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Estimates of Ground-Water Recharge, Base Flow,
and Stream-Reach Gains and Losses in the
Willamette River Basin, Oregon

ByKarl K. Lee and John C. Risley

Abstract

Precipitation-runoff models, base-flow-
separation techniques, and stream gain-loss
measurements were used to study recharge
and ground-water surface-water interaction
as part of a study of the ground-water resources
of the Willamette River Basin. The study was a
cooperative effort between the U.S. Geological
Survey (USGS) and the State of Oregon Water
Resources Department (OWRD). Precipitation-
runoff models were used to estimate the water
budget of 216 subbasins in the Willamette River
Basin. The modelswere al so used to compute long-
term averagerecharge and baseflow. Rechargeand
base-flow estimates will be used as input to a
regional ground-water flow model, within the same
study. Recharge and base-flow estimates were
made using daily streamflow records. Recharge
estimates were made at 16 streamflow-gaging-
station locations and were compared to recharge
estimates from the precipitation-runoff models.
Base-flow separation methods were used to
identify the base-flow component of streamflow
at 52 currently operated and discontinued stream-
flow-gaging-station locations. Stream gain-loss
measurements were made on the Middle Fork
Willamette, Willamette, South Y amhill, Pudding,
and South Santiam Rivers, and were used to
identify and quantify gaining and losing stream
reaches both spatially and temporally. These

measurements provide further understanding of
ground-water/surface-water interactions.

INTRODUCTION

Approximately 70 percent of the population of
Oregon livesin the Willamette River Basin. The grow-
ing population and economy of the basin isincreasing
the demand for water for urban, industrial, and agricul-
tural uses. Although western Oregon is known for its
abundant precipitation, most of it falls from October
through May. Summer precipitation isinsufficient to
meet water demands. Because of this, many streams
in the Willamette River Basin are closed to additional
out-of -stream appropriationsin the summer. Therefore,
ground water is the main resource available to satisfy
the growing water demand. An eval uation of theimpact
of this demand requires a quantitative understanding of
thewater budget of the basin, including an eval uation of
the potential impacts of ground-water pumpage on
streamflow. In 1995, the U.S. Geological Survey
(USGS) began a cooperative study with the Oregon
Water Resources Department (OWRD) to better under-
stand the ground-water hydrology of the region. The
principal means to accomplish this goal isto develop
and calibrate a numerical ground-water flow model.
This ground-water-flow model will serve asatool to
help understand declining ground-water levels, the
effect of ground-water withdrawals on ground-water
levelsand streamflow, and assessthe effects of possible
Mmanagement scenarios.

The cooperative study seeks to address three
major ground-water management issues in the Wil-
lamette River Basin identified by the OWRD (1992):



(1) understanding ground-water/surface-water connec-
tions, (2) controlling long-term ground-water-level
declines, and (3) identifying spatial distribution of
arsenic concentrations in ground water of the Wil-
lamette River Basin.

The study has generated three reports prior to this
one. Ground-water data collected and compiled for this
regional ground-water study areavailablein printed and
digital form (Orzol and others, 2000). O’ Connor and
others (2001) documented the extent, thickness, and
description of coarse-grained alluvial deposits underly-
ing and adjacent to the Willamette River and its major
tributaries, which are important to understand the inter-
action between surface and ground water. Hinkle and
Polette (1999) discussed the distribution of naturally
occurring arsenic in ground water.

Purpose and Scope

This report estimates annua recharge to the
ground-water system of the Willamette Valley and eval-
uates the exchange of water between streams and the
ground-water system. Thisinformation is needed to
quantitatively understand the ground-water system and
to coordinate the management of ground- and surface-
water resources. Recharge estimates will be used as
input to aregional ground-water flow model. Estimates
of baseflow and stream gains and losseswill be used as
calibration targets for the flow model.

Approach

Multiple methods of study were used for both
recharge estimates and to quantify ground-water
exchange with streamflow. Both recharge and the
exchange of water between streamsand aquifersarekey
components in the development and calibration of
ground-water flow models. These parameters, however,
are often difficult to measure or estimate with a high
level of certainty. For thisstudy, avariety of techniques
were used to help identify the uncertainty and to assess
the strengths and weaknesses of different approaches
for determining these parametersin the study area.

Recharge was estimated using two methods. A
precipitation-runoff model was used to develop awater
budget, of which recharge was one component. The
input to the model is precipitation and air-temperature
data. The precipitation-runoff model uses mathematical
equations to simulate physical processes such as snow-

melt, evapotranspiration, and infiltration. Model output
includes surface runoff, recharge to the ground-water
system, and ground-water discharge to streams through-
out the study area. The model is calibrated using mea-
sured streamflow data. I n another method, rechargewas
estimated at selected streamflow-gaging-station loca-
tions using daily streamflow data. This method
describes streamflow recession during times when all
flow can be considered to be ground-water discharge
and estimates recharge for each peak in the streamflow
record.

Annua mean base flow was estimated using two
methods. First, estimates of recharge made by the pre-
cipitation-runoff model were assumed to be equal to
base flow. Second, base flow was estimated at selected
streamflow-gaging-station locations using hydrograph
separation, which differentiates the surface-runoff com-
ponent from the ground-water discharge component of
streamflow.

M easurements of streamflow were made to iden-
tify gaining or losing stream reaches. These gains or
losses in streamflow may be attributed to ground-water
flow to or from the stream. Results were compared to
previous gain/loss studies in the Willamette River
Basin.

Study Area Description

TheWillamette River Basin (fig. 1) hasan areaof
approximately 12,000 mi?2 (square miles) and contains
the State’ s four largest cities, Portland, Eugene, Salem,
and Gresham. Approximately 2 million people, 70 per-
cent of thetotal population of the State, livein thebasin
(U.S. Census Bureau, 2000). The basin supports an
economy based on agriculture, manufacturing, timber,
and recreation and contains extensive fish and wildlife
habitat.

The Willamette River Basin has atemperate
marine climate characterized by dry summers and wet
winters. About 80 percent of annual precipitation falls
between October and May, resulting in dry conditions
during the summer, when demand for water is high.
Mean annual precipitation ranges from about 40 inches
in the lowlands to 175 inches at the crests of the Coast
and Cascade Ranges. About 35 percent of the precipita-
tion at and above 4,000 foot €l evation falls as snow, and
more than 75 percent falls at and above 7,000 feet as
snow. Because the basin is largely dominated by
marine air, both annual and diurnal temperature
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ranges arerelatively small. In the basin, the average
annual temperature ranges between 40 degrees
Fahrenheit (°F) to 65°F, and is primarily dependent
on elevation. The average daily minimum is 30°F in
January and the average daily maximum tempera-
tureis80°F in July at lower elevationsin thevalley.

Most of the flow in the Willamette River occurs
from November to March asaresult of persistent winter
rainstorms and spring snowmelt. Snowmelt supplies
about 35 percent of the annual flow, either directly to
the stream or indirectly through the ground-water sys-
tem (Laenen and Risley, 1997).

The basin is bounded on the west by the Coast
Range, on the east by the Cascade Range, on the south
by the Calapooya Divide, and on the north by the
ColumbiaRiver. Elevationsrangefromlessthan 10 feet
above sealevel near the Columbia River to about 4,000
feet in the Coast Range and the Calapooya Divide, to
more than 10,000 feet in the Cascade Range. About 20
percent of the basin is above 4,000 feet, which is con-
sidered the lower limit of the transient snow zone. On
the basis of physiography (Fenneman, 1931) and geol-
ogy (Baldwin, 1981), the Willamette River Basin can be
divided into three north-south-trending provinces: the
Cascade Range, the Coast Range, and the Willamette
River Valley.

The slopes and foothills of the Cascade Range
account for more than 50 percent of the basin area. The
Cascade Range is composed of volcanic rocks consist-
ing of (1) Tertiary basaltic and andesitic rocks with
associated volcanic debris, primarily inthe western part
of the range, and (2) Quaternary basaltic and andesitic
lavaflows, primarily in the High Cascade Range.

The slopesand foothills of the Coast Range make
up about 20 percent of the basin area. The Coast Range
is composed of Tertiary marine sandstone, shale, and
mudstone interbedded with volcanic basalt flows and
volcanic debris.

The Willamette River Valley, generally consid-
ered the part of the basin below 500 feet, is about 30 mi
wide and 117 mi long and represents about 30 percent
of the basin area. Much of the terrain in the Willamette
River Valley up to an elevation of about 400 feet is cov-
ered by sandy to silty terrace deposits that border exist-
ing rivers and form alluvia fans near river mouths.
These deposits were derived from the surrounding
mountains, and they consist of intermingling layers of
clay, silt, sand, and gravel.

At the surface, the lowlands of the Willamette
River valley are covered mostly by fine-grained depos-

its(silt to fine sand), except in the Portland area, Canby,
and the flood plain of some of the major streamswhere
coarse-grained deposits occur. Coarse-grained material
underlies the fine-grained deposits, and in some areas
these deposits are hundreds of feet thick, such asin bur-
ied alluvial fans aong the east side of the valley. With
the exception of the Willamette, Santiam, and McKen-
zie Rivers, most rivers flow over the fine-grained mate-
rial.

The main stem of the Willamette River isformed
by the confluence of the Coast and Middle Forks near
Eugene and flows 187 mi to the Columbia River. The
main stem can be divided into four distinct reaches
whose physical characteristics govern the hydraulics of
flow. The upper reach extends from Eugene to Albany,
river mile (RM) 187 to 119, and is characterized by a
meandering and braided channel with many islands and
doughs. Theriver is shalow and the bed is composed
almost entirely of cobbles and gravel which, during the
summer, are covered with biological growth. The mid-
dlereach extendsfrom Albany to the mouth of the Y am-
hill River, RM 119 to 55, and is characterized by a
meandering channel deeply incised into thevalley. The
Newberg Pool reach extendsfrom RM 55 to Willamette
Fallsat RM 26.5. Hydraulically, the deep, slow-moving
pool can be characterized as areservoir. The pool isa
depositional areafor small gravel-to silt-sized material.
The Newberg Pool terminates at Willamette Falls, a 50-
foot high natural falls, with flashboards used to control
pool elevation during the summer. The tidal reach,
which is downstream of Willamette Falls, is controlled
by backwater from the Columbia River.
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METHODS

Thefollowing sections describethe methods used
to estimate recharge to the aquifer, base flow, and
streamflow gain and losses in selected stream reaches.
These methods include precipitation-runoff models,



recharge and base-flow estimates from daily stream-
flow records, and gain-loss measurements.

Precipitation-Runoff Modeling

Precipitation-runoff modeling was used in the
study to provide an approximation of the water budget
and to provide inputs for a ground-water model of the
study area.

Model Description

Precipitation-runoff models for the Willamette
River Basin were developed in an earlier USGS study
with the Oregon Department of Environmental Quality
(ODEQ) (Laenen and Risley, 1997). These models,
based on the Precipitation-Runoff Modeling System
(PRMS) program (Leavesley and others, 1983), were
constructed to estimate ungaged tributary inflows for
stream-channel routing models. The routing models
were used with a solute-transport model to calculate
water-quality constituent loads. The models constructed
in that study encompassed regions adjacent to the main
stem of the Willamette River and the lower regions of
the major tributaries. For this study, the precipitation-
runoff models were expanded to atotal of 216 small
subbasins. Additionally, revised and more detailed
land-surface data were used to refine the models.

The PRMS model is designed to analyze the
effects of precipitation, climate, and land-use on
streamflow within the confines of adrainage basin. The
model usesmathematical equationsto simulate physical
processes such as precipitation, snowmelt, evaporation,
evapotranspiration, interception, and infiltration. Land
surface heterogeneity is accounted for by partitioning
the basin into areas based on user-defined criteria such
as elevation, slope, aspect, land use, soil type, geology,
and precipitation. Areas with similar properties are
assumed to respond in a hydrologically similar manner
and are designated as a hydrol ogic-response unit
(HRU). The user determines the size, shape, and num-
ber of HRUs that will be used in a basin model. A
PRMS basin model can be assigned any number of
HRUs. For the 216 subbasins modeled in this study,
thousands of HRUs were delineated.

In PRMS, the basin hydrologic cycle is conceptu-
alized as a series of reservoirs (fig. 2). The model com-
putesthe movement of water and/or energy between the
reservoirs for each time step during the simulation.
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Figure 2. Flow diagram of the Precipitation-Runoff Modeling System
conceptual model (Leavesley and others, 1983).

Each PRM S basin model is self-contained. Water does
not flow laterally from one basin model to another. Sys-
tem inputs of precipitation and air temperature (or pan
evaporation) drive the processes of evaporation, tran-
spiration, snowfall and snowmelt, and sublimation. In
this study, PRM S was operated in the daily mode.
Streamflow at the outlet of a basin model is the sum of
the various reservoir contributions, which are summed
from the HRUs in the basin. In addition to flow at the
basin outlet, model output includes all reservoir storage
levelsand all flows between the reservoirs.

During each time step, precipitation can fall on
impervious surfaces, pervious surfaces, or snowpack.
The entire surface area of each HRU is characterized as
impervious or pervious by the user. Snowpack condi-
tions can occur on either impervious or pervious sur-



faces when the climate time-series input data
exceeds various user defined thresholdsin the
model parameters.

When the surface isimpervious, thereis no inter-
ception storage or interception losses. Surface retention
of water is conceptualized as a storage reservoir. A
maximum retention storage capacity for the reservoir
must be satisfied before surface flow can occur. When
free of snow, the reservoir is depleted by evaporation.

For pervious surfaces, precipitation isreduced by
interception in the vegetation and becomes net precipi-
tation on the basin surface. Water stored asinterception
is depleted through evaporation. Water on the surface
then enters the soil-zone reservoir asinfiltration until
the reservoir isfilled. Water on the surface in excess of
the soil-zone reservoir capacity becomes runoff. The
soil-zone reservair is conceptualized as a two-layered
(recharge zone and lower zone) system. Each zone has
user-defined depth and water-storage characteristics.
Evaporation and transpiration deplete moisturefromthe
recharge zone. However, moisture in the lower zoneis
depleted only through transpiration. The lower zone
depth should reflect the rooting depth of the predomi-
nant vegetation type of the HRU. The Hamon method
(Hamon, 1961) option within PRMS was used to esti-
mate potential evapotranspiration in this study. The
method incorporates 12 monthly coefficients that are
used in conjunction with minimum and maximum air
temperatures. Actual evapotranspiration is computed
as afunction of the available water in the two soil zone
reservoirs.

