 and 2 where direct connection
to the reach was apparent. Highways 7 and 507 were used
to subdivide SP1A because the highways provide a defi-
nite boundary for the large wetland area and surrounding
land that would drain immediately into reach 17, the
surface-water drainage channel for subbasin SP1.

During the data collection period for stream discharge
on Clover Creek, a local conservation group, Clover Creek
Council, sponsored several stream restoration projects on
6 days during February and March 1992 with the goal of
reducing the channel losses on the main stem of Clover
Creek in order to maintain sufficient streamflows through-
out the year and increase the fish rearing potential of
anadromous fish (primarily salmon). The projects con-
sisted mainly of restoring the stream banks with sand bags
and clay along the stretch of the Creek just upstream of
138th Street South where channel losses were large as
water diverged into two channels, overflowed the low
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banks during low- and high-flow periods, and maintained
a large swampy area. The area of the projects is within
RCHRES 5 of the Clover Creek Basin model. Seepage
runs were performed before and after the work was com-
pleted and showed that the projects were effective in
reducing channel losses during the low-flow periods
(table 5). Channel losses for RCHRES 5 were recali-
brated for the period after the projects were completed.
Streamflows were simulated for the period October 1,
1990, through February 29, 1992, using the original cali-
brated channel losses for RCHRES 5, and all the final
volumes of water stored in all the RCHRES’s and land
segments were computed. The stored volumes were added
to a new model run as the initial volumes to all the
RCHRES’s and land segments, and the new model run
containing the recalibrated channel losses for RCHRES 5
simulated flows for the period March 1, 1992, through
September 30, 1992. Output from these two model runs
was used for comparison of observed and simulated dis-
charges in Clover Creek.

Routing streamflows to the ground-water reservoir to
represent channel losses and increases in channel volumes
was an important tool to reduce peak flows that were gen-
erally oversimulated in the preliminary calibration runs.
Results from the catchment studies support the selected
process-related parameters for the till-covered basins, and
therefore, the peak runoffs from hillslopes to the channels
are believed to be accurate. Field surveys of one represen-
tative cross section per reach failed to characterize the
hydraulic parameters accurately for routing streamflows in
the flat headwater reaches and broad floodplain reaches of
the main stem of Clover Creek, nor did they identify areas
of channel losses. However, observations of seasonal
ponds in the headwater areas, overbank flow on the main
stem of Clover Creek, and channel losses during seepage
runs support changes made to the models during the cali-
bration process. The calibration of the regional ground-
water components of the model proceeded despite the fact
that the dynamic nature of the ground-water flow pro-
cesses and the identification of source areas of ground
water were not well understood. The simulation of the
aquifers in the study area by equations for surface-water
reservoirs seemed to work well to distribute the ground
water properly, although it required many computer runs
to obtain the proper balance of inflows and outflows at
various stages of volume in the ground-water reservoir and
the proper dimensions of the reservoir.



RESULTS FROM RUNOFF SIMULATIONS

Does the numerical model represent the surface-water
hydrology of the study area? To answer this question the
major spatial and temporal characteristics of the hydro-
logic system are presented as represented by the numerical
model and observed data. Four topics are discussed in
this section. They include (1) a description of the precipi-
tation patterns in the study area represented by the precipi-
tation data, (2) a comparison of simulated runoff with
observed runoff, (3) an accounting of how the numerical
model distributes water through the hydrologic system,
and (4) a presentation of the results of long-term model
runs.

The first topic of the hydrologic system discussed is
precipitation because it is the primary input for generating
runoff. Comparison of observed precipitation data with
averages of a long-term weather station shows how well
the period of data collection represents the normal and
extreme conditions that may be encountered in the study
area. The second topic discussed is that the ability of the
models to generate runoff that matches observed runoff
indicates the success of the numerical model. Itis also a
measure of the success of the conceptual model to identify
the important runoff processes in the study area. Many
representative hydrographs and a variety of error analyses
are provided to the reader. Next, water budgets generated
by the numerical model for all the land segments and most
of the basins are provided to illustrate how the general
physical properties of the watersheds in the study area
affect runoff processes and whether the simulation model
is generating runoff according to the guidelines of the con-
ceptual model. The final topic shows how simulated run-
off during the period of data collection compares with
simulatéd runoff for 31- and 32-year periods of simulation
and how stable the range of volumes in the simulated
ground-water reservoirs is during the long-term simula-
tion.
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Precipitation Patterns

