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Simulation of Groundwater and Surface-Water Resources
for the Santa Rosa Plain Watershed, Sonoma County,

California

By Linda R. Woolfenden, J.A. Hevesi, and Tracy Nishikawa

Executive Summary

Water managers in the Santa Rosa Plain face the
challenge of meeting increasing water demand with a combi-
nation of Russian River water, which has uncertainties in its
future availability; local groundwater resources; and ongoing
and expanding recycled water and water from other conserva-
tion programs. To address this challenge, the U.S. Geological
Survey, in cooperation with the Sonoma County Water
Agency, the cities of Cotati, Rohnert Park, Santa Rosa, and
Sebastopol, the town of Windsor, the California American
Water Company, and the County of Sonoma, undertook
development of a fully coupled groundwater and surface-water
model to better understand and to help manage the hydrologic
resources in the Santa Rosa Plain watershed.

The purpose of this report is to (1) describe the construc-
tion and calibration of the fully coupled groundwater and
surface-water flow model for the Santa Rosa Plain watershed,
referred to as the Santa Rosa Plain hydrologic model;

(2) present results from simulation of the Santa Rosa Plain
hydrologic model, including water budgets, recharge distribu-
tions, streamflow, and the effect of pumping on water-budget
components; and (3) present the results from using the model
to evaluate the potential hydrologic effects of climate change
and variability without pumpage for water years 2011-99 and
with projected pumpage for water years 2011-40.

Santa Rosa Plain Hydrologic Model

The Santa Rosa Plain hydrologic model was developed
by using the U.S. Geological Survey groundwater and surface-
water flow model, GSFLOW. GSFLOW consists of two inte-
grated model components: (1) a watershed-component model
developed by using Precipitation Runoff Modeling System
(PRMS) and (2) a groundwater-component model developed
by using MODFLOW-NWT.

In the Santa Rosa Plain hydrologic model application,
the watershed-component model included 16,741 hydrologic
response units discretized to match the 660 feet on a side, grid-
cell layout of the underlying groundwater-component model.

The hydrologic response units were linked into a flow drain-
age network that routes surface water to 10 locations of out-
flow on the Santa Rosa Plain watershed boundary. The daily
climate input used in the Santa Rosa Plain hydrologic model
was distributed to all hydrologic response units to account for
spatial variability in precipitation and air temperature. The use
of reclaimed water for irrigation from 1990-2010 also was
distributed to the appropriate hydrologic response units.

The groundwater-component model characteristics
included a finite-difference grid of 168 rows and 157 columns
with uniform, square model cells with a dimension of 660 feet
on each side. There were eight layers of variable thickness.
Aquifer properties were spatially defined by hydrogeologic
units on the basis of previously published stratigraphy and
sediment texture data. Boundary conditions included no-flow
and head-dependent flow boundaries to allow for subsurface
flow into or out of the Santa Rosa Plain watershed, as appro-
priate. Major faults and two unidentified minor faults were
simulated in the model as partial barriers to groundwater flow.
The Santa Rosa Plain watershed was divided into model stor-
age units to aid in the analysis and calibration of the aquifer
properties and boundary conditions. The uplands surrounding
the Santa Rosa Plain and Rincon and Kenwood Valleys were
designated as separate model storage units. Groundwater
inflow included extra-channel recharge (deep percolation of
precipitation and irrigation) through the unsaturated to satu-
rated zone, recharge from streams, and subsurface flow from
adjacent groundwater basins. Groundwater outflow included
pumpage, baseflow, groundwater evapotranspiration, and sub-
surface flow to adjacent groundwater basins and subbasins.