For daily rainfall on a snow-free, pervious-sur-
face HRU, surface flow is computed using the contrib-
uting- or variable-source area approach, where a
dynamic saturated source area expands and contracts
according to rainfall characteristics and the field capac-
ity of the soil mantle (Troendle, 1985). Asrainfall con-
tinues and the ground becomes more saturated, the
proportion of precipitation diverted to surface flow
increases, whilethe proportion that infiltrates to the soil
zone and subsurface reservoir decreases.

Infiltration is assumed to capture all water from
snowmelt until the soil reaches field capacity. At field
capacity, infiltration islimited by a user-defined daily
maximum infiltration capacity. Snowmelt in excess of
this capacity becomes surface flow.

Infiltration in excess of field capacity isfirst used
to satisfy recharge to the ground-water reservoir before
surface flow begins. After ground-water recharge has
been satisfied, excessinfiltration from the soil zonewill

recharge the subsurface reservoir. Water from the sub-
surface reservoir can percolate to the ground-water res-
ervoir or move downslope to the basin outlet as
subsurface flow. The rate of subsurface flow from this
reservoir to the outlet is afunction of the volume of
water in the reservoir and two user-defined routing
coefficients. Therate of flow from the subsurface reser-
voir to the ground-water reservoir is a function of the
volume of water in the subsurface reservoir and a
recharge-rate coefficient. The rate of flow from the
ground-water reservoir to the basin outlet is afunction
of the volume of water in the reservoir and a user-
defined routing coefficient. For this study, the flow
from the ground-water reservoir to the outlet (base
flow) was also defined as equivalent to the basin’s con-
tribution of recharge to the ground-water flow system.

Model Modifications

Minor modifications were made to the PRMS
code to determine the recharge contributions of individ-
ual HRUs, whose sum total isabasinwide recharge con-
tribution (also equivalent to base flow). Model code
modifications were also made to provide water applica
tionsto HRUsthat represent irrigated agricultural areas.

Hydrologic Response Unit Recharge

Modification of the PRMS model was needed
because the original code was unable to simulate
recharge estimates by HRU, which are needed as input
to aregional ground-water model. In PRM S water
moves from each HRU soil-zone reservoir to the
ground-water reservoir. Water also moves from each
HRU soil-zonereservoir to the subsurface reservoir and
then from the subsurface reservoir to the ground-water
reservoir. However, the flow from the subsurface reser-
voir to the ground-water reservoir isalumped basin
averaged value and not computed for each HRU. To
rectify thislimitation, it was assumed that the amount of
flow from the subsurface reservoir to the ground-water
reservoir for each HRU is proportional to the amount of
flow entering the subsurface reservoir from each HRU.
Consequently recharge to the aquifer (or equivalently,
base flow to the stream) from each HRU was deter-
mined using the following equation:

RCHiyy = [(USSyy/ TOTUSSyasi)
* ASTOGWhasin] + UGSy (@)

where



RCHy, istotal rechargefrom anindividual HRU to the
ground-water reservoir,

USS,, isflow from an individual HRU to the subsur-
facereservoir,

TOTUSS 54 issum of all flowsfrom all HRUsto the
subsurface reservoir,

ASTOGW,ysin is flow from the subsurface reservoir to
the ground-water reservoir, and

UGS, isflow from an individual HRU to the ground
water-reservoir.

Irrigation

A code modification was needed so that PRM S
could provide water applications to HRUs that repre-
sented irrigated agricultura areas. The original PRMS
code permits use of more than one rate of precipitation
per basin. However, only one rate can be assigned to an
HRU. For this study, an HRU having irrigated agricul-
ture receives input from a precipitation time series and
also from a second time series containing periodic irri-
gation applications (typically once aweek from May
through September). It was not possible to sum the pre-
cipitation and irrigation application time seriesinto one
file because it was necessary to apply a precipitation
weight to the precipitation data and not to the irrigation
application data. (The precipitation weights specific to
each HRU were needed to adjust the precipitation data
for elevation and orographic differences between the
gage and the HRU.) The problem was rectified by mod-
ifying the PRM S code and allowing it to apply separate
water precipitation and irrigation rates to HRUs classi-
fied asirrigated agriculture.

The volume of water determined for irrigation
applications was based on crop consumptive-use rates.
For simulating irrigation applications, a generic crop
consumptive- use amount of 22 inches per season was
applied to the entire Willamette River Valley. This
amount was based on evaluation of the consumptive use
rates of predominant irrigated cropsinthevalley, which
include hay, alfalfa, snap beans, mint, sweet corn, pota
toes, onions, and berries. Consumptive-use rate infor-
mation for these crops came from county and Oregon
State University agricultural extension service agents
and Cuenca (1992). The seasonal total of 22 incheswas
divided into weekly values from May to October as
shown in table 1. The distribution of water over this
time period was based on a composite of information

Table 1. Weekly irrigation application
rates used in the Precipitation-Runoff
Modeling for the Willamette River
Basin, Oregon

Amount
Date (inches)
May 4 0.75
May 11 .85
May 18 .85
May 25 .95
June 1 .95
June 8 .95
June 15 10
June 22 10
June 29 11
July 6 125
July 13 15
July 20 15
July 27 125
August 3 9
August 10 9
August 17 9
August 24 9
August 31 9
September 7 9
September 14 .86
September 21 .86
September 28 .82
October 5 16
Tota 22.0

about the dominant crops. The rate of water con-
sumption was assumed to be greatest in mid-July.

In the simulations, water was applied to theirri-
gation HRUs only on the dates shown in table 1. The
amount of water applied for agiven date was computed
by reducing the value in the table by 75 percent of the
total precipitation of the prior week of that date (as
shown below). It was assumed that 75 percent of precip-
itation was effective water for crop consumption. This
value, after reduction, wasthen divided by 75 percent to
account for irrigation efficiency. If 75 percent of the
amount of total precipitation in aprior week was greater
than the amount shown in table 1 for a given date, then
no water was applied to the HRU. Thisis shown by the
equation:

| Agate = [WCUggte - (0.75* CPy0]/0.75  (2)

where



| Agate IS the actual irrigation application (inches) on a
given date to an irrigation designated HRU,

WCU gzt iS the estimated weekly consumptive-use rate
(inches) on a given date (from table 1), and

CPyate IS the cumulative precipitation (inches) that fell
on the HRU in the 7-day period prior to the
given date.

Delineation of Basin Physical Characteristics

The Willamette River Basin was partitioned into
21 major subbasins (fig. 3). These subbasins were fur-
ther divided into 216 smaller subbasins. Separate PRM S
models were constructed for these subbasins. For the
216 subbasin models, thousands of HRUs were delin-
eated on the basis of land-use, slope, aspect, soils, and
surficial-geology characteristics. Data layers of these
five characteristics were assembled using a geographic
information system (GIS). The HRUs were defined
after merging these data layers into a composite data

layer.
Land Use

The Willamette River Basin land cover map
(scale 1:250,000) was created from Landsat thematic
mapper (TM) data collected in June and August of 1992
and 1993. The original map had atotal of 10 land-use
categories. For this study, some categories were com-
bined to produce the six land-use categories used in this
analysis: urban, water, forest, irrigated agriculture, non-
irrigated agriculture, and perennial snow.

The delineation of urban areas was based on
a combination of USGS Geographic Information
Retrieval and Analysis System (GIRAS) dataand 1990
census data. These areas represent a popul ation density
of 1,000 or more persons per square mile. Water areas,
defined by spectral classification, included rivers, lakes,
reservoirs, and wetlands. The forest category included
old growth, mature, and young regrowth forests. All
forest land was considered to be predominantly conifer,
because there are no large stands of deciduous forest.
Theirrigated agriculture category was generally
restricted to the valley-floor region and was determined
by using data from an August Landsat flyover. Non-
irrigated agriculture areasincluded small grains, hay
fields, and pastures of the valley region. This category
aso included nonforested upland areas, which include
recent clearcuts, open grassland, nonforested alpine

0 10 20 MILES
l—l—l_l—I
0 10 20KILOMETERS

Major Willamette River Subbasins

1 Sandy River 12 Albany

2 Portland 13 North Santiam River

3 Clackamas River 14 South Santiam River

4 Tualatin River 15 Albany-Eugene

5 Portland-Salem 16 Marys River

6 Molalla River 17 Calapooia River

7 Yambhill River 18 Long Tom River

8 Salem 19 McKenzie River

9 Rickreall Creek 20 Coast Fork Willamette River
10 Mill Creek 21 Middle Fork Willamette River
11 Luckiamute River

Figure 3. Major subbasins of the Willamette River Basin, Oregon

areas, and barren areas. The perennial snow cate-
gory included the snow of the peaks of the Cascade
Range as found in August data.



Slope and Aspect

A slope datalayer for the entire river basin was
created from elevation data contained in a 1:250,000
scale Digital Elevation Map (DEM) (U.S. Geological
Survey, 1990). The DEM data were used to create a
polygon data layer of slope containing three slope
classes: 0to 5 percent, 5 to 30 percent, and greater than
30 percent. For dopes greater than 30 percent, poly-
gonswere created to represent the four aspectsof north,
east, south, and west. For HRUs with slopes less than
30 percent, a basinwide aspect was assigned on the
basis of the dominant aspect of the subbasin.

Soils

The soils datalayer was digitized from a
1:500,000 scale Natural Resources Conservation
Service (NRCS) map of Oregon soil series (1986).
Based on the NRCS infiltration properties (table 2)
soils were categorized into six classes: A, B, B+C, C,
C+D,and D.

Surficial Geology

The surficial geology datalayer was digitized
from a 1:500,000 scale USGS aquifer-units map
(McFarland, 1983). The data layer included five geo-
logic assemblagesfound inthe Willamette River Basin.
The water-bearing characteristics of each unit are
described in table 3.

Model Parameterization

PRMS parameters are both distributed and
nondistributed. HRU-related parametersare distributed
parameters which contain specific values that are spa-
tially homogenous within each HRU, and alow arep-
resentation of varying basin surface conditions. In
contrast, basinwide parameters are nondistributed (or
lumped) parameters which contain values that are
spatially homogenous over the entire basin.

Hydrologic Response Unit-Related Parameters

PRMS uses 43 parameters to characterize the
HRU land-surface conditions and processes. Many
of the values for these parameters were determined
from or associated with the GIS data layers. For exam-
ple, values for parameters, such as area or mean eleva
tion, could be directly computed from the GIS data
layers. Valuesfor other parametersweredetermined by

Table 2. Hydrologic soil groups used in the study
[Hydrologic soil groups from U.S. Natural Resources Conservation
Service (formerly Soil Conservation Service), 1986]

Infiltration
Hydro- rate
logic (inches/

group hour) Description

A 0.45-0.30  Soilshaving ahigh infiltration
rate (low runoff potential)
when thoroughly wet. These
consist mainly of deep, well-
drained to excessively

drained sand or gravelly sand.

B 0.3-0.015  Soilshaving a moderateinfiltra-
tion rate when thoroughly
wet. These consist chiefly of
moderately deep or deep,
moderately well-drained or
well-drained soils that have
moderately fine texture to

moderately coarse texture.

C 0.15-0.05  Soilshaving aslow infiltration
rate when thoroughly wet.
These consist chiefly of soils
having alayer that impedes
the downward movement of
water or soils of moderately

fine texture or fine texture.

D <0.05 Soils having avery slow infiltra-
tion rate (high runoff poten-
tial) when thoroughly wet.
These consist chiefly of clay
that has high shrink-swell
potential, soilsthat have a
permanently high water table,
soils that have a claypan or
clay layer at or near the sur-
face, and soils that are shal-
low over nearly impervious
material.

associating the GIS data layers for each HRU with
relational matrix tables containing PRM S parame-
ter values. A four-digit code that identifiedthe com-
bination of land-use, slope and aspect, geology, and
soils classes was assigned to each HRU (table 4).
Separate matrix tables for geology, soils, and land
use, which associated the code with corresponding
PRMS parameter values, were used to assign
appropriate parameter values to the HRUs. For
example, in table 4, an HRU with a code of “1304”
represents forest land use, 5 to 30 percent slope,
Tertiary-Quaternary sedimentary deposits,



Table 3. Geologic assemblages grouped according to water-bearing characteristics

[# denotes a code number component from other categories of land use, slope, and soils; gal/min, gallons per minute (table modified from McFarland, 1983)]

Geologic assemblage
and code

Lithologic description

Water-bearing characteristics

Tertiary-Quaternary
sedimentary deposits
H#HHOH

Tertiary-Quaternary
volcanic rocks of the
High Cascade
HH3H

Columbia River Basalt
Group
HioH

Tertiary volcanic rocks
of the Western rocks

Sand, gravel, and silt, uncon-
solidated to consolidated,;
some weathered basalt and
pyroclastic rocks are also
included.

Andesite and basalt, flow and
pyroclastic rocks.

Basalt; distinctive columnar
jointing and fractured inter-
flow zones.

Andesite, basalt, and dacite;
older rocks are dominantly

Permeability generally high; however, less permeable fine material is
commonly interlayered with good aquifers. Wells yield more than
2,000 gal/min in some areas, but average less than 300 gal/min. Most
productive aquifer unit in western Oregon.

Largely unknown. Available data indicate variable permeability. Well
yields range from afew gallons per minute to 300 gal/min. Springs
issuing from the unit are commonly large.

Overall permesability low, but interflow zones and scoriaceous flow tops
arerelatively permeable. Dense, poorly permeable flow centers may
limit recharge. Yields may exceed 1,000 gal/min, but aretypically less
than 100 gal/min.

Permeability is generally low; however, fracturing may form localized
permeable zones. Well yields may reach 100 gal/min, but average less

of the Western Cas-
cade Range
H#HOH

volcaniclastic and younger
rocks are admost entirely
flow material.

Tertiary rocks of the
Coast Range
H#HH1#

Sandstone, siltstone, and mud-
stone, commonly tuf-
faceous; intrusive rocks.

than 20 gal/min.

Permeability low. Well yields are generally less than 10 gal/min.

and group C soils. Based on this HRU code, soil-
zone parameters, such as the maximum available
water-holding capacity (SMAX) and the summer
vegetation-cover density (COVDNS) would be
assigned values of 7.0 inches and 0.9 (decimal per-
cent), respectively. With thousands of HRUs, aGIS
Arc Macro Language (AML) program was used to
automate the association between the HRU four-
digit codes and the appropriate PRM S parameter
values.

Theamount of daily precipitation applied to each
HRU was afunction of daily precipitation observed at a
nearby precipitation gage times a specific precipitation
adjustment weight for that HRU. The weights were
needed to account for elevation and orographic differ-
ences between the precipitation gage and the HRU. The
weights were computed by first overlaying the HRU
coverage with the Preci pitation Elevation Regressions
on Independent Slopes Mode (PRISM) (Daly and oth-
ers, 1994, 1997) precipitation coverage to determine
mean annual precipitation for each HRU (fig. 4).
(PRISM is aprecipitation data layer that contains grid
cellsor contour lines of mean annual precipitation based
on the period 1961 to 1990.) The mean annual precipi-
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tation of the HRU was then divided by the observed
mean annual precipitation for 1961 to 1990
of the precipitation gage assigned to the HRU.