Analysis of precipitation totals recorded at the precip-
itation gage sites shows variation in the quantities
recorded, but no distinct rainfall pattern was evident.
Monthly and annual precipitation totals at all sites were
compared with the totals at the Canyon Road site, the only
site that operated throughout the data-collection period,
water years 1990-92 (table 7). The maximum difference
in the monthly totals from the Canyon Road site was
1.58 inches more rain recorded at the Waller Road gage
for October 1990. The pattern is highly variable between
months, however. For example, Elk Plain gage recorded
5.53 inches less than Brown’s gage for the 1992 water
year, the largest annual difference between two gages, but
it recorded 0.51 inch or 26 percent more rain than the
Brown’s gage for the month of October during the same
water year. No orographic effects influencing precipita-
tion were evident. The gage at the highest elevation—the
Canyon Road gage (470 feet)—had a similar but slightly
smaller rainfall total than the Spanaway Park gage, the
lowest elevation gage (345 feet). No regional rainfall pat-
tern could be found within the study area either. For
example, Brown’s and Elk Plain precipitation gages are
located within 3 miles of one another in the southern
region of the study area, but they represent the extremes in
recorded annual precipitation totals. A general pattern of
evenly distributed precipitation is somewhat apparent in
the rainfall totals for the winter months when rain com-
monly falls from large frontal storms of low intensity and
long duration. The pattern is less apparent during the
spring through fall seasons when localized storm systems
are more common and rain falls in more variable quanti-
ties within the study area. Increasing the number of rain
gages in the study area would improve the accuracy of the
areal distribution of rainfall, but the percent errors of the
annual totals—all within 9.1 percent of the Canyon Road
precipitation totals—suggest that the rain gage distribution
of approximately one gage per 14.5 square miles provided
reasonable definition of the distribution of rainfall in the
study area.
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The precipitation record for the period of data collec-
tion shows that the two hydrologic extremes, flooding and
drought, were represented for calibration and validation of
the numerical model. The heavy precipitation in the early
part of January 1990 resulted in extreme flooding in most
of the streams and rivers in Pierce County, and the low
annual precipitation for the 1992 water year resulted in
well-below-average runoff for many of the same streams
and rivers. The January 9, 1990, flood was a result of sev-
eral back-to-back storms, with the maximum daily precip-
itation occurring on January 9. The Canyon Road
precipitation gage recorded a maximum 24-hour total of
3.79 inches, and the Waller Road gage recorded a maxi-
mum of 3.73 inches. The estimated 50-year, 24-hour pre-
cipitation is 3.50 inches (U.S. Department of Commerce,
1973). (The 50-year, 24-hour precipitation is the total
rainfall over a 24-hour period that is exceeded on average
only once every 50 years). No record exists of stream-
flows on Clover Creek for this storm, but all of the
Clear-Clarks Basin stream gages were in operation,
although several lost usable streamflow record during the
flood and peak flows had to be estimated.

With the McMillin Reservoir precipitation records for
comparison, the data-collection period can be character-
ized as 2 wet years followed by a relatively dry year.
Figure 16 shows the monthly and annual total of precipita-
tion for the data-collection period for the Canyon Road
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and McMillin Reservoir rain gages compared with the
long-term averages for McMillin Reservoir. It shows that
the McMillin Reservoir rain gage compares well with the
Canyon Road gage and the study area in general. The first
2 years were wetter-than-average years, with the 3 highest
above-average monthly precipitation months correspond-
ing with the three largest storms: January 5-10, 1990,
November 21-26, 1990, and April 2-6, 1991. Water year
1992 represents a year of below-average precipitation.
Eight of the 12 monthly totals of precipitation at the
nearby long-term station, McMillin Reservoir, were
below the 1951-80 normal (fig. 16). This was not an
extreme drought year—7 water years during 1951-80 had
lower annual precipitation totals (U.S. Department of
Commerce, 1990)--but the year had 6.3 inches less than
average and 13.2 inches less than the calibration year for
the Clover Creek model, and it provided a good validation
test of the ability of the Clover Creek model to simulate
low flows. The low precipitation totals for water year
1992 resulted in low runoff totals and no stormflows that
approach the magnitude of flooding in the previous

2 water years. Almost all of the precipitation fell as rain.
Only 6 days of measurable snowfall were recorded at
McMillin Reservoir during the data-collection period; the
maximum daily total snowfall was 3.0 inches, and the
maximum depth on the ground was 4.2 inches for the same
period (U.S. Department of Commerce, 1989-92).









The three runoff patterns were successfully simulated
by the models, as was demonstrated by the fact that differ-
ences between observed and simulated runoff during the
validation period were not much greater than the differ-
ences cxperienced during the calibration period. The dif-
ference between the observed discharge (solid lines,
figs. 17-26) and the simulated discharge (dashed lines,
figs. 17-26) in the comparison hydrographs are indicative
of the model crror during the period of calibration and val-
idation. The difference is not the true model error, how-
ever, because the error of the observed discharge
(unknown) has not been added to the difference. The first
water year shown in the hydrographs (figs. 16-25) is the
period of calibration when efforts were made to minimize
the difference between the two hydrographs. The second
water year is the period of validation when the final cali-
brated model was left unchanged and simulations were
allowed to run through the second water year. In most
cases, the simulation discharge record did match the
observed record well, and the same degree of crrors seen
in the calibration period was found in the validation
period.