The Santa Rosa Plain hydrologic model was calibrated by
using an iterative trial-and-error approach of adjusting model
parameters to achieve a reasonable fit between (1) simulated
and measured streamflow and (2) simulated and measured
groundwater levels during water years 1975-2010. In addition,
calibration to measured streamflow at the Santa Rosa Creek
near Santa Rosa streamgage during water years 1960-65
was done by using a separate GSFLOW simulation for water
years 1950-1965, in which pumping was excluded from
the model. The calibration process for the Santa Rosa Plain
hydrologic model included adjusting the initial estimates



2 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

of the land-surface properties, soil-zone properties, stream-
channel properties, aquifer properties, general-head boundary
properties, and fault characteristics. The calibrated watershed-
component model was used in decoupled PRMS-only mode
to estimate the unreported agricultural-water demand that was
used to estimate irrigation and agricultural pumpage.

Key Results for Water Years 1976-2010

The calibrated Santa Rosa Plain hydrologic model was
used to derive components of the groundwater budgets for the
water years 1976-2010 (long-term average), with particular
attention given to groundwater budgets for a recent period
(water years 2004—11), and dry (2009) and wet (2006) water
years. The Santa Rosa Plain hydrologic model also was used
to assess the effects of pumping on selected hydrologic-budget
components.

Streamflow

During water years 1976-2010, total streamflow
(including surface runoff, interflow, and groundwater
discharge to streams) in the Santa Rosa Plain watershed
varied on an annual and monthly basis. Annual total stream-
flow ranged from a maximum of about 611,000 acre-feet
for the wettest water year (1983) to a minimum of about
26,000 acre-feet for the driest water year (1977). Monthly
total streamflow showed strong seasonality, with the highest
streamflows during December — March. Surface runoff was
the dominant total streamflow component during November
— April; after April, decreased precipitation caused surface
runoff to decrease. Groundwater discharge to streams (base-
flow) was the dominant component of total streamflow from
May through October.

Groundwater Budgets

For the long-term average (water years 1976-2010), a
recent period (water years 2004-10), a dry year (water year
2009), and a wet year (water 20006), recharge from streams
to groundwater was greater than groundwater discharge to
streams, indicating that on average, streams lost more water
to the groundwater system than they gained. The primary
reason for the overall increase in recharge from losing stream
reaches was lowering of the water table from pumpage. Higher
precipitation can help mitigate this; however, in the wet year
there still was more recharge from losing stream reaches than
groundwater discharge to gaining stream reaches.

Groundwater storage was reduced for the long-term
average, the recent period, and the dry year. For the wet year,
there was an accretion in groundwater storage. Although total
recharge (extra-channel and stream) for the recent period was
greater than the long-term average, it was not sufficient to

offset the higher pumpage in this period. The simulated reduc-
tion in groundwater storage for the dry year was about six
times that of the long-term average because of much less total
groundwater recharge (extra-channel and stream) and greater
pumpage. For the wet year, total groundwater recharge was
much greater than the long-term average, resulting in an accre-
tion in groundwater storage that was nearly as much as was
reduced in the dry year. Overall, however, there was a cumula-
tive groundwater-storage reduction of about 120,000 acre-feet
for water years 1976-2010.

Effects of Pumping on the Hydrologic System

The Santa Rosa Plain hydrologic model was used to
simulate the variability in average hydrologic conditions with
and without pumping during water years 1976-2010 (long-
term) to determine the effects of pumping on components of
the hydrologic budget. Hydrologic-budget components include
total streamflow, groundwater discharge to streams (baseflow),
groundwater evapotranspiration, groundwater storage change,
and recharge from streams.

Streamflow

Simulated results showed that the pumping reduced the
average total streamflow (including runoff, interflow, and
groundwater discharge to streams) about eight percent and
that the relative change in total streamflow generally increased
with time, corresponding to a general trend of increased pump-
age. The relative reduction in total streamflow was greater for
the drier years because groundwater discharge to streams was
reduced with pumping and was a greater percentage of total
streamflow during those years. Spatially, pumping resulted in
an overall decrease in streamflow for most stream segments
in the Santa Rosa Plain watershed. Maximum differences in
average annual streamflow were 16 to 26 cubic feet per second
and took place in the lower sections of the Laguna de Santa
Rosa and Mark West Creek. Reductions in streamflow ranged
from 2.1 to 15 cubic feet per second for the middle sections
of Mark West Creek and Santa Rosa Creek, the upper section
of Laguna de Santa Rosa, and the lower section of Matanzas
Creek.