Minimum and maximum air-temperature data
were used by PRM S to compute potential evapotranspi-
ration (PET) at each HRU. To account for the air-tem-
perature difference between the elevation of the
temperature station and the mean elevation of the HRU,
minimum and maximum air-temperature lapse rates
(change in degrees per thousand feet change in eleva-
tion) were included as PRM S parameter input. The
lapse rates, based on 1961-90 mean monthly minimum
and maximum air-temperature data, were computed for
each tributary by Laenen and Risley (1997).

Basinwide Parameters

Most basinwide parametersin PRMS are
related to potential evapotranspiration, subsurfaceflow,
ground-water flow, and snow components of the model.
These parameter values were determined through a cal -
ibration and verification process discussed in
Laenen and Risley (1997). Those parameter values
were not changed for this study.



Table 4. Basin spatial-coverage categories and corresponding
code numbers

[Each code represents a specific polygon type created by merging the four

different categories. # denotes a code number from one of the other catego-

ries; <, greater than]

Category Code Description
Land use 1 Forest
4t Nonirrigated agriculture
3t Urban
Attt Wetlands
A1 Lakes and reservoirs
244 Rivers and canals
Sttt Rangeland
O Irrigated agriculture
Ot Perennial snow
Slope and HOHH 0to 5 percent (assigned aspect)
aspect
HIHH 5 to 30 percent (assigned aspect)
HOHH > 30 percent, O degrees aspect
(north)
HTHH > 30 percent, 90 degrees aspect
(east)
HBHHt > 30 percent, 180 degrees aspect
(south)
HOHH > 30 percent, 270 degrees aspect
(west)
Geology?t H#HOH Tertiary-Quaternary sedimentary
deposits
H# Tertiary rocks of the Coast Range
i3 Tertiary-Quaternary volcanic
rocks of the High Cascade Range
HGH Columbia River Basalt Group
HHOH Tertiary volcanic rocks of the
Western Cascade Range
Soil? HH1 Group A
HH#2 Group B
HH3 GroupsB and C
HHHA Group C
HHS GroupsC and D
HHH6 Group D

1 Definitions of these geologic assemblages are provided in table 3.

2 Definitions of these soils groups are provided in table 2.
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Time-Series Input Data

Daily total precipitation and maximum and mini-
mum air-temperature time-series data collected at sta-
tions within and near the Willamette River Basin were
used as PRMS model input data. All the data files had
the same period—water year 1973 to 1996. Thistime
period was used because it had the greatest number of
climate stations in the study area with near continuous
long-term records. If the period had been extended ear-
lier than 1973, fewer climate records would have been
available.

Precipitation

Precipitation data were used from a statewide cli-
mate data inventory compiled by the State Climatolo-
gist (Redmond, 1985). Most of the precipitation data
were collected under the auspices of the National
Weather Service (NWS) Cooperative Program. The
|ocation names, identification number, latitude and lon-
gitude, and elevations of the precipitation data stations
used inthisstudy areshownintableb. Sitelocationsare
shown in figure 5. Linear regression equations were
used to correlate to records of neighboring stations and
estimate missing values in the records.

Air Temperature

Daily maximum and minimum air-temperature
data were also provided by the State Climatologist and
collected by the NWS. Most of the climate stations
listed in table 5 had daily maximum and minimum air
temperature records for the model simulation time peri-
ods. Linear regression equationsascorrel ated to records
of neighboring stations were al so used to estimate miss-
ing valuesin the records.

Verification

Most of the PRMS parameter values were
selected during a calibration process used by Laenen
and Risley, 1997. However, with the refinementsto the
model that were made in this study it was necessary to
make additional comparisons between simulated and
observed flows. These comparisonsincluded daily time
periods using small unregulated basins and long term
annual-time periods. The basins used in the | atter com-
parison were of varying size and had varying levels of
regulation.
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Table 5. Climate stations used to collect data for input to precipitation-runoff models of the
Willamette River Basin, Oregon

[Map numbers refer to figure 5; ©, degrees; ', minutes; ”, seconds]

Map Station Station Station location Elevation
number name number?® (latitude — longitude) (feet)
1 Aurora s0d350343 45°14 07 - 122045 720
2 Beaverton SSW s0d350595 45°30' Q0 - 122049 150
3 Bellfountain s0d350673 44922 ¢ - 123°21'0” 320
4 Blackbutte s0d350781 43935 Q" - 123°4' 0" 970
5 BonnevilleDam 500350897 45°38' 0 - 121%70 60
6 Cascadia s0d351433 44°24 o7 - 122029' 0 860
7 Clatskanie s0d351643 46°6'0" - 1230170 22
8 CorvallisOSU s0d351862 44°38 07 - 123°12'0” 225
9 Corvallis Water s0d351877 44931 Q" - 123°27'0” 592
10 Cottage Grove 500351897 43°47 0 - 123%0 650
1S
1 Cottage Grove 500351902 43°43 0 - 12330 831
Dam
12 Dallas s0d352112 44°56' 07 - 123°19'0 290
13 Dilley s0d352325 45929 ¢ - 123°7'0" 165
14 Dorena Dam s0d352374 4347 0 - 1220580 820
15 Eagle Creek s0d352493 450170 - 122012'0” 930
16 Estacada s0d352693 45°16'Q - 1220190 410
17 Eugene s0d352709 44°7 0 - 123°13'0” 364
WSOAP
18 Fern Ridge Dam s0d352867 44°7 0 - 123°18'0” 485
19 Forest Grove s0d352997 45°32' 0 - 123%' 0" 180
20 Foster Dam s0d353047 44925 0 - 1220400 550
21 Glenwood s0d353318 45939 ¢ - 123°16'0” 640
22 Gresham s0d353521 45°30' 0" - 122°26'0” 310
23 Haskins Dam s0d353705 45°19' ¢ - 123°21'0” 756
24 Headworks s0d353770 45927 0 - 122°9 0" 748
25 Hillsboro s0d353908 45°31' Q0 - 122059'0” 160
26 Holley s0d353971 44°21°' - 122047 O 540
27 Lacomb s0d354606 44937 Q" - 122043 0 520
28 Leaburg 1SW s0d354811 44%' 0" - 12204107 675
29 L ookout Paint s0d355050 43955 Q" - 1220460 712
Dam
30 McMinnville s0d355384 45014 0 - 123°11°0” 148
31 N. Willamette s0d356151 450170 - 1220450 150
ES
32 Noti s0d356173 44°4 0" - 123°28'0” 450
33 Oregon City s0d356334 45921 Q" - 122°36'0” 167
34 Portland KGW- s0d356749 45°31' Q0 - 12204107 160
TV
35 Portland s0d356751 45°36' Q" - 122°36'0" 21
WSOAP
36 Rex s0d357127 44°18 0 - 1220550 520
38 Salem WSOAP s0d357500 44955 - 123°1°0" 195
39 Scotts Mills s0d357631 44957 0’ - 122032' 07 2,315
40 Silver Creek s0d357809 44952 0 - 122°39'0” 1,350
Falls
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Table 5. Climate stations used to collect data for input to precipitation-runoff models of the

Willamette River Basin, Oregon—Continued
[Map numbers refer to figure 5; ©, degrees; ', minutes; ”, seconds]

Map Station Station Station location Elevation
number name number?! (latitude — longitude) (feet)
41 Silverton s0d357823 45°00'0” - 1220460 408
42 Stayton s0d358095 44°48 07 - 1220460 470
43 Troutdale s0d358634 45°34 07 - 1220 24 29
44 Waterloo s0d359083 44°30' Q" - 122049 0 450
45 Belknap Springs cnv0652 44°18 0 - 122°0 2,152
46 Detroit Dam cnv2292 44043 O - 1220150 1,220
47 Government cnv3908 45°18' 0 - 1210450 3,980
Camp
48 Marion Forks cnv5221 24°37° 0" - 121°57'0” 2,480
49 McKenzie cnv5362 44°11° 0 - 122°7°0" 1,478
Bridge
50 Oakridge cnv6213 43°45' 0" - 122°27'0” 1,275
51 Santiam Pass cnv7559 44925 0 - 121952'0” 4,748
52 Three Lynx cnv8466 45070 - 12204 ¢ 1,120
53 Valsetz s0d358833 449510 - 1230400 1,150
54 Sisters cnv7857 440170 - 121°33'0” 3,180

Istate Climatologist station-identification number.

Daily Time-Period Comparisons

Flow data collected at nine small, unregulated,
gaged basins were compared with PRM S simulated
flows. A comparison of observed and simulated water
year 1995 flow is shown in table 6. Figure 6 shows a
comparison of observed and simulated daily mean flow
for one of the subbasins—Wiley Creek (station
14187000) near Foster in the South Santiam River sub-
basin. Generally, most of the simulated peak flowswere
dlightly under the observed peak flows, and the simu-
lated low-flow recessions were slightly higher than the
observed low-flow recessions. Overdl, the smulated
annual flow was dightly less than observed annual
flow. The model showed underestimation in basins on
the west side of the Cascade Range and overestimation
on the Coast Range side of the Willamette River Basin.
Simulation errors could be attributed to the inability of
the weighted precipitation input data to adequately rep-
resent the actual precipitation that fell within the basin.
For thissimulation precipitation data collected at Foster
Dam, which islocated outside of the Wiley Creek
Basin, was used.

The timing of the simulated peaks was consis-
tently close to the observed data for all nine basins.
Most of the plots showed that simulated peak flows
were under the observed peak flows and simulated low
flows were above observed low flows. However, smu-
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lated annual mean flows were not consistently above or
below observed annual mean flows (table 6).

Annual Time-Period Comparisons

Continuous simulations were made for the 216
subbasins for the water year 1973 to 1996 period. The
simulations were run on adaily time step; however, the
output was reduced to annual values. The annual flows
simulated by PRM S were compared with observed
annual flows at 47 selected streamflow gages on
streams draining basins of varying size throughout the
Willamette River Basin (fig. 7 and table 7). Although
some of these basins are regulated by dams, it was
assumed that this effect was not significant on an annual
basis. None of these basins had major flow diversions
entering or leaving the basin from locations above the
gage. Figure 7 shows spatially how PRM S compared
with observed datafrom the 47 basins. Approximately
60 percent of these basins had an underestimation of
annual flow, and the remaining 40 percent had an over-
estimation of annual flow. When these annual flow val-
ues are plotted over the 24-year period, as shown in
figure 8, the simulated annual flows show fairly consis-
tent correspondence with observed annual flowsin both
wet and dry years. Results of the preci pitation-runoff
modeling (simulated base flow and recharge) is dis-
cussed in the subsequent sections.
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Table 6. Comparison of observed and simulated 1995 water year runoff for nine unregulated small subbasins in the

Willamette River Basin, Oregon

Runoff (inches)

Drainage area Percent
Basin name Station number (square miles) Observed Simulated difference?
Fall Creek near Lowell 14150300 118 455 442 -2.86
Row River above Pitcher 14154500 211 39.2 50.8 29.6
Creek near Dorena
Smith River above Smith 14158790 16.2 79.6 78.0 -2.01
River reservoir near
Belknap Springs
Long Tom River near 14166500 89.3 45.9 64.4 40.3
Noti
Little North 14182500 112 87.8 85.0 -3.19
Santiam River near
Mehama
Wiley Creek near Foster 14187000 51.8 53.6 514 -4.10
South Yamhill near Wil- 14192500 133 731 86.5 18.3
lamina
Zollner Creek near 14201300 15 233 304 30.5
Mount Angel
Fish Creek near Three 14209700 452 76.7 91.4 19.2

Lynx

Ipifference shown in percent = 100 x ([simulated runoff - observed runoff]/observed runoff).

Recharge and Base-Flow Estimates from Streamflow
Records

Estimates of recharge and base flow for many
locationsin the Willamette Basin were made using
long-term streamflow records. The computer programs
RECESS (from “ streamflow recession”) and RORA
(from the “ Rorabaugh method”) were used in conjunc-
tion with each other for recharge estimates, and the pro-
gram PART (from “streamflow partitioning”) was used
for base-flow estimates (Rutledge, 1998).

Recharge Estimates

Recharge estimates were compared to recharge
estimated by therainfall-runoff model. RECESSisused
to determine the master recession curve of streamflow
recession during timeswhen all flow can be considered
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to be ground-water discharge and when the profile

of the ground-water head distribution is nearly stable.
Development of the recession curve for each stream
requires several years of daily streamflow record. The
recession curveis based on the winter period of January
through March, during which time the effect of evapo-
transpiration is assumed to be minimal. RORA uses
the recession-curve displacement method to estimate
the recharge for each peak in the streamflow record.
RORA was run using default conditions as described
in Rutledge (1998).

Base-Flow Estimates

Base-flow-separation analysisis atechnique for
estimating the ground-water component of streamflow.
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Figure 6. Observed and simulated 1995 daily mean flow for station 14187000 on Wiley Creek near Foster, Oregon.

Base-flow estimates are needed for calibration of
the ground-water flow model. The base-flow com-
ponent of streamflow at selected locations in the
Willamette River Basin was determined for water
years 1995-96. Numerous stream gages in the Wil-
lamette River Basin were either discontinued during
the 1995-96 period of interest, or the streams were
regulated by diversions or dams. As base-flow sep-
aration can only be done on unregulated streams,
techniques were used to estimate base flow at dis-
continued and regulated sites.

Unregulated Streams

For unregulated streams, base flow was sepa-
rated from total streamflow using a computer program
developed by Rutledge (1998) called PART. PART
scans the record of daily streamflow for days that fit a
requirement of antecedent recession. A daily stream-
flow recession rate of lessthan 0.1 log cycleis assumed
to be the point at which surface runoff is negligible and
streamflow is derived entirely from ground-water dis-
charge. The program assigns base flow equal to total
streamflow on these days. The program then useslinear
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interpolation to estimate base flow on the remaining
days. PART was run using default conditions.