Two gencral errors in the annual hydrographs of
observed and simulated discharge (figs. 17-26) were not
random and indicate some deficiencies in the ability of the
model to accurately simulate the actual hydrologic pro-
cesses. The simulated runoff tended to be more respon-
sive to summer and fall rainstorms than the observed
runoff. This responsiveness sometimes caused the model
to simulate small discharge peaks when no peaks were
observed. This situation is especially apparent in the sub-
urban catchment hydrograph (station 12090340, fig. 17).
Efforts were made to correct this error during the calibra-
tion process, but changes to one aspect of the model to
correct a specific error often resulted in new crrors. A sec-
ond general error in the simulation model can be seen on
the two hydrographs for the Clover Creek stations (sta-
tions 12090355, fig. 18, and 12090500, fig. 22). The sim-
ulated peak discharge tended to occur slightly before the
observed peak. Calibration efforts to delay the simulated
peaks gencrally resulted in less accurate simulation of the
magnitudes of the peaks; therefore, some error in the tim-
ing of the peaks was accepted in order to avoid other
errors. The final calibrated model represents a balance of
errors distributed throughout the hydrograph.

Observed annual and seasonal runoff, measured in
inches of runoff, for the basin for each of the continuous-
recording streamflow sites was compared with simulated

values (fig. 27; table 8). Figure 27 shows fairly equal dis-
tribution of annual, winter, and spring runoff on either side
of the 45 degree line that represents exact simulation of
the observed runoff. For the lowest flows of the summer
scason, however, the runoff points plot above the

45 degree line, indicating a positive bias of the model to
oversimulate the lowest summer streamflows. Table 8
shows the actual difference in inches and percent differ-
ence. The three catchment sites show some of the largest
differences; however, these were the sites where the error
of the observed discharge is believed to be the highest.
Differences between the simulated and observed annual
discharge for the calibration period were as large as

-4.65 inches or -14.7 percent (station 12090340) for the
catchment sites, and -0.78 inch or -9.3 percent (station
12090355) for the basin model sites. Apart from these two
sites, percent differences during the calibration period
ranged from -5.1 percent to 1.4 percent.

For the validation period, the largest difference was
-4.10 inches (14.8 percent), and the largest percent differ-
ence was 25.7 percent (2.72 inches) at the Mixed-Use
Catchment. The percent differences ranged from -12.0 to
15.8 percent for the other sites. Winter and spring runoff
periods show similar results. The Suburban Catchment
shows the largest difference for these seasons, -7.27 inches
(-29.5 percent). At other sites, the largest difference in
inches was -1.91 inches (10.5 percent) for the calibration
period and -3.39 inches (18.2 percent) for the validation
period. Percent differences at these other sites ranged
from -20.6 to 8.7 percent for the calibration period and
-28.9 to 42.2 percent for the validation period. For the
summer season, the Suburban Catchment had the biggest
difference, 0.75 inch; at other sites the largest difference
for the summer scason was -0.40 inch (11.8 percent) dur-
ing the calibration period and 0.23 inch (2.4 percent) dur-
ing the validation period. Large percent differences
resulted despite the small differences in inches. The larg-
est percent difference for the calibration period was
83.3 percent, although the difference in inches was only
0.05 inch, and for the validation period, the largest percent
difference was 700 percent, or only 0.07 inches. At sites
(stations 12090340, 12090365, 12090380, 12090400, and
12102190) where streams become dry in the summer, the
models showed a bias of oversimulating streamflows dur-
ing the validation period. Percent differences were high,
ranging from 48.5 to 700 percent. At the other sites where
streams flowed all year, percent differences ranged from
-1.6 to 41.2 percent.
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Figure 27.--Observed and simulated annual runoff, seasonal runoff, storm runoff, and peak discharge data for all of
the continuous-recording stream-gage sites in the study area.
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Peak Discharges and Storm Runoff Volumes

Within a reasonable margin of error, the simulated
peak discharges and storm volumes matched the observed
peak discharges and storm volumes for most cases, and
with the exception of several ground-water dominated
storm hydrographs, the model reproduced the same gen-
eral storm-discharge responses to rainfall that were
observed. Several methods were used to compare simu-
lated and observed discharges for the largest runoff events
during the data-collection period. Comparisons were
made of simulated and observed instantaneous peak dis-
charges, in cubic feet per second, at all the streamflow
sites for the three largest peak-flow storms of the calibra-
tion period and the three largest peak-flow storms of the
validation period (tables 9 and 10), and comparisons were
made of runoff volumes, in inches of runoff, at the contin-
uous-recording sites for the same storms (table 9).
Selected storm hydrographs for several representative sites
show how well the simulation models mimicked the shape
of the storm hydrograph and how the streams responded to
large rainfall events (figs. 28-31). The storm periods
selected to compute runoff volumes included complete
24-hour intervals 3 to 7 days long, beginning and ending
at midnight. The periods began on the day when medium
to heavy rainfall began and ended a day or two after peak
flows occurred. In table 10, several discharge values are
missing at the crest-stage gage sites because of malfunc-
tions of the gage and—during the 1992 water year—
because no large peak discharges allowed the water to
reach the lowest part of the crest-stage stick (base-bolt ele-
vation) and leave a mark. In these cases, it can only be
stated that the peak discharge was less than the discharge
determined for the base-bolt elevation. A summary of the
comparison of peak discharges and storm runoff can be
seen on figure 27.