Groundwater-budget components

A decrease in groundwater levels in response to pumping
caused a reduction in groundwater discharge to the streams
(baseflow), a reduction in groundwater evapotranspiration
(riparian), an increase in storage depletion, and an increase in
recharge from streams (stream leakage into the groundwater
system from losing stream reaches) during water years 1976-
2010. The results indicated that during these years, pumping
captured about 300,000 acre-feet of groundwater discharge
to streams and about 211,000 acre-feet of groundwater



evapotranspiration. The total reduction in groundwater storage
from pumping was about 204,000 acre-feet; this included the
reduction in storage of about 120,000 acre-feet with pumping
and the storage accretion of 84,000 acre-feet without pump-
ing. The results also indicated that about 189,000 acre-feet of
recharge from streams was induced by pumping.

Pumping reduced groundwater discharge to streams
(baseflow), groundwater evapotranspiration, and groundwater
storage during the summer (July, August, and September)
months. Pumping also induced recharge from streams dur-
ing the summer months; however, recharge from streams
was greater during the winter (January, February, and March)
months for both the with- and without-pumping simulations.
Pumping resulted in an average increase in groundwater
storage of about 1,000 acre-feet per month during the winter
months compared with an average reduction of about 2,800
acre-feet per month during the summer months.

Key Results for Application of Future-Climate
Scenarios

Four potential future-climate scenarios, GA2, GBI, PA2,
and PBI1, based on two global climate models, GFDL (G) and
PCM (P), and two projected greenhouse gas forcing scenarios,
A2 and B1, were applied for water years 2011-99 without
pumpage to estimate the long-term effects of climate change
and variability. On average, the GA2 scenario is drier and
the PB1 scenario is wetter than the historic-climate baseline
period (1981-2010), and all four scenarios are warmer. The
combined effect of projected pumpage and future climate
on selected surface-water components and the groundwater-
flow system also were estimated. This analysis was done for
a typical water-management plan time frame (30-years, from
water years 2011-40) compared with historic-climate baseline
conditions (water years 1981-2010). Future municipal pump-
age estimates were based on published data and rural pumpage
was estimated.

Future-Climate Scenarios without Pumping

Overall, average annual simulated streamflows were
more variable for all the future-climate scenarios than the
historical-climate baseline period. Relatively low annual
total streamflows (less than 100,000 acre-feet) occurred with
greater frequency in all the future-climate scenarios compared
with the historical-climate baseline period. This was most pro-
nounced for the GA2 scenario, which is drier and warmer than
the other three scenarios. Average monthly total streamflows
showed that, for all four future-climate scenarios, December
streamflows decreased and February streamflows increased
during at least two of the three 30-year periods examined. The
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changes in average monthly total streamflows corresponded to
the reduced precipitation in December and increased precipita-
tion in February for these periods.

Results showed that, for two of the future-climate
scenarios (GA2 and GB1), total recharge (extra-channel and
stream) in the Santa Rosa Plain watershed generally decreased
in response to the warming trend; for three of the four scenar-
ios (GA2, PA2, and PB1), groundwater discharge to streams
(baseflow) generally decreased; and for all four future-climate
scenarios, groundwater (riparian) evapotranspiration generally
increased compared to the historical-climate baseline period.
The greatest changes were for the warmest and driest scenario,
GA2.

Compared to the historical-climate baseline period,
annual total recharge declined after water year 2062 and
2055 in the GA2 and GBI scenarios, respectively, because of
increasing air temperatures and potential evapotranspiration
during these periods. Annual groundwater discharge to streams
was less than the historical-climate baseline period during
selected periods after water year 2076 in the GA2, GB1, and
PBI scenarios. The general variability in groundwater dis-
charge to streams in the PA2 scenario was similar to the his-
torical-climate baseline period. Average annual groundwater
evapotranspiration generally was higher in all future-climate
scenarios compared with the historical-climate baseline period
because of the increase in air temperature and corresponding
increase in potential evapotranspiration.