Unregulated Streams with Discontinued
Streamflow-Gaging Stations

Base-flow estimates for water years 1995-96
were made for discontinued unregulated streamflow-
gaging-station locations using a four-step procedure.
First, base-flow separation was done on the existing
period of record. Second, the relation of annual mean
base flow to annual mean total flow was determined
using linear regression. Third, annual mean streamflow
for water years 1995-96 was estimated using the PRM S
model. Fourth, theratio of base flow to total streamflow
determined in step 2 was applied to the modeled annual
mean flow. Application of the historic relation of annual
mean base flow to annual mean streamflow is justi-
fied because the ratio of base flow to total stream-
flow is generally linear throughout the period of
record. Figure 9 shows this relation for the Cal-
apooia River at Holley (station 14172000) indicat-
ing a strong correlation, with an r2 of 0.94.
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Table 7. Comparison of observed and simulated mean annual flow at selected sites in the Willamette River Basin, Oregon

[ft3/s, cubic feet per second, map numbersrefer to figure 7]

Mean annual

nl\ﬂ?ﬁ- Mean annual simulated
ber Station Period of observed flow flow
Station name number record (ft3/s) (ft3/s) Differencel
1 Middle Fork Willamette River near 14144800 1973-96 786 550 -30.0
Oakridge
2 Middle Fork Willamette River above 1973-96 1,119 805 -28.1
Salt Creek, near Oakridge 14145500
3 Salmon Creek near Oakridge 14146500 21973-93 417 330 -20.9
4 North Fork of Middle Fork 21973-94 741 734 -.94
Willamette River near Oakridge 14147500
5 Middle Fork Willamette River below 1973-96 2,764 2,285 -17.3
N. Fork, near Oakridge 14148000
6 Middle Fork Willamette River near 14150000 1973-96 2,920 2,449 -16.1
Dexter
7 Fall Creek near Lowell 14150300 1973-96 395 343 -13.2
8 Fall Creek below Winberry Creek 1973-96 553 523 -5.42
near Fall Creek 14151000
9 Middle Fork Willamette River 14152000 1973-96 3,945 3,330 -15.6
at Jasper
10 Coast Fork Willamette River below 1973-96 237 297 25.3
Cottage Grove Dam 14153500
11 Row River above Pitcher Creek near, 14154500 1973-96 571 658 15.2
Dorena
12 Coast Fork Willamette River near 14157500 1973-96 1,441 1,629 13.0
Goshen
14 McKenzie River at Outlet of Clear 14158500 1973-96 423 427 .95
Lake
15 Smith River above Smith River 1973-96 86 74 -14.0
Reservoir near Belknap Springs 14158790
16 McKenzie River below Trall Bridge 14158850 1973-96 973 794 -18.4
Dam near Belknap Springs
17 McKenzieRiveratMcK enzieBridge 14159000 1973-94 1,646 1,453 -11.7
18 South Fork McKenzie River near 1973-96 790 761 -3.67
Rainbow 14159500
19 Blue Rlvg' below Tidbits Creek near 14161100 1973-96 240 198 -175
Blue River
20 L ookout Creek near BlueRiver 14161500 1973-96 114 108 -5.26
21 BlueRiver at Blue River 14162200 1973-96 437 366 -16.2
22 McKenzieRiver near Vida 14162500 1973-96 3,972 3,673 -7.53
23 Mohawk River near Springfield 14165000 1973-96 491 558 13.6
25 Long Tom River near Noti 14166500 1973-96 205 279 36.1
27 Long TomRiver near Alvadore 14169000 1973-96 463 639 38.0
29 MarysRiver near Philomath 14171000 1973-85 433 558 289
30 CalapooiaRiver at Holley 14172000 1973-90 398 283 -28.9
31 North Santiam River below 1973-96 974 903 -7.29
Boulder Creek near Detroit 14178000
32 North Santiam River at Niagara 14181500 1973-96 2,219 2,019 -9.01
33 Little North Santiam River near 14182500 1973-96 703 541 -23.0
Mehama
34 North Santiam River at Mehama 14183000 1973-96 3,294 2,914 -11.5
35 South San_tlam River Below 14185000 1973-96 782 703 -10.1
Cascadia
36 Quartzville Creek near 1973-96 637 421 -33.9
C ia 14185900
38 South Santiam River at 14187500 1973-96 2,895 2,274 -215
Waterl oo
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Table 7. Comparison of observed and simulated mean annual flow at selected sites in the Willamette River Basin, Oregon—Continued

[ft3/s, cubic feet per second, map numbers refer to figure 7]

Mean annual

n'\ﬁarlr?— Mean annual simulated
ber Station Period of observed flow flow
Station name number record (ft3/s) (ft3s) Differencel

40 Santiam River at Jefferson 14189000 1973-96 7,421 6,526 -12.1

41 Luckiamute River near Suver 14190500 1973-96 806 739 -8.31

42 Rickreall Creek near Dallas 14190700 1973-78 143 173 21.0

43 South Yamhill River near 1973-93 556 632 13.7
Willamina 14192500

44 Will amina Creek near 14193000 1973-91 242 225 -7.02
Willamina

45 SouthYamhill River near Whiteson 14194000 1973-91 1,577 1,597 1.27

47 Mol a_lla Rlver above Pine Creek near 14198500 1973-93 496 670 35.1
Wilhoit

53 Tuaatin River near Dilley 14203500 1973-96 358 383 6.98

54 Tualatin River at West Linn 14207500 1973-96 1,403 1,571 12.0

55 Oak Grove Fork near 14208700 1973-96 134 167 24.6
Government Camp

56 Oak Grove Fork above 1973-95 461 400 -13.2
Powerplant Intake 14209000

57 Clackamas River above 1973-96 1,939 1,958 0.98
Three Lynx Creek 14209500

59 Clackamas River at Estacada 14210000 1973-96 2,712 2,855 5.27

62 Willamette River at Portland 14211720 1973-94 31,370 31,280 -0.29

Ipifference shown in percent = 100 x ([mean annual simulated flow - mean annual observed flow]/mean annual observed flow).

2Observed flow data for water year 1986 was missing.

Regulated Streams

Direct base-flow estimates cannot be made on
streamsin which the flow isregulated by dams or diver-
sion. Flow regulation disrupts normal hydrograph
recession curves, which negates their use for base-flow
separation analysis. Low flowsin regulated streams are
augmented by reservoir releases in the summer. Peak
flows are reduced through storage, followed by attenu-
ated releases of stored water behind the dams.

Base-flow estimates could be made, however, for
streamsthat were regul ated during water years 1995-96
but that had a sufficient unregul ated period prior to
impoundment to determine the relation of annual base
flow to annual streamflow. As described for discontin-
ued unregulated streams, the rel ation between base flow
and streamflow during the unregulated periods was
determined, and this ratio was applied to the recorded
annua mean streamflow for water years 1995-96.

Accuracy

Accuracy of the base-flow estimate at each site
depends on the avail able streamflow record and
whether the flow is regulated or unregulated. The most
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accurate base-flow estimates are for the unregulated
streamflow-gaging stations that were in operation dur-
ing 1995 and 1996. The base-flow estimates for regu-
lated streams are less accurate because (1) the relation
devel oped between base flow and streamflow wasfor a
prior period, and (2) reservoir storage changes may
affect base-flow estimates. Base-flow estimates for dis-
continued streamflow-gaging stations are probably the
least accurate because annual flows for 1995 and 1996
were simulated.

Stream Gain-Loss Field Investigations

Stream gain-loss measurements were used to aid
in the understanding of ground-water/surface-water
interaction in the study area. These measurements, also
called seepage measurements, are made at several loca-
tions along a stream reach and allow identification of
reacheswherewater isflowinginto or flowing out from
the stream through the streambed. Seepage measure-
ments made in the Willamette River Basin consisted of
asynoptic inventory of stream discharge, tributary
inflow and out-of-stream withdrawals. Anincreasein
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mean base flow at Calapooia River at Holley, Oregon (14172000), for
water years 1936-90.

stream discharge at the downstream point in a
stream reach not accounted for by tributary inflow
was attributed to discharge into the stream from the
ground-water system. Likewise, a net decrease in
streamflow at the downstream location was attrib-
uted to aloss from the stream to the ground-water
system.

Streamflow at each location was measured
directly or determined from a stage-discharge rating
curve at a streamflow-gaging station. Measurements
were made using either an Acoustic Doppler Current
Profiler (ADCP) or avertical-axis mechanical current
meter. All Middle Fork Willamette River and Wil-
lamette River measurements were made using the
ADCP following methods described in Simpson and
Oltmann (1993). The remainder of the streamflow mea
surements were made using a current meter by wading,
boat, or bridge, as described by Rantz (1982). Where
streamfl ow-gaging stations were used as measurement
locations, the stage-discharge rating curve along with
applicable corrections were used to determine the dis-
charge at the time of the study.

Out-of-stream withdrawals were estimated by
noting the location, intake size, lift and horsepower of
pumps that were identified along the stream reach.
These datawere used to estimate pumpage rates. It was
assumed that pumps found running continued to run

22

throughout the period of gain-loss measurements, like-
wise, idle pumps were assumed to remain off.

Stream reaches and measurement locations
within each reach were selected on the basis of severd
criteria. For streams that were measured in previous
gain-loss investigations, the same measurement loca-
tions were selected for thisinvestigation. Stream
reaches were chosen to avoid confluence with major
tributaries to minimize measurement uncertainty. Trib-
utary measurements were made as close to the mouth as
possible.

The accuracy of again-lossinvestigation islim-
ited by several factors. These factors include temporal
and spatia variation in streamflow, changesin out-of-
stream withdrawal's, and accuracy of stream-discharge
measurements. Ideally, gain-loss measurements are
made during a period of steady flow (no temporal
changes). Where available, nearby stream gages were
checked during each set of measurements to identify
changes in discharge. If no gage was nearby, reference
marks were established to determine change in water
level. Changes in discharge could be estimated with
known water-level change, channel width and velocity
estimates. Discharge can vary due to changes in runoff
from precipitation, and in regulated streams, due to
changesin reservoir regulation. These effectswere min-
imized by measuring discharge in each stream reach
during dry weather, and over a short time period, usu-
ally 1 day. Changes in out-of-stream withdrawals can
affect the accuracy of the overall measurement,
although in this study withdrawals were small com-
pared to the total flow in each stream reach. The accu-
racy of discharge measurements, which depends on the
conditions under which the measurement was made as
well as the equipment used, was estimated to be 5 per-
cent for current- meter measurements, and 3 percent for
ADCP measurements.

Gainsor losses must be greater in magnitude than
the uncertainty associated with the measurement to be
significant. Careful consideration should be givento the
expected gains and losesin the stream rel ative to the
measurement uncertainty. Because the uncertainty is
calculated as a percentage of the streamflow, smaller
gainsor losses can beidentified in small streamsthanin
large streams. For example, for a measurement of
10,000 ft3/s (cubic feet per second) with an estimated
measurement uncertainty of 3 percent, the actual dis-
charge is between 9,700 and 10,300 ft%/s. Discharge at
the next location downstream would have to be at least
10,600 ft3/s (with the actual discharge between 10,300



and 10,900 ft3/s) toindicate again greater than the mea-
surement uncertainty. In a stream with a discharge of
1,000 ft3/s, the additional discharge needed to confirma
gain greater than the measurement uncertainty would be
only 60 ft%/s.

RESULTS

The following three sections describe the esti-
mates of ground-water recharge, base flow, and stream-
reach gains and |osses.

Ground-Water Recharge Estimates

Two methods were used to estimate recharge.
Continuous simulations using PRM Swere made for the
216 subbasins that compose the study area of the Wil-
lamette River Basin for water year 1973-96. Output
from the simulations included daily ground-water
recharge from every HRU. Recharge for water years
1995-96 was estimated based on daily streamflow
records using RECESS and RORA programs. Recharge
estimates were also compared to estimates made for the
lower elevation region of the Willamette River Basinin
the Willamette Lowland Regional Aquifer-System
Analysis study (Woodward and others, 1998).

Recharge Estimates From Precipitation-Runoff Model

The simulations were run on a 24-hour time step;
however, the output was reduced to annual values for
the analyses of the study. Simulation results for each of
the 216 subbasins are shown in figure 10 as mean
annual values.

These maps show an approximation of the water
budget terms for each of the 216 subbasins in the Wil-
lamette River Basin.

The water budget in these subbasins can be
described by the equation:

P-(I+AET+TF)=0 3

where
P is precipitation,
| isinterception loss from vegetation,

AET is actual evapotranspiration loss from the soil
zone, and
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TF istotal flow at each basin outlet. (In this
equation, recharge [identical to base flow
when basin-averaged] isincluded in TF).

Precipitation.—The simulated mean annual pre-
cipitation of the subbasins (fig. 10) isfor the 24-year
period from 1973-96. PRM Ssimul ates precipitation for
each HRU as afunction of the observed daily precipita-
tion gage datatimes the HRU precipitation weight. The
precipitation estimates shown in the figure are for each
entire subbasin. That valueisthe areaweighted mean of
the precipitation of the HRUs in the subbasin. As
expected, the precipitation levels correspond well spa-
tially with the precipitation level s shown in the PRISM-
derived map of the study area (fig. 4), because the HRU
preci pitation weights were based on PRISM data. Pre-
cipitation is highest at the higher regions of the Coast
Range and Cascade Range and lower in the valleys.
However, these precipitation levels are lower overall
than the PRISM precipitation levels becausethe PRMS
simulation period (1973-96) was drier than the period
of record used to develop the PRISM map (1961-90).
The basin precipitation estimates are also the sum of
both precipitation on all HRUs and summer irrigation
applicationsto some HRUsthat were designated as hav-
ing irrigated agriculture. The HRUs with irrigation are
all in subbasins located in the lowlands and did not
encompass the entire surface area of these subbasins.

I nter ception.—Mean annual interception losses,
based on water years 1973-96 simulation period, are
shown infigure 10. Interception of precipitation iscom-
puted asafunction of the cover density and canopy stor-
age of the predominant vegetation in the HRU. As
expected, interceptionisgreatest in areas of the Cascade
Range, where precipitation ishigh and vegetation is pri-
marily thick forest. Interception decreases closer to the
divide of the Cascades, where the forest becomes thin-
ner and there are more open areas—glaciers and lava
beds. Interceptionisleast on the valley floor, where the
vegetation is mostly crops (containing less canopy stor-
age) and the precipitation levels are less.

Evapotranspiration.—The computation of
potential evapotranspiration (PET) isafunction of the
air temperature input data and possible hours of sun-
shine. The higher evapotranspiration rates are generally
inversely related to elevation. The highest PET losses
are located in the valley lowlands (fig. 10), which also
have the highest mean air temperatures in the basin.
PET lossesin the Willamette River Basin spatially coin-
cidewell with the spatial distribution of published evap-
oration rates (Farnsworth and Peck, 1982).
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Actual evapotranspiration (AET) isthe computed
rate of water loss, which reflects the availability of
water to satisfy PET. In the model, AET losses do not
include interception losses. When available water is
nonlimiting, AET equals PET. In addition to precipita-
tion levels, AET isalso afunction of soil depth and soil
type. For two locationswith the samewater availability,
PRMS will compute a higher AET rate for alocation
with sandy soilsthan for one with clay soils. In the Wil-
lamette River Basin, the regions showing the highest
AET lossesarein the Clackamas and Molallasubbasins
(fig. 10). These regions had acombination of high PET
and precipitation levels.