Two-thirds of simulated peak discharges were within
23 percent of observed values (within 20 percent for the
calibration period and 27 percent for the validation
period), although differences as large as 66.2 percent were
observed (tables 9 and 10). This extreme percent differ-
ence computed for the Cow Pasture Catchment repre-
sented a simulated discharge of only 4.5 cubic feet per
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second greater than the observed peak. During the calibra-
tion period, the greatest difference between simulated and
observed peak discharge was 80 cubic feet per second at
Swan Creek at Pioneer Way, which represented a simu-
lated peak 22.2 percent less than the observed peak. For
the validation period, the greatest peak discharge differ-
ence was 88 cubic feet per second (-27.2 percent differ-
ence), and the greatest percent difference was 65.0 percent
(7.8 cubic feet per second discharge difference). The peak
discharge differences shown on figure 27 are evenly dis-
tributed on either side of the 45 degree line, indicating lit-
tle bias of the simulation model to undersimulate or
oversimulate the peak discharges.

Two types of storm runoff responses, illustrated by
their storm hydrographs (figs. 28-31), were found at sta-
tions at the headwaters and the mouths of two creeks:
Swan Creek, a basin containing predominately glacial-till
soils, and Clover Creek, a basin containing predominately
glacial-outwash soils. The Swan Creek simulated and
observed hydrographs (figs. 28 and 29) matched well,
except for some sharp spikes in the observed record for
Swan Creek at Pioneer that were not simulated by the
Clear-Clarks Basin model; these peaks account for much
of the peak discharge difference reported in table 9. The
simulated peaks tended to occur slightly earlier than the
observed peaks, but the general shapes were maintained.
Swan Creek was more responsive to rainfall and produced
more runoff per unit area than Clover Creek (figs. 30 and
31). For example, Swan Creek produced 3.41 inches of
runoff for the April 2-6, 1991, storm, whereas Clover
Creek produced only 0.44 inch. Clover Creek was much
less responsive to storms, and the hydrographs had more
rounded peaks than Swan Creek. Although the difference
between simulated and observed peak discharges and run-
off volumes were low for the two Clover Creek stations, in
general the shapes of the storm hydrographs were not
always accurately simulated. For example, the
February 18-21 storm simulation closely matched the
observed runoff volumes for both Clover Creek sites (see
table 9: within 6.2 percent at 25th Avenue East, and
0 percent near Tillicum), but the simulated hydrograph
shape is somewhat different from the observed (fig. 30).



Differences between simulated and observed storm
runoff (that is, total runoff during a storm) were a maxi-
mum of -1.18 inches, and two-thirds were less than
0.24 inch, with some bias for oversimulation during
the 1992 water year. For the calibration period, the maxi-
mum runoff difference was -1.18 inches at the Suburban
Catchment, representing simulated runoff that was
23.0 percent less than observed runoff; percent differences
ranged from -32.6 to 74.1 percent. The 74.1 percent dif-
ference for the Diru Creek (station 12102025) represented
only a 0.20 difference in inches of storm runoff. For the
validation period, the maximum runoff difference was
0.97 inch (-22.9 percent difference, the largest negative
percent difference), and the maximum percent difference
was 84.6 percent (a 0.55 inch difference). Two thirds of
the percent differences were within 19 percent of the
observed storm volume. Data for the validation period for
Clover Creek during the drier-than-normal 1992 water
year showed that 16 of the 18 simulated runoff values
exceeded the observed values.
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Despite some of the inaccuracies, in general the
model was successful in simulating storm runoff, it is
valid to expect it to repeat the accuracy of simulation for
similar conditions. The success of the simulations also
supports the conclusion that the conceptual model was an
accurate description of the important hydrologic processes
for the study area. At locations where regional ground-
water influences dominate the storm hydrograph (Span-
away Creek represented by stations 12090460, 12090452,
12090448; Morey Creek represented by station 12090480,
and the main stem of Clover Creek represented by stations
12090330, 12090355, 12090360, 12090430, 12090500,
and 12090602), accurate simulation of peak flows and vol-
umes can be expected, although the simulation of the tim-
ing of peak discharges or the duplication of hydrograph
shapes may not always be as accurate as simulations for
locations where regional ground-water discharge is not a
large component of storm runoff.