Future-Climate Scenarios with Projected
Pumpage

The combined effect of projected pumpage and future
climate on selected surface-water components and the
groundwater-flow system were estimated for a typical water-
management plan time frame (30-years, from water years
2011-40) and compared with historic-climate baseline condi-
tions (water years 1981-2010). The lower water table resulting
from higher pumpage in the future-climate scenarios caused
the reduction in: groundwater discharge to streams (baseflow),
groundwater evapotranspiration, and surface leakage (ground-
water discharge to the soil zone or land surface), and created
more losing stream reaches with greater potential for infiltra-
tion of available streamflow, thereby partially offsetting the
higher pumpage. For the GA2 and PA2 scenarios, the poten-
tial for infiltration of streamflow was limited by runoff and
interflow values that were lower than the historical-climate
baseline period and the GB1 and PB1 scenarios. The reduction
in groundwater storage for the GA2 and PA2 scenarios was
lower than the historical-climate baseline and there was stor-
age accretion for the GB1 and PB1 scenarios compared with
the historical-climate baseline period. The primary reason for
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the difference in average groundwater storage change between
the historical-climate baseline period and the future-climate
scenarios during water years 2011-40 is that the total recharge
was greater than or about the same for the future-climate
scenarios and outflows other than pumpage ranged from about
5 to 23 percent lower than the historical-climate baseline
period.

The annual average precipitation and air temperatures for
the future-climate scenarios for water years 2011-40 are some-
what different than the historical-baseline climate; these differ-
ences are more pronounced as time progresses after water
year 2040. The differences after water year 2040 will result
in greater agricultural pumpage and, coupled with increas-
ing population, greater total groundwater pumpage, which
will lower the water table further, thereby resulting in greater
losses of groundwater storage than was simulated for water
years 2011-40. After water year 2040, surface-water resources
may no longer be able to offset the effects of drier conditions
and higher pumpage, and the reduction of groundwater storage
may happen at a more rapid rate.

The difference in simulated hydraulic heads between
spring 2010 and spring 2040 indicated an overall decline in
groundwater levels in the Santa Rosa Plain for the GA2, GBI,
and PA2 future-climate scenarios. The decline was most pro-
nounced for the warmer and drier GA2 scenario; the decline in
groundwater levels was over a larger area compared with the
other scenarios. The simulated groundwater-level difference
for the wetter PB1 future-climate scenario indicated an overall
increase in groundwater levels for a large part of the Santa
Rosa Plain.

Model Limitations and Uncertainty

Differences between simulated and actual hydrologic
conditions arise from a number of sources and are known
collectively as model error. Components of model error relate
to spatial or temporal discretization. Spatially, the model
hydrologic conditions or properties (groundwater level,
groundwater flux, evapotranspiration rate, and soil moisture)
are represented by a single average value for the entire cell or
hydrologic response unit. Therefore, the model potentially is
not suitable for many local-scale problems or issues without
additional model refinement. Temporally, the models were
constructed by using daily time increments; therefore, the
model is not suitable for partial-day simulations of individual
storm events.

The capability of the Santa Rosa Plain hydrologic model
to reliably reproduce hydrologic responses for the calibration
period during water years 1975-2010 is related to the accuracy
of the input data and the conceptual models used to inform
development of the numerical-component models. The most
important data limitation of the model is the uncertainty in the
estimates of quantity and spatial distribution of rural pumpage
(defined as a combination of agricultural and domestic pump-
age). Other limitations include uncertainties in the spatial vari-
ability of precipitation interpolated over the Santa Rosa Plain
watershed because of the limited number of climate stations
with available records of daily precipitation, a lack of long-
term streamflow records covering the entire period of model
calibration, the lack of spatially distributed depth-dependent
data, a lack of lithologic and temporal water-level data in the
mountains, and a lack of borehole geophysical data. Changes
in irrigation practices were not accounted for in the Santa Rosa
Plain hydrologic model, and it was assumed that recharge
from irrigation in excess of crop requirements was negligible;
this is a potential source of error that could cause underestima-
tion of pumpage and recharge. Landscape irrigation in urban
areas and water application for other purposes, such as frost
protection, were not included as inflows.