In the valley lowlands, where mean annual pre-
cipitation is lower and PET is higher than in other
regions of the Willamette River Basin, the percent ratio
of AET to precipitationisgreatest (fig. 10). Evapotrans-
piration losses are a more dominant component of the
water budget in this region than in the cooler and wetter
high elevation regions.

Although evapotranspiration isasignificant com-
ponent of the water budget in the Willamette River
Basin, few studies have estimated evapotranspiration
losses specifically in the Willamette River Basin. Stud-
ies using datafrom the H.J. Andrews Experimental For-
est (40 miles east of Eugene) and the Cedar River
watershed (40 miles southeast of Seattle) have esti-
mated the sum of interception and evapotranspiration
lossesfrom 21to 29 in/yr. (Rothacher and others, 1967;
Waring and Schlesinger, 1985; and Fritschen and oth-
ers, 1977). These estimates appear comparable to the
sum of PRM S simulated interception and AET.

Recharge—Simulated mean annual ground-
water recharge is shown in figure 10, and in Appendix
1 for selected streamflow-gaging-station locations. The
pattern of recharge throughout the basin appearsto
closely correspond with precipitation. Rechargeis
greater in the Coast Range and Cascade Range, and
lower in the valley lowlands.

Total flow.—Mean annual total flow (TF) for
each of the basinsis shown in figure 10. Total flow is
for each basin and is not equivalent to streamflow
becausetotal flow from upstream basinsisnot included.
Total flow from aPRMS basin model is the sum of
flows from the surface, subsurface, and ground-water
(or baseflow) conceptual reservoirsflowingtothebasin
outlet. Total flow estimates have a close spatial corre-
spondence to precipitation.

The percent of mean annual total flow that is
recharge (or base flow) is shown in figure 10. (Mean

annual baseflow isidentical to mean annual rechargein
PRM S when subbasin-averaged.) Recharge (or base
flow) contributes approximately 22 to 49 percent of
mean annual total flow in the subbasins. The subbasins
containing Portland, Salem, and Eugene had alow per-
centage of base flow to total flow ratio because of more
impervious land surfaces in those subbasins. Also, sub-
basins containing lakes or impoundments, such as
Waldo Lake and Fern Ridge Reservoir, had alow per-
centage of base flow to total flow ratio, because PRM S
treats water surfaces asimpervious.

Recharge Estimates from Daily Streamflow Records

Estimates of ground-water recharge were
made using daily streamflow records for water years
1995-96 at 16 streamflow-gaging stations. The pro-
gram RECESS used to devel op the master recession
curve at each location was based on the winter months
(January through March) for the entire period of record
for each site. The master recession curve for each site
was based on an average of 15 recession periods. Drain-
age areasizeranged from 16.9 to 479 square miles, with
an average basin size of 144 sguare miles. Recharge
estimates using RORA for water year 1995 ranged from
30 to 67 inches, whereas recharge for water year 1996
ranged from 36 to 96 inches (Appendix 1). Recharge
was typically higher in locations in the Cascade Range
and lower in the valley areas, corresponding to general
distribution of rainfall in the basin. Recharge in water
year 1996 was greater than in water year 1995 dueto
higher precipitation throughout the Willamette Basin.

Recharge Estimates from Willamette Lowland Regional
Aquifer-System Analysis

Estimates of ground-water recharge were
made for the lower e evation region of the Willamette
River Basin in the Willamette L owland Regional
Aquifer-System Analysis (RASA) study (Woodward
and others, 1998). Estimated mean annual recharge and
the extent of the study-area boundaries for that study
are shown in figure 11. To estimate recharge, Wood-
ward and others (1998) defined four classes of surficial
hydrogeol ogic units: (1) modern floodplain deposits,
mainly of the Willamette aguifer, (2) the remaining
part of the Willamette aguifer, the Willamette Silt
unit, and the Willamette confining unit, (3) the Colom-
bia River basalt aguifer and Boring Lava, and (4) the
basement confining unit (table 8). For the Willamette
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Table 8. Estimates of mean annual recharge on the basis of mean annual precipitation, generalized surficial geology, and land-use
and land-cover categories from the Willamette Lowland Regional Aquifer System Analysis

[mi2, square miles; in/yr, inches per year; ft%/s, cubic feet per second; Source: Woodward and others, 1998, table 11]

Area Recharge®? Precipitation
Surficial geology? Land use and land cover (mi?) (inlyr) (intyr)
Floodplain deposits of the Willamette aquifer Undeveloped and nonbuilt-up 641 24.1 44.2
Residential 13 12.7 43.3
Built-up 35 13.3 45.0
Urban 99 8.1 43.7
All categories 788 214 44.2
Willamette aquifer (excluding floodplain depos-  Undeveloped and nonbuilt-up 1,833 19.7 46.0
its), Willamette Silt unit, and
the Willamette confining unit
Residential 28 14.1
built-up 352 145 46.3
Urban 103 3.6 438
All categories 2,316 18.1 45.9
Columbia River basalt aquifer and Boring Lava  Undeveloped and nonbuilt-up 650 220 51.8
Residential 5 12.6 44.6
built-up 76 115 46.0
Urban 9 31 44.3
All categories 740 20.7 511
Subtotal 3,844 193 46.6
Basement confining unit Undeveloped and nonbuilt-up 1,780 60.0
Residential 3 47.2
built-up 48 52.5
Urban 4 48.6
All categories 1,835 60.4
Total 5,679 19.7 51.1

Lincludes small discontinuous areas that were not included as part of the regional hydrogeologic units.
2Includes estimates derived by Snyder and others (1994) for the Portland Basin.
3Recharge not estimated for basement confining unit or areas covered by large surface-water bodies

aguifer units, estimates of recharge as a percentage of
mean annual precipitation (58 percent in the modern
floodplain deposit part and 42 percent in the remaining
partsof the Willamette aquifer) were obtained from
earlier USGS investigations in the Willamette L ow-
lands. These studies included the Portland Basin
(Snyder and others, 1994), the Tualatin Basin (Hart
and Newcomb, 1965), the French Prairie area
(Price, 1967), the Molalla-Salem Slope area (Hamp-
ton, 1972), the Dallas-M onmouth area (Gonthier,
1983), the Corvallis-Albany area (Frank, 1974), the
Harrisburg-Halsey area (Frank, 1976), the Eugene-
Springfield area (Frank, 1973), and the Salem Hills
area (Foxworthy, 1970). Woodward and others
(1998) then computed recharge using the above per-
centages and an areal distribution of the mean
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annual precipitation. To estimate recharge in the
Columbia River basalt aquifer and Boring Lava
units, aregression equation devel oped by Bauer and
Vaccaro (1990) was used relating mean annual pre-
cipitation to recharge in the Columbia River Basalt
Group. No estimates of recharge were made for the
basement confining unit and areas covered by large
water bodies. (These are areas shown in white in
figure 11.) All the recharge estimates were further
modified to account for impervious surface condi-
tions. Recharge was reduced from 50 to 100 percent
in urban, built-up, and residential areas. For the
Portland Basin area, Woodward and others (1998)
used recharge estimates previously determined by
Snyder and others, 1994.



Comparison of Recharge Estimates

Recharge estimates from PRM S were compared
to RORA for water years 1995-96 and are shown in
Appendix 1. Recharge estimated by RORA istwo to
three times greater than the PRM S estimates. This may
be attributed to afundamental difference in the defini-
tion of recharge. RORA derives recharge from each
individual peak in streamflow. The method that PRMS
usesto definerechargein itsalgorithmisrelatively con-
servative. PRM S recharge does not include subsurface
flow from storms. Subsurface flow can sometimes be
considered thelateral flow to abasin outlet between the
ground surface and the aguifer water table. Recharge
estimated by PRM S represents waters with alonger res-
idence timein the agquifersthat are less likely to return
to the rivers as surface-water flow soon after a storm.
The recharge estimates from RORA and PRM S define
an upper and lower bound, respectively for input to the
ground-water flow model.

Figure 11 shows recharge estimated by Wood-
ward and others (1998) compared to PRM S simulated
mean annual recharge at the HRU level. Recharge esti-
mates for the Willamette Lowland region made by
Woodward and others (1998) ranged between 1 and
50 inches. Annual mean recharge simulated by PRMS
for 1973 to 1996 was generally lower and ranged from
7 to 35 inches. With PRMS, there was afairly close
correspondence of recharge with precipitation patterns
and topography (fig. 10). PRMS recharge estimates
were higher in the Coast Range and Cascade Mountains
and lower on the valley floor. Recharge estimated by
PRMSislessthan that estimated by RASA (Woodward
and others, 1998) because the geologic and soils data,
which affect the infiltration rates, were more general-
ized in the PRM S models devel oped by Laenen and Ris-
ley (1997) than in the RASA study. The PRM S method
incorporates precipitation, soils, geology, and land
cover of the areainto a simulation of recharge. How-
ever, it does not make direct assumptions about
recharge for areas covered by the modern floodplain.
For built-up urban areas, PRM S simul ates higher
recharge than that estimated by Woodward and others
(1998). Woodward and others (1998) reduce recharge
by up to 100 percent in residential, built-up, and urban
areas. The PRM Srecharge estimates are based on auni-
form method and could be more applicable to broad
regions. The PRM S recharge estimates can be easily
upwardly adjusted when they are used as boundary
input datato a ground-water model.

29

Base-Flow Estimates

The base-flow component of streamflow was
estimated by using the PRM S model and by base-flow
separation. Base flow estimated using PRM S was, by
definition, equivalent to recharge. The results of base-
flow separation for the 1995-96 period are presented in
the following section, as well as estimates of the base-
flow component of selected streams for the 196696
period. These estimates, in conjunction with indepen-
dent estimates of base flow from PRM S, will be used as
calibration targets in the ground-water flow model for
the Willamette River Basin.

Base-Flow-Separation Analysis

Estimates of mean-annual base flow at 52 stream-
flow-gaging-station locations for water years 1995 and
1996 (Appendix 1) were made using base-flow-separa-
tion techniques. Of the streamflow stationsanalyzed, 19
were unregulated sites operated during water years
1995-96. Theregression method was used at 17 discon-
tinued and 16 regulated streamflow-gaging-station
locations, using a prior period to determine the relation
between base flow and total streamflow. For the 33 sites
inwhich linear regression was used, the average period
of record was 35 years and ranged from 13 to 59 years.
The average r? value for all the streamflow stations
using the regression method was 0.94 and ranged from
0.87 to 0.99. The drainage-basin size ranged from 16.2
to 2,030 square miles, with an average of 337 square
miles.

The base-flow component of streamflow in the
Willamette Basin, during water year 1995, expressed as
a percentage of total streamflow, varied throughout the
basin (pl. 1). Streams with the highest annual percent
base flow were upland streams draining the Cascade
Range. The flow in these streams is dominated by
ground-water and spring discharge, and staysrelatively
high through the year relative to peak discharge. Results
from several basinsindicated adecreasein percent base
flow at downstream locations. This can be attributed to
arelatively increasing component of surface runoff.
This trend was observed in the McKenzie, North San-
tiam, Clackamas, South Yamhill, and Middle Fork Wil-
lamette Rivers. Johnson Creek at Sycamore (station
14211500), located in Portland, had one of the lowest
percent-base-flow componentsof streamflow. Thismay
be attributable to rapid runoff from urban areas of the
basin and lack of infiltration of precipitation into the



ground-water system due to extensive impervious land
cover.

Baseflow for thewater year 1995 ([pl. 1, map sym-
bols) at selected unregul ated streamswas compared to the
196696 period (pl. 1, hydrographs) to show temporal
variability in the Willamette River Basin and provide
context for the 1995-96 results. The stream showing the
least temporal variability isthe North Santiam River
below Boulder Creek near Detroit, Oregon (station
14178000). Streamflow at this site is dominated by
ground-water and spring flow and is less affected by
annual variation in precipitation than other sitesin the
Willamette River Basin. Other streamswere significantly
influenced by climate, asindicated by the percent base
flow during particularly wet and dry years. For example,
at the Luckiamute River near Suver (station 14190500),
the percent base flow during the particularly wet water
year 1996 (54.5 inches at Portland [Oregon Climate Ser-
vice, 2000], compared to the 1966-96 average of 36.5
inches) was 56 percent, whereas during the dry year of
1977 (23.8 inches at Portland), annual streamflow was78
percent base flow.

Base flow, estimated from base-flow separation,
was compared to base-flow estimates from the PRMS
model. The base-flow estimates were consistently less

using PRMS (Appendix 1). In addition, there was less
variationin the PRM Shase-flow estimates. Using PRMS,
the base-flow estimates typically ranged from 30 to 50
percent of total streamflow, whereas base-flow-separa-
tion estimates ranged from 50 to more than 90 percent.
The hydrograph for the Calapooia River at Holley shows
this relation, where PRM S base-flow estimates are con-
sistently less than the PART base-flow estimates (fig.
12). The discrepancy in simulated flows in the beginning
of the water year isdue to some inefficienciesin the way
PRMS simulates the transition from dry to wet condi-
tions. The PART base-flow estimates mergewith thetotal
flow hydrograph during periods of sustained streamflow
recession, while the PRM S base-flow estimate merges
with the simulated flow only during the long summer
recession period. Results from the two methods of base-
flow estimation differ because of adifferencein the defi-
nition of base flow and may be viewed as describing a
range of expected base-flow contribution to streamflow.

Stream Reach Gain/Loss Estimates

Gain-loss measurements were made on the Middle
Fork Willamette, Willamette, South Y amhill, Pudding,
and South Santiam Riversto identify changesin stream-
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Figure 12. Observed and simulated streamflow, base flow estimated from base-flow separation, and base flow estimated from PRMS on the
Calapooia River at Holley, Oregon (14172000). (PART is an automated base-flow-separation program [Rutledge, 1998]; PRMS is the Precipitation-

Runoff Modeling System [Leavesley and others, 1983]).

30



flow caused by ground-water flow to or from streams
during spring and summer 1996. The resultswill provide
acomparison to simulated fluxes from a ground-
water-flow model. All streamflow measurements
were published in Hubbard and others (1996).

Middle Fork and Main-Stem Willamette River

Stream-discharge measurements and water-use
inventory were made on the Middle Fork Willamette and
Willamette Riversin five reaches (pl. 1). The reaches
ranged from 4.8 to 20 milesin length. The measurements
on each reach were completed in a1-day period. Thefive
reaches extended from Jasper in the southern basin to
Wilsonville in the northern part of the basin.