Table 9.--Observed and simulated storm runoff and peak discharge data for all continuous-recording stream-gaging
stations in Pierce County, Washington

[ft3/s, cubic feet per second]

Storm runoff! Peak discharge2
Ob- Simu- Ob- Simu-
Date Date served lated Difference served lated Difference
Station of of runoff  runoff ————— runoff  runoff

number storm peak (inches) (inches) (inches) Percent (ft3/s) (ft3/s) (ft3/s) Percent

12090340 11/21-26/90  11-24 5.14 396  -1.18 -23.0 1.80 1.34 -0.46 -25.6

02/18-21/91  02-19 1.54 1.77 0.23 14.9 1.55 1.42 -0.13 -8.4

04/02-06/91  04-04 3.47 3.58 0.11 32 1.50 1.69 019 127

11/16-21/91 11-21 0.38 0.58 0.20 52.6 0.38 0.51 0.13 342

01/27-02/01/92  01-28 2.34 2.81 0.47 20.1 0.84 0.60 -0.24  -28.6

04/16-18/92  04-17 0.93 1.34 0.41 441 1.20 1.48 028 233

12090355 11/21-26/90  11-25 0.17 0.20 0.03 17.6 59.9 54.8 -5.1 -8.5

02/18-21/91  02-20 0.16 0.15 -0.01 -6.2 479 50.6 2.7 5.6

04/02-06/91  04-05 0.26 0.27 0.01 3.8 78.5 78.4 -0.1 -0.1

01/27-02/01/92  01-31 0.18 0.22 0.04 222 325 375 5.0 15.4

02/18-23/92  02-21 0.17 0.18 0.01 59 25.8 28.8 3.0 11.6

04/16-18/92  04-17 0.05 0.09 0.04 80.0 24.3 39.6 15.3 63.0

12090365 11/21-26/90  11-24 3.99 2.98 -1.01 -25.3 8.0 7.19 -0.81 -10.1

02/18-21/91  02-19 1.56 1.62 0.06 3.8 7.0 5.64 -1.36  -19.4

04/2-6/91  04-05 2.39 3.25 0.86 36.0 6.8 113 4.5 66.2

01/27-02/01/92  01-28 1.93 2.30 0.37 19.2 2.10 2.85 0.75 35.7

02/18-23/92  02-21 0.94 1.06 0.12 12.8 1.08 1.39 0.31 28.7

04/16-18/92  04-17 1.00 1.10 0.10 10.0 5.54 5.14 -0.40 -7.2

12090380 11/21-26/90  11-24 3.83 3.57 -0.26 -6.8 21.3 13.1 -8.2 -38.5

02/18-21/91  02-19 1.67 1.70 0.03 1.8 12.6 10.1 -2.5 -19.8

04/02-06/91  04-05 3.44 342  -0.02 -0.6 21.8 17.2 -4.6 -21.1

01/27-02/01/92  01-28 2.26 2.49 0.23 10.2 3.93 4.78 085 21.6

02/18-23/92  02-21 1.09 1.15 0.06 5.5 431 2.30 -2.01  -46.6

04/16-18/92  04-17 0.65 1.20 0.55 84.6 6.79 9.26 2.47 364

12090400 11/21-26/90  11-24 3.30 307 023 -7.0 423.0 356.0 -67.0 -15.8

02/18-21/91  02-19 1.45 1.46 0.01 0.7 191.0 205.0 14.0 13
04/2-06/91  04-05 3.33 312 -021 -6.3 4740 4020 -72.0 -15.2
01/27-02/01/92  01-31 1.91 2.07 0.16 8.4 88.0 118.0 30.0 34.1
02/18-23/92  02-21 0.99 0.88  -0.11 -11.1 522 56.0 3.8 13
04/16-18/92  04-17 0.75 0.93 0.18 240 151.0 192.0 41.0 27.2
12090500 11/29-12/5/90  12-05 0.43 029 014 -326 157.0 112.0 -45.0 -28.7
02/18-21/91  02-20 0.25 0.25 0.00 0.0 141.0 172.0 31.0 22.0
04/02-06/91  04-05 0.44 0.46 0.02 4.5 259.0  283.0 24.0 9.3
01/27-02/01/92  01-31 022 0.26 0.04 18.2 123.0 929 -30.1 =245
02/18-23/92  02-21 026 022 004 -154 106.0 78.2 -27.8 -26.2
04/16-18/92  04-17 0.10 0.11 0.01 10.0 130.0 104.0 -26.0 -20.0
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Table 9.--Observed and simulated storm runoff and peak discharge data for all continuous-recording stream-gaging