Changes in the characteristics of land cover were
not addressed for the model application to future-climate
scenarios. Additional sources of uncertainty for the future-
climate scenarios include limitations of the empirical method
used to simulate potential evapotranspiration, and uncertainty
in the spatial distribution of precipitation and air temperature
for future climate scenarios. Assumptions used to develop
estimates of future pumping also contributed to uncertainty in
the application of the Santa Rosa Plain hydrologic model.

In conclusion, the Santa Rosa Plain hydrologic model is a
tool that can be used to assess the potential effects of different
types of management strategies and future-climate change.
When applied carefully, the Santa Rosa Plain hydrologic
model can be used for simulating hydrologic responses to vari-
ous changes in stresses to the groundwater and surface-water
flow systems. The Santa Rosa Plain hydrologic model could
be used to evaluate sub-regional issues, such as proposed
importation or exportation of water to or from the hydrologic
system. The detailed lithology database developed previously
coupled with water-level elevations make the Santa Rosa Plain
hydrologic model particularly useful for assessing artificial-
recharge sites. In the future, the Santa Rosa Plain hydrologic
model also could be used as a platform to connect the simula-
tion of hydrologic processes with water-allocation and optimi-
zation models.



Chapter A. Introduction

By Linda R. Woolfenden, Tracy Nishikawa, and
Joseph A. Hevesi

Introduction

The Santa Rosa Plain (SRP), is in Sonoma County,
about 50 miles (mi) north of San Francisco, California
(fig. 1). About half the population of 484,000 in Sonoma
County (U.S. Census Bureau, 2013) resides in the SRP, and
the population centers are the cities of Santa Rosa, Rohnert
Park, Cotati, Sebastopol, and the town of Windsor (fig. 2).

The SRP faces population growth and increasing demand for
water. Water managers face the challenge of meeting the water
demand with a combination of Russian River water, which has
uncertain future availability; local groundwater resources; and
ongoing and expanding recycled water and other water con-
servation programs (Sonoma County Water Agency, 2012). To
meet this challenge, water managers are seeking to develop the
knowledge and tools needed to understand the likely effects
of future groundwater development in the SRP and to identify
efficient strategies for surface-water and groundwater manage-
ment that can ensure the long-term viability of water supply.
The U.S. Geological Survey (USGS), in cooperation with the
Sonoma County Water Agency (SCWA) and other stakehold-
ers in the area, undertook this study to characterize the hydrol-
ogy of the SRP and to develop tools to better understand and
manage the groundwater system.

The study area is the Santa Rosa Plain watershed
(SRPW), which, for the purpose of this study, is a modified
form of the Mark West Creek watershed (also referred to in
previous studies as the Laguna de Santa Rosa watershed) that
includes the Mark West, Santa Rosa, and the Laguna de Santa
Rosa subbasins (Cal-Atlas, 2007; fig. 2). To better represent
the complete area of the SRP groundwater subbasin, as defined
by the California Department of Water Resources (2003),
the SRPW boundary extends beyond the Mark West Creek
watershed along the northwestern and southern sections of the
boundary (fig. 2). In addition, a small area on the west side
of the Mark West Creek watershed boundary is included to
account for the entire drainage area upstream of the junction
with the Russian River. This western addition is not included
in some published versions of the Mark West Creek watershed
(Cal-Atlas, 2007).