Records of streamflow for USGS stations Middle
Fork Willamette River at Jasper (14152000) and the Wil -

lamette River at Harrisburg (14166000), Albany
(14174000), and Salem (14191000) were used toidentify
fluctuationsin daily discharge during each series of
discharge measurements. With the exception of the
Jasper reach during the spring measurement, streamflow
on the Willamette River was declining slowly on the
days of the measurements. Figure 13 shows the daily
flow hydrograph for the Willamette River at Salem;

the hydrograph is representative of flow conditionsin
the stream reaches from Jasper to Wilsonville. Rainfall
on April 15-16 caused a significant increase in stream-
flow. Measurements were resumed in mid-May. For
the May and July-August measurements, streamflow
records indicated aless than 2-percent change in instan-
taneous discharge during the day of each gain-loss mea-
surement (unpublished records from the USGS Oregon
Digtrict). No precipitation was recorded at Salem for at
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Figure 13. Daily mean discharge for the 1996 water year, discharge at time of seepage measurements, and precipitation at Salem, Oregon.
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least 2 days prior to each of the gain-loss measurements.
In addition, observations of water-surface elevation in
each stream reach indicated minimal change through
the day of each set of measurements.

The spring and summer measurements generally
represented arange of medium to low streamflow when
compared to annual fluctuations. Streamflow during the
spring measurements was higher than during the sum-
mer, with the exception of the Middle Fork Willamette
reach, which was higher in the summer dueto reservoir
releases upstream. Annual flow duration frequency,
which is the percentage of time flow equals or exceeds
the measured flow in ayear, for the lower four reaches
ranged from 50 to 60 percent for the spring measure-
ments and 65 to 85 percent for the summer measure-
ments (M offatt and others, 1990). Flow duration
frequency for the spring and summer measurements on
the Jasper reach were 72 and 56 percent, respectively.

A water-use inventory indicated little out-of -
stream withdrawal compared to streamflow. The Cor-
vallisto Albany reach had the largest irrigation with-
drawal, but the total withdrawal from the stream in this

2,000 : :

reach was less than 0.1 percent of the total streamflow
and less than 10 percent of calculated gain or loss.

The results of the seepage measurements tabu-
lated in Appendix 2 are shown graphically on figure 14.
The uncertainty associated with the streamflow used to
calculate gain or lossis represented by the shaded area
on the plots. Gains or losses are calculated from the
upstream end of each reach. Due to the relatively large
streamflow in the Willamette River when compared to
the gains and losses observed, many gains and | osses
were less than the 3 percent uncertai nty associated with
the measurements. For example, although measure-
ments made in the reach from RM 169.6 to 149.6 in
May indicate again of 190 ft3/s, the gainislessthanthe
uncertainty of the measurement. However, the gain of
470 ft3/sin the same reach in July is greater than the
measurement uncertainty, and is therefore significant.

On the reach from Jasper to Springfield, both the
April and July measurementsindicated small net |osses.
Theloss of 350 ft%/s from RM 195.0 to RM 192.8 was
greater than the measurement uncertainty, as was the
gainto the next measurement | ocati on downstream (RM
190.5). Theresults confirm the general trend of net loss
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in streamflow observed by Laenen and Risley (1997)
for studies on similar reachesin August 1992 and June
1993.

From RM 169.6 to 149.6 a significant gain
occurred during the July measurements, whereas the
May measurementsindicated only adight gain, and less
than the measurement uncertainty. This seasonal differ-
enceiscontrary to ageneral trend of dight lossesfound
on other stream reaches during the summer. Laenen and
Risley (1997) observed larger fluctuationsin stream-
flow between measurement locationsin this reach than
observed in this study.

M easurements on the lower three reaches gener-
aly indicated aseasonal trend, in which gainswereless,
or losses were greater, in summer than in spring. Fluc-
tuations, however, were less than the measurement
uncertainty. The seasonal trend is consistent with the
hypothesisthat ground-water dischargeto the streamis
likely greater in spring than summer and is consistent
with observations of Laenen and Risley (1997).

South Yamhill River

Streamflow on the South Y amhill River was mea-
sured in one reach, from Sheridan, at RM 37.7, to
McMinnville, at RM 5.6 (pl. 1). Two sets of measure-
ments were made: June 1213, 1996, and September
18-19, 1996 (Appendix 2). Tributary flow was mea
sured at Deer Creek, Salt Creek, and Cozine Creek, as
well as several unnamed tributaries.

A detailed water-use inventory was made on the
June study. The entire reach was inventoried by canoe,
and several small irrigation withdrawals were identi-
fied. The largest single withdrawal was 0.4 ft3/s, less
than 0.2 percent of streamflow and less than 5 percent
of the calculated gain. A water-use inventory was not
done for the September study; however, the measure-
ments were made after the end of the irrigation season,
and no irrigation was observed in the area.

Records from the streamflow-gaging station at
McMinnville (14194150) were used to identify changes
in discharge during the study. Discharge wasfairly con-
stant on the day of the June measurements and
decreased by about 6 percent from June 12 to 13 (fig.
13). The flow duration frequency, based on therelation
developed for the discontinued station South Y amhill
River near Whiteson (14194000), was 55 percent (M of -
fatt and others, 1990). Weather recordsindicated no sig-
nificant precipitation for about 4 weeks prior the June
measurements (fig. 13). Discharge decreased signifi-
cantly during the September measurement, resulting
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from rainfall several days prior. Daily discharge at
McMinnville decreased by about 40 percent from Sep-
tember 18 to 19, although less than 5 percent between
the measurements made on September 18 at RM 37.7
and RM 26.9. The flow-duration frequency for Septem-
ber 18 was 60 percent. The rapid change in discharge
from September 18 to 19 precluded use of the second
day’ s measurements for calculation of seepage.

The June measurementsindicated again in
streamflow from RM 37.7 to RM 5.6 (fig. 15) The gain
was significant with the exception of the dight gain
measured at RM 26.9, which was |ess than the measure-
ment uncertainty. The magnitude of the gain increased
in the downstream direction. The September measure-
mentsindicated little change from RM 37.7 to RM 26.9.
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Figure 15. Gains to and losses from selected reaches of the South
Yamhill River from Sheridan to McMinnville, Oregon, for June and
September 1996. (Shaded areas represent uncertainty of
streamflow measurements of 5 percent).

Pudding River

Streamflow on the Pudding River was measured
intwo reaches, from RM 49.7 to RM 40.7 and from RM
26.8to RM 8.1 (pl. 1). Measurements were made on
May 2-3, 1996, and September 2425, 1996 (A ppendix
2). Discharge at RM 8.1 was derived from streamflow-



gaging-station records at Aurora (14202000) in lieu of
direct measurement.

Tributary measurements were made on Silver
Creek, AbiquaCreek, and Butte Creek. Streamflow was
estimated for Silver Creek during the May study and for
Rock Creek during the May and September studies.
Water-use observations made prior to both measure-
ment periods indicated no surface-water withdrawals;
however, no detailed inventory was done due to lack of
boat access and hazards from logjams. The May mea-
surements were made prior to theirrigation season, and
by the September measurement, most crops were har-
vested and no irrigation was occurring.

Records from the gaging station at Aurora (fig.
16) indicated that streamflow was receding both during
the May and September measurements. From May 23,
daily discharge at Aurora decreased by 9 percent; how-

100,000 £

ever, discharge during the part of each day when mea-
surementswere made decreased no morethan 2 percent.
From September 24 to 25, daily discharge at Aurora
decreased by 8 percent, but was less during the part of
each day when measurements were made. Flow-dura-
tion frequency for the May and September measure-
ments was 27 percent and 74 percent, respectively
(Moffatt and others, 1990).

The results for the May and September measure-
ments differed both spatially and seasonaly (fig. 17,
Appendix 2). The gain increased in the downstream
direction during the May measurement, although only
in the lower reach was the gain greater than the mea-
surement uncertainty. The September measurements
indicated minimal gains and lossesin streamflow, with
the upstream reach losing slightly and the downstream
reach gaining dlightly. Comparison of the May and

E \
50000 [ Pudding River
[ at Aurora, Oregon
[~ (station 14202000)

20,000
10,000
5,000 [

2000
1,000 |
500 |
200
100
50

DISCHARGE, IN CUBIC FEET PER SECOND

5

|  Precipitation at Salem, Oregon

O Date of seepage measurement

DAILY TOTAL PRECIPITATION, IN INCHES

|‘|I Ll

M L
M

1996

100,000 ¢ ‘ ‘
F South Santiam River
[ at Waterloo, Oregon
I (station 14187500)

10000 |-

50,000

20,000

5,000 |

2,000
1,000 |-
500

200

DISCHARGE, IN CUBIC FEET PER SECOND

100 | | | | |

1995

1996

Figure 16. Daily mean discharge for water year 1996, discharge at time of seepage measurement, and precipitation at Salem, Oregon.
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Figure 17. Gains to and losses from selected reaches of the Pudding
River from Silverton to Aurora, Oregon, for May and September
1996. (Shaded areas represent uncertainty of streamflow
measurements of 5 percent.)

September measurementsfor each subreach indicated a
general trend, in which less gain, or achange from gain
to loss, was observed in the summer compared to the
spring measurements.

Resultsof the May measurementswere compared
with seepage measurements made in March 1993
(Laenen and Risley 1997). The 1993 results indicated
no seepage in the reach from RM 49.5 to RM 45.4 and
0.4ft%s per milein thereach from RM 45.4to RM 8.2.
The small gainsin 1993 may be attributable to signifi-
cantly less precipitation than in 1996; however, the
gains observed, like the gains observed during the cur-
rent study, were |ess than the measurement uncertainty.
Although no daily discharge datawere availablefor the
Pudding River for water year 1993, the mean annual
discharge at the Willamette River at Salem was about
40 percent greater in 1996 than 1993 (Hubbard and oth-
ers, 1993, 1996).

South Santiam River

Streamflow on the South Santiam River was mea-
sured from Foster, at RM 37.0, to Lebanon, at RM 18.2
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(pl. 1). Measurements were made on April 30, 1996,
and September 17, 1996 (Appendix 2). Measurements
in April were made at RM 33.4, 27.7, and 18.2. Com-
puted flows from the stream gages at Foster (station
14187200 at RM 37.0) and Waterl oo (station 14187500
at RM 23.3) were used in lieu of direct measurements.
Measurement locations in September were the same
except that the streamflow was measured at RM 33.6
instead of at RM 33.4 due to improved measuring
conditions. Tributary measurements were made on
Ames, Roaring, McDowell, and Hamilton Creeks and
on Lebanon-Santiam Canal, aswell as several unnamed
tributaries.

No out-of-stream irrigation withdrawals were
observed on either the April or September studies. A
detailed out-of-stream withdrawal inventory was not
done because the reach was inaccessible by boat.

Records from the gaging station at Waterloo
describe the flow conditions on the day of each set of
discharge measurements (fig. 16). Although daily mean
discharge was decreasing on the days adjacent to the
April 30 measurements, discharge remained constant
for about 18 hours prior to the measurements. For the
September 17 measurements, discharge at the Waterloo
gage decreased 19 percent from 0800 to 1700 on the day
of the measurements due to a brief change in the out-
flow from Foster Dam. This caused the mean discharge
on September 17 to be lower than on the surrounding
days. Flow-duration frequency for the April and Sep-
tember measurements was 23 percent and 78 percent,
respectively (Moffatt and others, 1990).

A potential source of uncertainty with the gain/
loss measurements in the South Santiam River isthe
variation in flow due to regulation at Foster Dam.
Depending on the magnitude of the flow, the lag time
between arelease change at Foster Dam and the result-
ing flow at the Waterloo streamflow-gaging station can
range from several hoursto a day. Flow regulation did
not affect the April study, in which thedischarge at both
gages was fairly constant for half aday prior to the
beginning of measurements. For the September mea-
surement, the flow at the Foster gage was fairly con-
stant; however, the flow at Waterloo was decreasing
dueto areduction in outflow from Foster Dam earlier in
theday. Resultswould likely vary considerably depend-
ing on stream discharge and on whether the discharge
was increasing or decreasing.

An additional source of uncertainty is the effect
of bank storage. For example, for the September series
of measurements, river level washigher for several days



prior to the measurements. Following the decreasein
river level, water draining from the stream banks could
be erroneously interpreted as again in streamflow or
could mask an actual loss of streamflow.

The April measurementsindicated again from
RM 37.0to RM 33.4 and losses for the remainder of the
reach; however, the gains and losses were within the
uncertainty of the measurements (fig. 18). The Septem-
ber measurements indicated only minor gains and
losses, with no clear trend, and again did not exceed the
measurement uncertainty.
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Figure 18. Gains to and losses from the South Santiam River from
Foster to Lebanon, Oregon, for April and September 1996. (Shaded
areas represent uncertainty of streamflow measurements of 5
percent.)

Inan earlier study, discharge measurementswere
made in September 1966 (U.S. Geological Survey,
1967), prior to construction of Foster Dam, as part of an
assessment of the ground-water resources of the San-
tiam Basin. These measurements are likely the single
most accurate determination of seepage on the lower
South Santiam River during base-flow conditions
because the regulation of streamflow during the current
study was not a factor in the earlier study, and the low
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flow enabled comparison of small changesin stream-
flow through the reach. The reach was downstream of
the current study reach, extending from Lebanon, at RM
18.2, to the mouth. The flow was low partly due to the
pre-dam condition, and is aso low due to significant
diversion between Waterloo and Lebanon. Although
diversion records are not available, the daily discharge
at Waterloo on September 1, 1966, was approximately
120 ft3/s greater than the discharge measured 5 miles
downstream at L ebanon on the same day. Tributaries
were measured; however, the occurrence of irrigation
withdrawal s from the stream was unknown during this
period. The stream showed again of 24.3 ft3s, or 1.4
ft3/s per mile from RM 18.2 to the mouth. This gain,
though small compared to the fluxes measured during
the current study, is significant.

M easurements were made in September 1992
(Laenen and Risley, 1997) in part of the same reach
studied in September 1966. The 1992 measurements
indicated aloss of approximately 130 ft3/sin the reach
from RM 7.7 to RM 3.3. Thislossis greater than the
measurement uncertainty and is particularly significant
when compared to the 1966 measurements, in which the
total flow in the South Santiam River was approxi-
mately 60 ft3/s.

SUMMARY AND CONCLUSIONS

The U.S. Geological Survey, in cooperation with
the Oregon Water Resources Department, collected and
analyzed data for the purpose of providing a quantita-
tive understanding of the ground-water/surface-water
connectionintheWillamette Basin. Thiseffort included
(2) the estimation of recharge using precipitati on-runoff
modelsand daily streamflow records, (2) the estimation
of ground-water contribution to streamflow using pre-
cipitation-runoff models and base-flow separation anal-
yses at selected gage locations, and (3) identification of
gaining and losing reaches of streams along the main
stem of the Willamette River and selected tributaries.