stations in Pierce County, Washington--Continued

Storm runoff! Peak discharge2
Ob- Simu- Ob- Simu-
Date Date served lated Difference served lated Difference
Station of of runoff  runoff runoff  runoff
number storm peak  (inches) (inches) (inches) Percent (t3rs)  (ftrs) (ft’/s) Percent
12102025 12/02-05/89 12-04 0.27 047 0.20 74.1 7.1 10.2 3.1 43.7
01/05-10/90  01-09 1.72 1.72 0.00 0.0 48.0 46.7 -1.3 2.7
02/7-11/90  02-10 0.56 0.62 0.06 10.7 12.0 11.6 -04 -3.3
11/21-26/90  11-24 1.06 0.89  -0.17 -16.0 24.0 20.2 -3.8 -15.8
02/18-21/91  02-19 0.55 0.53 -0.02 -3.6 15.3 13.8 -1.5 -9.8
04/02-06/91  04-04 0.77 1.09 0.32 41.6 23.6 31.1 7.5 31.8
12102140 12/02-05/89  12-04 1.00 1.18 0.18 18.0 70.0 64.8 -5.2 -7.4
01/05-10/90  01-09 2.76 323 0.47 17.0 180.0 185.0 5.0 2.8
02/07-11/90  02-10 1.23 1.30 0.07 5.7 81.0 66.4 -14.6 -18.0
11/21-26/90  11-24 2.32 2.25 -0.07 -3.0 130.0 139.0 9.0 6.9
02/18-21/91  02-19 1.16 1.22 0.06 5.2 80.6 954 14.8 18.4
04/02-06/91  04-04 2.07 2.41 0.34 16.4 160.0 160.0 0.0 0.0
12102190  12/02-05/89 12-04 1.98 1.83 -0.15 -7.6 98.6 81.7 -16.9 -17.1
01/05-10/90  01-09 5.04 4.75 -0.29 -5.8 206.0 208.0 2.0 1.0
02/07-11/90  02-10 1.92 1.92 0.00 0.0 107.0 83.9 -23.1 -21.6
11/21-26/90  11-24 4.24 3.27 -0.97 -22.9 164.0 130.0 -34.0 -20.7
02/18-21/91  02-19 1.78 1.59 -0.19 -10.7 125.0 93.9 -31.1 -24.9
04/02-06/91  04-04 3.48 3.14 -0.34 9.8 163.0 164.0 1.0 0.6
12102212  12/02-05/89  12-04 1.55 1.64 0.09 5.8 125.0 106.0 -19.0 -15.2
01/05-10/90  01-09 3.98 4.34 0.36 9.0 360.0 280.0 -80.0 =222
02/07-11/90  02-10 1.19 1.77 0.58 48.7 78.2 111.0 32.8 41.9
11/21-26/90  11-24 3.48 3.00 -0.48 -13.8 271.0 186.0 -85.0 -31.4
02/18-21/91  02-19 1.45 1.52 0.07 4.8 155.0 144.0 -11.0 -7.1
04/02-06/91  04-04 341 3.09 -0.32 9.4 323.0 235.0 -88.0 -27.2

IStorm runoff data are the total of daily streamflow volumes for the period of each storm.

2peak discharge data are the maximum instataneous discharge for each storm.

79



Table 10.--Observed and simulated peak discharge data for all crest-stage stations, Pierce County, Washington

[ft3/s, cubic feet per second; <, less than; --, indicates missing data])

Peak discharge
Date
Station of Observed Simulated
number peak (frs) (ft3/s) (ft3/s) Percent
12090330 11-25-90 14.0 18.9 4.9 35.0
02-20-91 - 17.4 - --
04-05-91 26.0 25.5 -0.5 -1.9
01-31-92 <13.0 17.4 - -
02-21-92 <13.0 13.8 -- -
04-17-92 <13.0 10.9 - --
12090360 01-15-91 12.0 11.6 -0.4 -3.3
02-21-91 20.0 25.6 5.6 28.0
04-05-91 76.0 73.1 -2.9 -3.8
02-21-92 6.4 6.24 -0.16 2.5
04-17-92 1.7 10.6 2.9 37.7
105-10-92 6.9 3.71 -3.19 -46.2
12090370 11-24-90 - 118.0 -- --
02-19-91 91.0 72.1 -18.9 -20.8
04-05-91 130.0 156.0 26.0 20.0
01-28-92 42.0 41.2 -0.8 -1.9
02-21-92 - 18.8 - --
04-17-92 72.0 61.9 -10.1 -14.0
12090395 11-24-90 258.0 230.0 -28.0 -10.9
02-19-91 111.0 135.0 24.0 21.6
04-05-91 - 264.0 - --
01-23-92 39.0 30.2 -8.8 -22.6
01-28-92 79.0 76.8 2.2 -2.7
04-17-92 103.0 129.0 26.0 25.2
12090430 11-25-90 116.0 144.0 28.0 24.1
02-19-91 107.0 94.9 -12.1 -11.3
04-05-91 222.0 218.0 -4.0 -1.8
01-28-92 53.0 55.9 2.9 5.5
02-21-92 36.0 30.7 -5.3 -14.7
04-17-92 76.0 76.6 0.6 0.8
12090448 02-20-91 14.0 17.7 3.7 26.4
04-05-91 30.0 25.1 -4.9 -16.3
04-14-91 26.0 22.4 -3.6 -13.8
01-31-92 <10.0 10.7 -- --
02-21-92 <10.0 11.5 - --
04-17-92 6.5 6.81 0.31 4.8
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Table 10.--Observed and simulated peak discharge data for all crest-stage stations, Pierce County, Wash.--Continued