The 262-square-mile (mi*) SRPW contains the SRP
groundwater subbasin, Rincon Valley groundwater subbasin,
the northern half of the Kenwood Valley groundwater subba-
sin, eastern portions of the Wilson Grove Formation Highlands
groundwater basin, the southern part of the Healdsburg area
groundwater subbasin, and the southern part of the Alexander
Valley groundwater subbasin (California Department of
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Water Resources, 1980; Sonoma County Water Agency, 2006;
City of Rohnert Park, 2007), and parts of the Mayacmas and
Sonoma Mountains (fig. 3). The SRP groundwater subbasin is
part of the larger Santa Rosa Valley groundwater basin (fig. 2),
which also includes the Healdsburg area and Rincon Valley,
and is the largest groundwater subbasin in Sonoma County
(California Department of Water Resources, 1980; Sonoma
County Water Agency, 2000).

Purpose and Scope

The purpose of this report is to present the construction,
calibration, and results of the fully coupled surface-water and
groundwater-flow model for the SRPW, referred to as the
Santa Rosa Plain hydrologic model (SRPHM), and to evaluate
the potential hydrologic effects of future climate and projected
pumpage for the basin. The SRPHM was calibrated to hydro-
logic conditions during water years 1975-2010. Water year
1975 was considered a “spin-up” period and was eliminated
from the analysis of results. Four future-climate scenarios
were simulated without pumpage for water years 2011-99 and
with projected pumpage for water years 2011-40.

The USGS, in cooperation with the SCWA, the cities of
Cotati, Rohnert Park, Santa Rosa, and Sebastopol, the town
of Windsor, the California American Water Company, and
the County of Sonoma, undertook this study to evaluate the
groundwater resources of the SRP and to develop tools to
better understand and manage the groundwater system. The
objectives of the study are (1) to develop an updated assess-
ment of the hydrogeology and geochemistry of the SRP,

(2) to develop a fully coupled surface-water and groundwater
flow model for the SRPW, and (3) to evaluate the potential
hydrologic effects of alternative groundwater-management
strategies for the basin. Nishikawa (2013) described the
surface-water and groundwater hydrology, hydrogeology, and
water-quality characteristics of the SRPW and developed a
conceptual model of the hydrologic system in support of the
first objective.

This report is composed of seven chapters. Chapter A
(this chapter) summarizes the purpose and scope of the
study, provides a description of the study area, presents an
overview of previous work, and presents an overview of the
SRPW conceptual and numerical models. Chapter B provides
a detailed description of the development of the watershed-
model component of the SRPHM. Chapter C provides a
detailed description of the development of the groundwater-
model component of the SRPHM. Chapter D presents the
calibration results of the SRPHM. Chapter E presents the
simulation results from the SRPHM. Chapter F presents the
simulated results for various possible future-climate scenarios
and projected pumpage. Chapter G presents the summary and
conclusions of the report. Appendix I describes the develop-
ment, example input and output, and application of a crop
water-demand model that was used to estimate agricultural
pumpage.
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Study Area Description

A detailed discussion of the study-area hydrology and
subsurface geology is provided by Sweetkind and others
(2013). The following description of the study area provides
an overview of the physiography, climate, land uses, aquifer
system, and groundwater recharge and discharge in the SRPW.
The description of physiography includes an overview of geo-
logic controls on landforms in and surrounding the study area.
The description of land use provides a brief history of land-use
changes and includes an overview of the effect of land-use
change on the hydrology of the SRPW, as documented in
previous studies.

Physiography

The SRPW lies in the Northern Coast Ranges geomor-
phic province (fig. 1) that occupies most of the northwestern
edge of California and consists of a series of small mountain
ranges and ridges that trend generally northwest-southeast,
subparallel to the Pacific coast line (Jenkins, 1938; California
Geological Survey, 2002).

SRP is a lowland area of about 90 mi” in a northwest
trending structural depression that separates the Mendocino
Range to the west from the Sonoma Mountains and Mayacmas
Mountains to the east (fig. 3). The valley floor lies mostly
between elevations of about 50 and 150 feet (ft). The north-
northwest to south-southeast axis of the valley extends for
about 20 mi, from near the Russian River on the north to
Meacham Hill on the south; the valley ranges mostly from
4 to 7 mi in width. The floor of the valley is relatively flat,
compared with the surrounding mountains, but is not without
internal topographic features. Most of the valley floor consists
of a low, uneven topography (Sowers and others, 1998).