The precipitation runoff models were developed
using the Precipitation Runoff Modeling System
(PRMS). PRMS is designed to analyze the effects of
precipitation, climate, and land use on streamflow and
general basin hydrology, and to provide an approxima-
tion of the water budget of abasin. A total of 216 sub-
basin models were devel oped to encompass the surface
area of the entire Willamette River Basin. The models
were calibrated for conditions in the Willamette River
Basin by matching simulated streamflow with observed



streamflow for nine small, unregulated streams. The
timing of the simulated peaks was consistently close to
the observed peaks for all these subbasins. In addition,
simulated annual flows compared well with observed
annual flows from 47 selected subbasins of varying of
size, both unregulated and regulated, within the Wil-
lamette River Basin for the 1973 to 1996 water year
period. During the 24-year period, the ssmulated annual
flowswere generally evenly under or over the observed
annual flows. Spatially, the model showed underestima-
tion in basins on the west side of the Cascades and over-
estimation on the Coast Range side of the Willamette
River Basin. Mean annual recharge was computed from
simulations using the 24-year period at each of the
basins.

V arious components of the model output, such as
total flow, base flow, recharge, and evapotranspiration,
were compared with estimates of these water budget
components that were measured or estimated in other
analyses of the study. Variations in simulated recharge
throughout the Willamette River Basin appeared to
closely correspond with precipitation and total flow
variations. Recharge was generally between 22 to 49
percent of mean annual total flow.

Recharge simulated by PRMS modelsin the
lower elevation region of the Willamette River Basin
ranged from 7 to 35inches. Thesevauesweregenerally
lower than recharge values estimated for the Willamette
Lowland Regiona Aquifer-System Analysis study
(Woodward and others, 1998) which were between 1
and 50 inches. Thisis because the geologic and soils
data, which affect the inflitration rates, were more gen-
eralized in the PRM S models devel oped by Laenen and
Risley (1997) than by Woodward and others, 1998.
Recharge estimates at streamflow-gaging stationsusing
RORA ranged from 30 to 96 inches. The PRM S and
RORA estimates differ because PRM S simulates
recharge to aquifers, whereas recharge derived by
RORA also represents subsurface flow.

Base-flow separation analyses, using the com-
puter program PART, were done on 52 streamflow-gag-
ing-station locations, including currently operated
unregulated and regul ated stations, aswell as discontin-
ued unregul ated stations. PRM S was used to estimate
streamflow at the discontinued stations. Linear regres-
sion was used to develop arelation of base flow to tota
flow for the stations subject to flow regulation and for
discontinued stations, to determine the base-flow com-
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ponent of streamflow during the 1995-96 period. Base-
flow estimates ranged from 50 to more than 90 percent
of total streamflow. Estimates of base flow from the
PRMS model ranged from 30 to 50 percent of total
streamflow. Estimates using the two methods define a
reasonabl e range of the base-flow contribution to
streamflow in the basin.

Gain-loss measurements were made on the Wil-
lamette River and selected tributaries during spring and
summer. The dataindicated that gains and lossesin the
Middle Fork Willamette River and Willamette River
were small, and often changes did not exceed the mea-
surement uncertainty. Of the five reaches measured in
the spring of 1996, three were gaining and two were los-
ing flow; however, gains and losses were within the
limit of uncertainty of the measurements. During the
summer of 1996, only the Harrisburg reach indicated a
significant changein flow, in which the stream gained
470 t3/s from RM 169.6 to RM 149.6. Measurement
made on the Jasper reach indicated a significant |oss;
however, thedischargereturned totheinitial level at the
next section downstream. Measurements made on the
remaining reaches indicated small losses that were
within the uncertainty of the measurements. The mea-
surements showed a general trend, in which the gain
was greater (or the loss was less) in the spring than in
the summer; however, in the summer the Harrisburg
reach showed the opposite trend.

Gain-loss measurements on the South Y amhill
River indicated asignificant gain during spring. In sum-
mer, changes in discharge did not exceed the measure-
ment uncertainty. During the spring series of
measurements, the magnitude of seepage increased at
successive locations downstream.

M easurements made on the Pudding River indi-
cated dlight gains during the spring and decreased gain
or slight loss during the summer. More gain occurredin
the more downstream part of the basin when compared
to the upstream part.

Gains and losses on the South Santiam River
were minimal and were within the accuracy limitation
of the measurements.
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APPENDIX 1. RECHARGE AND BASE-FLOW ESTIMATES AT STREAMFLOW-GAGING STATIONS IN THE
WILLAMETTE RIVER BASIN, OREGON

[PRMS, Precipitation-Runoff Modeling System; RORA, automated recharge estimate program; PART, automated base-flow-separation program; Map
number refersto plate 1; (u), USGS streamflow-gaging station; (d), discontinued streamflow-gaging station, streamflow estimated from PRMS model; (r),
USGS streamflow-gaging station, regulated flow]

Water Year 1995

Water Year 1996

Recharge, Recharge,
ininches Base flow in inches Base flow
From
PART, in  Percent From Percent
Station name inches, of PART, in of
Map (all stations are in Station From  From and stream- From From inches,  stream-
number Oregon) number PRMS RORA source flow PRMS RORA andsource flow
1 Middle Fork 14144800 14.68 39.63 36.49(u) 81 20.08 54.76 43.12 (u) 71
Willamette River
near Oakridge
2 Middle Fork 14145500 14.08 29.07(r) 77 19.26 40.81(r) 72
Willamette River
above Salt Creek,
near Oakridge
3 Salmon Creek near 14146500 16.35 37.23(d) 86 20.39 51.03 (d) 84
Oakridge
4 North Fork of Middle 14147500 15.9 3710(d) 79 20.26 50.30 (d) 77
Fork WillametteRiver
near Oakridge
5 Middle Fork 14148000 14.98 3L.74(r) 76 19.7 44.39 (r) 73
Willamette River
below North Fork,
near Oakridge
Middle Fork 14150000 14.78 1931
Willamette River
near Dexter
7 Fall Creek near 14150300 1749 3275 2931(u) 65 20.47 49.68 38.54 (u) 56
Lowell
8 Fall Creek below 14151000 16.79 2580(r) 63 19.68 35.63(r) 61
Winberry Creek near
Fall Creek
Middle Fork 14152000 14.99 19.08
Willamette River at
Jasper
Coast Fork 14153500 15.7 20.32
Willamette River
below Cottage Grove
Dam
11 Row River above 14154500 1749 2955 23.20(u) 59 22.15 36.40 27.38 (u) 49
Pitcher Creek near
Dorena
12 Coast Fork 14157500 15.02 1896 () 59 19.42 26.69 (r) 57
Willamette River
near Goshen
13 Willamette River at 14158000 14.79 26.62(d) 67 1911 38.15 (d) 65
Springfield
Mckenzie River at 14158500 24.07 35.94

Outlet of Clear Lake
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APPENDIX 1. RECHARGE AND BASE-FLOW ESTIMATES AT STREAMFLOW-GAGING STATIONS IN THE
WILLAMETTE RIVER BASIN, OREGON—Continued

[PRMS, Precipitation-Runoff Modeling System; RORA, automated recharge estimate program; PART, automated base-flow-separation program; Map
number refersto plate 1; (u), USGS streamflow-gaging station; (d), discontinued streamflow-gaging station, streamflow estimated from PRMS model; (r),
USGS streamflow-gaging station, regulated flow]

Water Year 1995 Water Year 1996
Recharge, Recharge,
ininches Base flow in inches Base flow
From
PART, in  Percent From Percent
Station name inches, of PART, in of
Map (all stations are in Station From  From and stream- From From inches,  stream-
number Oregon) number PRMS RORA source flow PRMS RORA andsource flow

15 Smith River above 14158790 29.84 66.54 56.00 (u) 70 42.02 96.41 72.08 (u) 64
Smith River Reservoir
near Belknap Springs
Mckenzie River 14158850 25.1 36.56
below Trail Bridge
Dam near Belknap

Springs

17 Mckenzie River at 14159000 26.21 65.96 (d) 94 37.25 95.43 (d) 92
Mckenzie Bridge

18 South Fork Mckenzie 14159500 26.79 43.33(r) 82 37.56 60.46 (r) 77
River near Rainbow

19 Blue River below 14161100 30.2 5751 51.66 (u) 63 42.36 68.69 61.27 (u) 58
Tidbits Creek near
Blue River

20 Lookout Creek near 14161500 30.95 62.08 51.86 (u) 74 43.39 9511 70.66 (u) 65
Blue River
Blue River at Blue 14162200 29.47 40.93
River

22 McKenzieRiver near 14162500 26.75 48.45 (r) 82 37.53 66.86 (r) 79
Vida

23 Mohawk River near 14165000 17.79 37.49 33.06 (u) 77 21.74 53.38 41.79 (u) 66
Springfield

24 McKenzie River near 14165500 23.87 48.86 (d) 78 32.49 70.30 (d) 74
Coburg

25 Long Tom River near 14166500 24 3556 32.62(u) 71 28.02 39.17 32.58 (u) 64
Noti

26 Coyote Creek near 14167000 16.35 22.02 (d) 52 19.57 27.67 (d) 51
Crow
Long Tom River near 14169000 18.19 21.49
Alvadore

28 Long Tom River at 14170000 17.49 18.66 (r) 66 20.31 26.36 (r) 66
Monroe

29 Marys River near 14171000 24.42 43.15 (d) 66 29.49 55.13 (d) 65
Philomath

30 CalapooiaRiver at 14172000 19.4 30.80 (d) 64 22.76 38.55 (d) 63
Holley

31 North Santiam River 14178000 24.17 60.88 54.65 (u) 82 33.88 74.29 66.90 (u) 75
below Boulder Creek
near Detroit

32 North Santiam River 14181500 26.32 57.26 (r) 76 34.48 72.96 (r) 74
a Niagara
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APPENDIX 1. RECHARGE AND BASE-FLOW ESTIMATES AT STREAMFLOW-GAGING STATIONS IN THE
WILLAMETTE RIVER BASIN, OREGON—Continued

[PRMS, Precipitation-Runoff Modeling System; RORA, automated recharge estimate program; PART, automated base-flow-separation program; Map
number refersto plate 1; (u), USGS streamflow-gaging station; (d), discontinued streamflow-gaging station, streamflow estimated from PRMS model; (r),
USGS streamflow-gaging station, regulated flow]

Water Year 1995 Water Year 1996
Recharge, Recharge,
ininches Base flow in inches Base flow
From
PART, in  Percent From Percent
Station name inches, of PART, in of
Map (all stations are in Station From  From and stream- From From inches,  stream-
number Oregon) number PRMS RORA source flow PRMS RORA andsource flow

33 Little North Santiam 14182500 30.63 67.32 52.23 (u) 60 38,51 8228 66.50 (u) 52
River near Mehama

34 North Santiam River 14183000 26.79 54.30 (r) 71 34.58 71.47 (r) 69
a Mehama

35 South Santiam River 14185000 22.28 49.58  43.49 (u) 65 28.42 67.46 51.08 (u) 55
Below Cascadia

36 Quartzville Creek 14185900 24.31 66.86 49.85(u) 56 323 7671 62.61 (u) 50
near Cascadia

37 Wiley Creek near 14187000 19.68 4245 36.91(u) 69 25,58 50.13 40.18 (u) 55
Foster

38 South Santiam River 14187500 20.72 42.58 () 64 26.24 55.43(r) 62
at Waterloo

39 Thomas Creek near 14188800 23 41.92 (d) 68 30.18 55.50 (d) 65
Scio

40 Santiam River at 14189000 22.48 38.36 (r) 62 28.56 52.06 (r) 60
Jefferson

41 Luckiamute River 14190500 23.32 4823 39.61(u) 65 24.84 64.19 45.22 (u) 56
near Suver

42 Rickreall Creek near 14190700 27.43 53.98 (d) 66 31.58 61.64 (d) 65
Dallas
South Yamhill River 14192500 30.3 53.26 (d) 62 30.48 58.02 (d) 61
near Willamina
WillaminaCreek near 14193000 25.26 44.44 (d) 74 27.12 53.03 (d) 72
Willamina

4 South Yamhill River 14194000 21.67 23.64

near Whiteson

46 South Yamhill River 14194150 20.93 29.77 (u) 55 23.28 37.21 (u) 52
a McMinnville

47 MolalaRiver above 14198500 34.85 74.06 (d) 65 38.87 95.53 (d) 64
Pine Creek near
Wilhoit

48 MolallaRiver near 14200000 27.66 51.71 (d) 63 31.29 66.52 (d) 62
Canby

49 Silver Creek at 14200300 23.96 52.42 (d) 75 25.66 67.37 (d) 74
Silverton

50 Pudding River near 14201000 20.01 38.66 (d) 78 23.09 51.65 (d) 75
Mount Angel

51 Butte Creek at Moni- 14201500 26.83 53.20 (d) 71 30.9 70.05 (d) 70
tor

52 Pudding River at 14202000 19.89 3456  29.06 (u) 76 22.98 48.39 40.41 (u) 72
Aurora
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APPENDIX 1. RECHARGE AND BASE-FLOW ESTIMATES AT STREAMFLOW-GAGING STATIONS IN THE
WILLAMETTE RIVER BASIN, OREGON—Continued

[PRMS, Precipitation-Runoff Modeling System; RORA, automated recharge estimate program; PART, automated base-flow-separation program; Map
number refersto plate 1; (u), USGS streamflow-gaging station; (d), discontinued streamflow-gaging station, streamflow estimated from PRMS model; (r),
USGS streamflow-gaging station, regulated flow]

Water Year 1995 Water Year 1996
Recharge, Recharge,
ininches Base flow ininches Base flow
From
PART, in  Percent From Percent
Station name inches, of PART, in of
Map (all stations are in Station From  From and stream- From From inches,  stream-
number Oregon) number PRMS RORA source flow PRMS RORA andsource flow
53 Tualatin River near 14203500 18.26 37.86 (r) 70 18.02 48.55(r) 66
Dilley
54 Tualatin River at 14207500 15.45 28.41(r) 79 15.99 41.23(r) 79
West Linn
Oak Grove Fork near 14208700 16.44 19.73
Government Camp
56 Oak Grove Fork 14209000 17.55 51.29 (r) 95 20.96 74.89 (r) 94
above Powerplant
Intake
57 Clackamas River 14209500 21.29 49.59 (r) 80 25.01 64.88 (r) 78
above Three Lynx
Creek
58 Fish Creek near Three 14209700 28.05 60.93  48.47 (u) 63 33.36 71.09 53.58 (u) 56
Lynx
59 Clackamas River at 14210000 21.49 48.80 () 7 25.1 62.11 (r) 75
Estacada
60 Johnson Creek at 14211500 17.29 (u) 52 20.70 (u) 47
Sycamore
61 Johnson Creek at 14211550 14.24 (u) 58 18.87 (u) 56
Milwaukie
Willamette River at 14211720 18.93 23.01
Portland
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APPENDIX 2. MEASUREMENTS USED TO DEFINE GAINS AND LOSSES IN THE
MIDDLE FORK WILLAMETTE, WILLAMETTE, SOUTH YAMHILL, PUDDING, AND
SOUTH SANTIAM RIVERS