Peak discharge
Date Difference
Station of Observed Simulated
number peak (f/s) (ft3/s) (frs) Percent
12090452 02-20-91 47.0 479 0.9 1.9
04-05-91 64.0 67.0 3.0 4.7
04-14-91 65.0 47.0 -18.0 -27.7
01-31-92 23.0 28.8 5.8 25.2
02-22-92 25.0 31.6 6.6 26.4
04-17-92 24.0 26.4 2.4 10.0
12090460 203-05-91 37.7 37.4 -0.3 -0.8
04-05-91 48.0 70.8 22.8 47.5
04-15-91 58.0 404 -17.6 -30.3
01-31-92 21.0 272 6.2 29.5
02-22-92 23.0 28.5 5.5 23.9
03-17-92 20.0 20.7 0.7 35
12090480 202-20-91 8.6 9.8 1.2 14.0
03-03-91 10.0 10.7 0.7 7.0
04-05-91 13.0 18.2 52 40.0
02-03-92 5.6 6.82 1.22 21.8
02-22-92 59 8.44 2.54 43.1
04-17-92 8.0 11.1 3.1 38.8
12090602 12-05-90 - 114.0 -- -
02-20-91 192.0 174.0 -18.0 -9.4
04-05-91 357.0 286.0 -71.0 -19.9
01-31-92 121.0 106.0 -15.0 -12.4
02-22-92 -- 83.0 -- --
04-17-92 150.0 111.0 -39.0 -26.0
12102040 12-04-89 7.0 7.32 0.32 4.6
01-09-90 19.0 22.8 3.8 20.0
02-10-90 9.0 8.36 -0.64 -7.1
11-24-90 13.0 134 0.40 3.1
02-19-91 7.0 7.80 0.80 11.4
04-05-91 13.0 16.8 3.8 29.2
12102050 12-04-89 7.5 8.26 0.76 10.1
01-09-90 22.0 21.0 -1.0 -4.5
02-10-90 9.5 8.38 -1.12 -11.8
11-24-90 13.0 13.6 0.6 4.6
02-19-91 6.5 10.6 4.1 63.1
04-05-91 13.0 16.4 34 26.2
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Table 10.--Observed and simulated peak discharge data for all crest-stage stations, Pierce County, Wash.--Continued

Peak discharge
Date Difference
Station of Observed Simulated
number peak (ft3/s) (ft3/s) (f6/s) Percent
12102105 12-04-89 17.0 15.3 -1.7 -10.0
01-09-90 52.0 414 -10.6 -20.4
02-10-90 18.0 14.9 -3.1 -17.2
11-24-90 440 23.8 -20.2 -45.9
02-19-91 23.0 19.0 -4.0 -17.4
04-05-91 39.0 31.7 7.3 -18.7
12102112 12-04-89 11.0 8.87 -2.13 -19.4
01-09-90 25.1 28.6 3.5 13.9
02-10-90 10.6 10.0 -0.6 -5.7
11-24-90 -- 14.5 -- -
02-19-91 10.3 8.80 -1.50 -14.6
04-05-91 14.0 20.4 6.4 457
12102115 12-04-89 36.0 349 -1.10 -3.1
01-09-90 60.0 74.7 14.7 24.5
02-10-90 43.0 36.6 -6.4 -14.9
11-24-90 54.0 47.2 -6.8 -12.6
02-19-91 33.0 33.3 0.3 0.9
04-05-91 55.0 56.0 1.0 1.9
12102145 12-04-89 15.0 14.3 -0.7 -4.7
01-09-90 59.0 57.7 -1.3 2.2
02-10-90 13.0 14.9 1.9 14.6
11-24-90 29.0 33.5 4.5 15.5
02-19-91 12.0 19.8 7.8 65.0
04-05-91 38.0 37.8 -0.2 -0.5
12102180 12-04-89 110.0 58.9 -51.1 -46.5
01-09-90 200.0 158.0 -42.0 -21.0
02-10-90 110.0 56.4 -53.6 -48.7
11-24-90 -- 92.9 -- --
02-19-91 -- 78.4 -- --
04-05-91 -- 127.0 -- --
12102200 12-04-89 95.0 84.6 -10.4 -10.9
01-09-90 238.0 218.0 -20.0 -8.4
02-10-90 105.0 87.3 -17.7 -16.9
11-24-90 162.0 138.0 -24.0 -14.8
02-19-91 98.0 99.6 1.6 1.6
04-05-91 171.0 174.0 3.0 1.8

ISewer construction crew was observed to be pumping water into the Clover Creek from 05-10-92 to 05-20-92;
that may have iinfluenced the peak flow.

2Streamflow gage was installed on this date. Observed and simulated discharge are at the time of installation shortly
after the simulated peak discharge.