Climate

Generally, the climate for the study area is
Mediterranean, with cool, wet winters; warm, dry summers;
and a strong coastal influence that moderates temperature
extremes (Sloop and others, 2009). The spatial distribution
of mean annual precipitation, which was about 40 inches
(in.) from 1971 to 2000, is strongly affected by topography
and varies considerably. Temporal variability in precipitation
primarily follows the seasonal pattern of cool, wet winters
and warm, dry summers. Similar to precipitation, the spatial
and temporal distribution of air temperature also is affected
strongly by topography and season.

Land Use

The long-term trend of changing land use in the SRPW
had a dramatic effect on the hydrologic system (Sloop and
others, 2009). In general, these changes were (1) the conver-
sion of native vegetation to grassland and agriculture that
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started in the mid-1800s, and (2) the start of rapid urbanization
in the 1940s. Conversion of land cover from native vegeta-
tion (perennial bunch grasses and annual forbs) to grassland
(for ranching) and agriculture has generally increased the
total amount of runoff generated along with the “flashiness”
of streamflow, as characterized by a steepening of the stream-
flow hydrograph (Sloop and others, 2009). Urbanization has
increased the percentage of impervious surfaces, which prob-
ably also has increased runoff and flashiness of streamflow
primarily in areas within and downstream of the more heavily
urbanized zones.

Changing land use also affects the groundwater system.
The conversion of land cover from native vegetation to
agriculture could reduce direct infiltration to the soil zone;
however, an increase in runoff, as described previously, also
results in increased streambed recharge downstream from
the runoff (Sloop and others, 2009). Where agriculture is
irrigated, irrigation-return flow is another source of water to
the soil zone. Urbanization of agricultural areas affects the
quantity and distribution of pumping from the groundwater
system, which, in turn, can alter the direction of groundwater
movement and groundwater storage. Increased impervious
area from urbanization can reduce direct infiltration to, and
evapotranspiration from, the soil zone. For additional informa-
tion regarding the SRPW land use, the reader is referred to
Nishikawa and others (2013Db).

Population

Historically, the population in the SRP and the surround-
ing mountains was mostly rural, and agriculture was the
primary developed land use. In 1950, the population of the
city of Santa Rosa was about 18,000. At that time, the only
other incorporated city was Sebastopol, with a population of
about 2,600 (Cardwell, 1958). The main urban and residen-
tial areas now include the cities of Santa Rosa, Rohnert Park,
Sebastopol, and Cotati, and the town of Windsor. Even though
the land-use maps indicate only about 15 percent increase in
urban and residential areas from 1974 to 1999, the populations
of these cities and towns increased about 255 percent between
1970 and 2000 (table 1; California Department of Finance,
2012; U.S. Census Bureau, 2013).

Previous Work

The hydrology of the SRPW has been described in
previously published research (for example, Cardwell, 1958;
Ford, 1975; Herbst and others, 1982; Kadir and McGuire,
1987; Nishikawa, 2013).

Nishikawa (2013) described the surface-water and
groundwater hydrology, hydrogeology, and water-quality
characteristics of the SRPW to develop a conceptual model of
the hydrologic system as part of this study. These findings are
synopsized in the next sections.
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Table 1.

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

Population for the cities and township in the Santa Rosa Plain, Sonoma County, California, 1950, 1960, 1970, 1980, 1990, 2000,

and 2010.

[Abbreviation: NR, not reported]

City or 1950° 1960" 1970° 1980° 1990° 2000 20102
township
Santa Rosa 17,902 31,027 50,006 82,638 113,313 147,595 167,815
Rohnert Park NR NR 6,133 22,965 36,326 42,236 40,971
Cotati NR 1,852 1,368 3,346 5,714 6.471 7,65
Sebastopol 2,601 2,694 3,993 5,595 7,004 7,774 7,379
Windsor NR NR 2,359 NR 13,371 22,744 26,801

!California Department of Finance (2012).
2U.S. Census Bureau (2013).