[(a) river mile of streamflow measurement, tributary inflow, or out-of-stream withdrawal along the indicated stream reach; (b) gain or loss rounded to same
precision as stream measurement; cumulative changes in discharge greater than the measurement uncertainty are indicated in bold underlined type; RM,

river mile]
_Discharge, Gain or loss (-), in cubic feet
n cusbelg(;‘ﬁgt per per second (b)
Cumulative
Tributary Net change change from
River mile or with- between stream  up-stream
Location @ Stream drawal measurements end of reach Remarks
Middle Fork Willamette River (RM 195.0-190.2), April 15, 1996
Middle Fork 195.0 2,080 Jasper streamflow-gaging
Willamette River station (14152000)
Wallace Creek 194.9 47
Willamette River 192.8 2,080 0 0
Mill race diversion 190.8 -69.5
Pudding Creek 190.7 12.9
Middle Fork 190.2 1,920 -100 -110
Willamette River
Willamette River (RM 169.6-149.6), May 7, 1996
Willamette River 169.6 6,930 Marshall Island
pond drain 164.8 3
Willamette River 163.7 7,050 120 120
Willamette River 161.0 7240 190 310 Harrisburg streamflow-
gaging station (14166000)
Willamette River 156.3 7,170 -70 240 Cartney Road
Willamette River 149.6 7,120 -50 190 Irish Bend
Willamette River (RM 134.4-119.9), May 8, 1996
Willamette River 134.4 7,680 Corvdlis
City of Corvallis 134.2 -10
water intake
East Channel 1325 117
Marys River 1321 499
Dixon Creek 130.8 14
City of Corvallis sewage 130.7 10
treatment plant
Willamette River 1275 7,990 -310 -310 Half Moon Bend
Willamette River 124.4 8,050 60 -250
Willamette River 119.9 8,160 110 -140 Upstream of
Calapooia River
Willamette River (RM 94.2-77.8), May 9, 1996
Willamette River 94.2 14,000 Independence
Willamette River 89.1 14,000 0 0 Hayden Island
Rickreal Creek 88.0 135
Pettijohn Creek 85.9 7.92
Pringle Creek 84.5 136
Irrigation pumping 84.1 -2
(5.0 mile)
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APPENDIX 2. MEASUREMENTS USED TO DEFINE GAINS AND LOSSES IN THE
MIDDLE FORK WILLAMETTE, WILLAMETTE, SOUTH YAMHILL, PUDDING, AND
SOUTH SANTIAM RIVERS—Continued

[(a) river mile of streamflow measurement, tributary inflow, or out-of-stream withdrawal along the indicated stream reach; (b) gain or loss rounded to same
precision as stream measurement; cumulative changes in discharge greater than the measurement uncertainty are indicated in bold underlined type; RM,
river mile]

in Ed;jgfé%fber Gain orplé)rs:e(c-:)drzr& %;J)blc feet
Cumulative
Tributary Net change change from
River mile or with- between stream  up-stream
Location (@) Stream drawal measurements end of reach Remarks
Willamette River (RM 94.2-77.8), May 9, 1996—Continued
Willamette River 84.1 14,600 300 300 Salem streamflow-gaging
station (14191000)
Mill Creek 83.6 110
Salem sewage-treatment 78.1 53.4
plant
Willamette River 77.8 14,900 100 500 Keizer
Willamette River (RM 52.4-39.0), May 10, 1996
Willamette River 52.4 15,800 Downstream of Yamhill
River
Hess Creek 52.3 5 estimated
Chehalem Creek 50.8 334
Spring Brook Creek 474 20 estimated
Willamette River 46.5 15,900 100 100
Champoeg Creek 451 239
Ryan Creek 44.2 A estimated
Willamette River 43.0 15,700 -200 -200 Butteville
Corral Creek 39.8 7.01
Willamette River 39.0 16,300 600 400 Wilsonville
Middle Fork Willamette River (RM 195.0-187.8), July 23, 1996
Middle Fork Willamette 195.0 2,800 Jasper streamflow-gaging
River station (14152000)
Middle Fork Willamette 192.8 2,450 -350 -350
River
Mill Race diversion 190.8 -86.8
Pudding Creek 190.7 571
Irrigation pumping (2.3 mile) 190.5 -3
Middle Fork Willamette 190.5 2,750 380 30
River
Diversion - Springfield 189.1 -2
Unnamed tributary 188.5 17.9
Middle Fork Willamette 187.8 2,670 -100 -60 Upstream of Coast Fork
River Willamette River
Willamette River (RM 169.6-149.6), July 24, 1996

Willamette River 169.6 4,730 Marshall Island
Irrigation pumping (6.3 mile) 163.3 -8
Willamette River 163.3 5,100 370 370 Upstream of Curtis Slough
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APPENDIX 2. MEASUREMENTS USED TO DEFINE GAINS AND LOSSES IN THE
MIDDLE FORK WILLAMETTE, WILLAMETTE, SOUTH YAMHILL, PUDDING, AND
SOUTH SANTIAM RIVERS—Continued

[(a) river mile of streamflow measurement, tributary inflow, or out-of-stream withdrawal along the indicated stream reach; (b) gain or loss rounded to same
precision as stream measurement; cumulative changes in discharge greater than the measurement uncertainty are indicated in bold underlined type; RM,

river mile]
_ Discharge, Gain or loss (-), in cubic feet
In cusbég(;‘ﬁgt per per second (b)
Cumulative
Tributary Net change change from
River mile or with- between stream  up-stream
Location (@) Stream drawal measurements end of reach Remarks
Willamette River (RM 169.6-149.6), July 24, 1996—Continued
Willamette River 161.0 5,050 -50 320 Harrisburg streamflow-
gaging station (14166000)
Willamette River 156.3 5,230 180 500 Cartney Road
Willamette River 149.6 5,200 -30 470 Irish Bend
Willamette River (RM 134.4-119.9), July 30, 1996
Willamette River 134.4 5,430 Corvdllis
City of Corvallis water 134.2 -16
intake
East Channel 1325 252
Marys River 1321 511
Dixon Creek 130.8 3
City of Corvallis sewage 130.7 1
treatment plant
Irrigation pumping (6.9 mile) 1275 -1
Willamette River 127.5 5,310 -190 -190 Half Moon Bend
Irrigation pumping (3.1 mile) 124.4 -9
Willamette River 124.4 5,260 -50 -240
Irrigation pumping (4.5 mile) 119.9 -2.2
Willamette River 119.9 5,300 40 -200 Upstream of Calapooia
River
Willamette River (RM 94.2-77.8), July 31, 1996
Willamette River 94.2 7,060 Independence
Irrigation pumping (5.1 mile) 89.1 -1.7
Willamette River 89.1 7,070 10 10 Hayden Island
Rickreal Creek 88.0 6.8
Pringle Creek 84.5 96.7
Irrigation pumping (5.0 mile) 84.1 -2.2
Willamette River 84.1 7,140 -30 -20 Salem streamflow-gaging
station (14191000)
Mill Creek 83.6 63.8
Salem sewage treatment 78.1 48.0
plant
Willamette River 77.8 6,970 -280 -300 Keizer
Willamette River (RM 52.4-39.0), Aug. 1, 1996
Willamette River 52.4 7,370 Downstream of Yamhill
River
Chehaem Creek 50.8 20
Irrigation pumping (5.9 mile) 46.5 -15
Willamette River 46.5 7,090 -280 -280
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APPENDIX 2. MEASUREMENTS USED TO DEFINE GAINS AND LOSSES IN THE
MIDDLE FORK WILLAMETTE, WILLAMETTE, SOUTH YAMHILL, PUDDING, AND
SOUTH SANTIAM RIVERS—Continued

[(a) river mile of streamflow measurement, tributary inflow, or out-of-stream withdrawal along the indicated stream reach; (b) gain or loss rounded to same
precision as stream measurement; cumulative changes in discharge greater than the measurement uncertainty are indicated in bold underlined type; RM,
river mile]

in Ed;jgfé%fber Gain orplé)rs:e(c-:)drzr& %;J)blc feet
Cumulative
Tributary Net change change from
River mile or with- between stream  up-stream
Location (@) Stream drawal measurements end of reach Remarks
Willamette River (RM 52.4-39.0), Aug. 1, 1996—Continued
Champoeg Creek 451 2.7
Willamette River 43.0 7,070 -20 -300 Butteville
Corral Creek 39.8 4
Willamette River 39.0 7,290 220 -80 Wilsonville
South Yamhill River (RM 37.7-5.6), June 12-13, 1996
South Yamhill River 37.7 280 Sheridan
Spring 36.5 a
Unnamed creek 351 17
Unnamed creek 30.1 3
Irrigation pumping 26.9 -4
(10.8 mile)
South Yamhill River 26.9 292 10 10 Bellevue Highway
Unnamed creek 24.6 2
Deer Creek 24.5 37.2
Unnamed creek 19.6 .6
Unnamed creek 18.7 A
Salt Creek 18.1 74
Irrigation pumping 16.7 -1.2
(20.2 mile)
South Yamhill River 16.7 375 39 49 Whiteson
Cozine Creek 5.9 1.9
South Yamhill River 5.6 472 95 144 McMinnville stream-
gaging station
(14194150), from rating.
South Yamhill River (RM 37.3-26.9) September 18, 1996
South Yamhill River 37.7 141 Sheridan
South Yamhill River 26.9 149 8 8 Bellevue Highway
Pudding River (RM 49.7-40.7) May 2, 1996
Pudding River 49.7 201 Highway 213
Silver Creek 49.2 215 estimated
Abiqua Creek 45.7 336
Pudding River 455 757 5 5
Pudding River 40.7 783 26 31 Saratoga Road
Pudding River (RM 26.8-8.1) May 3, 1996

Pudding River 26.8 923 Highway 214
Pudding River 223 961 38 38 Highway 211
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APPENDIX 2. MEASUREMENTS USED TO DEFINE GAINS AND LOSSES IN THE
MIDDLE FORK WILLAMETTE, WILLAMETTE, SOUTH YAMHILL, PUDDING, AND
SOUTH SANTIAM RIVERS—Continued

[(a) river mile of streamflow measurement, tributary inflow, or out-of-stream withdrawal along the indicated stream reach; (b) gain or loss rounded to same
precision as stream measurement; cumulative changes in discharge greater than the measurement uncertainty are indicated in bold underlined type; RM,

river mile]
_ Discharge, Gain or loss (-), in cubic feet
In cusbég(;‘ﬁgt per per second (b)
Cumulative
Tributary Net change change from
River mile or with- between stream  up-stream
Location (@) Stream drawal measurements end of reach Remarks
Pudding River (RM 26.8-8.1) May 3, 1996—Continued
Butte Creek 20.2 205
Pudding River 17.5 1,210 44 82 Whiskey Hill Road
Rock Creek 155 205 estimated
Pudding River 81 1490 80 160 Aurorastreamflow-gaging
station (14202000), from
rating.
Pudding River (RM 49.7-40.7) September 24, 1996
Pudding River 49.7 51 Highway 213
Silver Creek 49.2 26.9
Abiqua Creek 457 23.6
Pudding River 455 53.0 -2.6 -2.6
Pudding River 40.7 47.2 -5.8 -8.4 Saratoga Road
Pudding River (RM 26.8-8.1) September 25, 1996
Pudding River 26.8 80.4 Highway 214
Pudding River 223 113 33 33 Highway 211
Butte Creek 20.2 15.2
Pudding River 175 105 -23 9 Whiskey Hill Road
Rock Creek 155 15.2 estimated
Pudding River 81 132 12 21 Aurora streamflow-gaging
station (14202000), from
rating.
South Santiam River (RM 37.0-18.2), April 30, 1996
South Santiam River 37.0 3960 Foster streamflow-gaging
station (14187200), from
rating.
Unnamed creek 35.2 9
Unnamed creek 338 3.7
Ames Creek 336 31.2
South Santiam River 334 4,370 370 370 Sweet Home
Unnamed creek 333 3.6
Roaring Creek 321 8.68
Unnamed creek 30.7 7.7
McDowell Creek 217 90.7
South Santiam River 27.7 4,320 -160 210
Unnamed creek 25.0 30.7
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APPENDIX 2. MEASUREMENTS USED TO DEFINE GAINS AND LOSSES IN THE
MIDDLE FORK WILLAMETTE, WILLAMETTE, SOUTH YAMHILL, PUDDING, AND
SOUTH SANTIAM RIVERS—Continued

[(a) river mile of streamflow measurement, tributary inflow, or out-of-stream withdrawal along the indicated stream reach; (b) gain or loss rounded to same
precision as stream measurement; cumulative changes in discharge greater than the measurement uncertainty are indicated in bold underlined type; RM,
river mile]

in Ed;jgfé%fber Gain orplé)rs:e(c-:)drzr& %;J)blc feet
Cumulative
Tributary Net change change from
River mile or with- between stream up-stream
Location (@) Stream drawal measurements end of reach Remarks
South Santiam River (RM 37.0-18.2), April 30, 1996—Continued

South Santiam River 23.3 4,200 -150 60 Waterloo streamflow-
gaging station
(14187500), from rating.

Hamilton Creek 21.2 87.6

L ebanon Santiam Canal 20.9 -120 streamflow-gaging station
(14187600)

South Santiam River 18.2 3,740 -430 -370 Lebanon

South Santiam River (RM 37.0-18.2), Sept. 17, 1996

South Santiam River 37.0 745 Foster streamflow-gaging
station (14187200), from
rating.

South Santiam River 336 774 29 29 Sweet Home

Ames Creek 336 3.45

Roaring Creek 321 8.68

McDowell Creek 217 9.72

South Santiam River 27.7 718 -78 -49

Unnamed creek 250 13

South Santiam River 233 782 63 14 Waterloo streamflow-
gaging station
(14187500), from rating.

Hamilton Creek 21.2 17.4

L ebanon Santiam Canal 20.9 -69.7 streamflow-gaging station
(14187600)

South Santiam River 18.2 682 -48 -34 Lebanon
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