82



RAINFALL,
IN INCHES

DISCHARGE, IN CUBIC FEET PER SECOND

DISCHARGE, IN CUBIC FEET PER SECOND

0.4 T T T - .
02 | m ]
L HJJ[ o R JJH
300 T T T T T
SWAN CREEK AT 80TH STREET EAST
250 b
200 - Observed discharge n i
----- Simulated discharge A
!
150 '
100
50
0
5 6 7 8 9 10
JANUARY 19390
TIME, IN DAYS
400 T T T T T
SWAN CREEK AT PIONEER WAY
350 + 4
300 - 4
250 r . N
Observed discharge \
20 - 0 =-=-- Simulated discharge \\‘ 4
150
100
50
0

JANUARY 1990
TIME, IN DAYS

Figure 28.--Observed and simulated discharge at Swan Creek at 80th Street East and
Swan Creek at Pioneer Way and rainfall recorded at the Canyon Road gage for the
January 5-10, 1990, storm, Pierce County, Washington.
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Figure 29.--Observed and simulated discharge at Swan Creek at 80th Street East and
Swan Creek at Pioneer Way and rainfall recorded at the Canyon Road gage for the
April 2-6, storm, Pierce County, Washington.
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Figure 30.--Observed and simulated discharge at Clover Creek at 25th Avenue East and
Clover Creek near Tillicum and rainfall recorded at the Canyon Road gage for the
February 18-21, 1991, storm, Pierce County, Washington.
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Figure 31.--Observed and simulated discharge at Clover Creek at 25th Avenue East and
Clover Creek near Tillicum and rainfall recorded at the Canyon Road gage for the April 2-6,
storm, Pierce County, Washington.
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Daily Mean Discharges

The accuracy of simulated daily mean discharges var-
ied depending on the type of runoff response for the basin.
At stations that have flashy responses to rainfall and go
dry in the summer, the errors were large. Conversely, at
stations with a small range of discharge, the errors were
small. Also, as discharge values approached zero, large
percentage errors were common, although the absolute
error was small.

The mean error, bias, and standard error of estimate of
simulated mean daily discharges were computed for the
10 continuous-recording stream-gaging sites (table 11).
The table includes these error statistics for the total days
during the calibration and validation periods when stream-
flow was observed as well as for three classes of flow—
low, medium, and high. The mean absolute error is the
average of the absolute values of the differences between
simulated and observed runoff. Bias is the average of the
differences accounting for the sign of the difference, either
positive or negative, and indicates whether the model is
oversimulating or undersimulating discharge. The stan-
dard error of estimate (SEE) is the standard deviation of
the differences after accounting for the bias. If the differ-
ences are normally distributed and little or no bias is
present, then two-thirds of all the differences will be less
than or equal to the SEE. Approximately equal numbers
of daily value comparisons are represented in the three
classes of ranges of flow regime shown in table 11. When
the value of the observed daily discharge was zero, no
comparison was made. For the total number of daily value
comparisons during the calibration simulations, the mean
absolute error ranged from 5.8 to 115.6 percent, bias
ranged from -30.0 to 74.0 percent, and the SEE ranged
from 9.2 to 334.4 percent. For the validation period, mean
absolute error ranged from 8.6 to 197.7 percent, bias
ranged from -31.2 to 112.3 percent, and the SEE ranged
from 10.7 to 906.8 percent. The largest daily mean flow
errors were at the stream gage sites that became dry during
the year (stations 12090340, 12090365, 12090380,
12090400, and 12102190). At the other sites, the valida-
tion errors for mean absolute error ranged from 8.6 to
68.6 percent, bias ranged from -7.6 to 50.5 percent, and
the SEE ranged from 10.7 to 170.1 percent.

The accuracy of the simulated daily discharge in the
high flow regime was generally simulated most accurately.
The most accurate simulations of daily high-flow dis-
charge were made at Clover Creek at 25th Avenue East
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(station 12090355), where the rise and fall of discharges
during a storm were gradual and the total range of
observed discharge ranged from 2.3 to 79 cubic feet per
second and the percent SEE for high flows was

11.6 percent for the 1991 water year and 15.4 percent for
the 1992 water year.

The models for the Suburban Catchment (station
12090340) and the Mixed-Use Catchment (station
12090380) simulated daily high flows least accurately,
resulting in percent SEE of 57.2 and 43.5 percent, respec-
tively for water year 1991 and 58.3 and 85.3 percent,
respectively for water year 1992. These two catchments
were highly responsive basins, which produced flashy
hydrographs that were difficult to simulate accurately.
The quantity of runoff from these catchments was small,
and any discharge above 0.04 cubic foot per second for the
Suburban Catchment or 0.16 cubic foot per second for the
Mixed-Use Catchment during the 1992 water year was in
high-flow range. Mean absolute error for the high flow
regime averaged 0.053 cubic foot per second (1991 water
year) and 0.028 cubic foot per second (1992 water year)
for the Suburban Catchment and 0.292 cubic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>