Geohydrology Findings

* Four principal aquifer units were defined for the study

area: (1) the Glen Ellen Formation (including Quater-
nary alluvial deposits), (2) the Wilson Grove Forma-

tion, (3) the Petaluma Formation, and (4) the Sonoma
Volcanics. The units were identified through borings,
geophysics, and surface exposures.

* Reported hydraulic-conductivity values for the Glen

Ellen Formation ranged from 13 to 23 feet per day
(ft/d). Reported specific-yield values for the forma-
tion ranged from 3 to 7 percent.

» Reported hydraulic-conductivity values for the

Wilson Grove Formation ranged from 2 to 65 ft/d.
Estimated and reported specific yield and storativity
values for the formation ranged from 10 to

20 percent and from 0.00095 to 0.08, respectively.

* Reported transmissivity values for the Petaluma

Formation ranged from 130 to 1,600 square feet per
day (ft*/d).

* Reported transmissivity values for the Sonoma

Volcanics ranged from 0.8 to 5,300 ft?/d. Reported
specific-yield values for the formation ranged from
0 to 15 percent.

* Geophysical data indicated that two main groundwater

subbasins exist beneath the Santa Rosa Plain; the
basins are as deep as 4,500 ft below the town of
Windsor and as deep as 10,000 ft beneath Rohnert
Park. The two basins are separated by the Trenton
Ridge, a buried-bedrock ridge that has a minimum
depth of about 1,000 ft below land surface.

* Faults could be barriers to groundwater flow in the

SRPW. Recent surface geologic mapping and geophys-
ical studies refined the locations of the major faults
within the SRPW.

» Three-dimensional subsurface models of lithologic
variations indicated a west-to-east transition from
dominantly fine-grained marine sands to heteroge-
neous continental sediments interbedded with Sonoma
Volcanics. In contrast to previous studies, the three-
dimensional models of the SRPW indicated that the
Petaluma Formation extends throughout the deeper
parts of the basins beneath the SRP.

* The most consistently productive wells in the study
area extract groundwater from the Wilson Grove
Formation. The Glen Ellen Formation is heterogeneous
and contains large amounts of clay, so groundwater
production from this unit is highly variable. Previously,
it was reported that the Glen Ellen Formation is as
thick as 3,000 ft; however, recent work, incorporated in
this report, indicated that the thickness of the forma-
tion is variable, but typically is hundreds of feet. The
Petaluma Formation is the deepest and thickest aquifer;
it is generally less permeable than others, but water is
produced from sandy horizons within the formation.

» Five groundwater storage units were defined on the
basis of previous work, hydrogeology, and fault loca-
tions (fig. 4).

The Windsor Basin (WB) storage unit is north of
the Trenton Ridge fault, west of the Mayacmas
Mountain foothills, and east of the Sebastopol fault.

The Cotati Basin (CB) storage unit is south of the
Trenton Ridge fault, west of the Sonoma Mountain
foothills, and east of the Sebastopol fault.

The Wilson Grove (WGQG) storage unit is between the
Mendocino Range and the Sebastopol fault.

The Valley (VAL) storage unit includes the alluvial
fill of the Rincon, Bennett, and Kenwood valleys.

The Uplands (UPL) storage unit includes

the Mayacmas and Sonoma Mountains east of the
Rodgers Creek fault zone, but excludes the Valley
storage unit.
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Surface-Water Hydrology Findings

 Highly variable streamflow—Streamflow in the SRPW
is variable with the highest monthly mean flows
during winter—more than 1,200 cubic feet per second
(ft/s) measured at the Mark West Creek near Mirabel
Heights gage—and very low-to-zero monthly mean
flow during summer.

» Rapid response to precipitation—Streamflow in the
SRPW characteristically responds relatively rapidly to
precipitation events.

* Very low summer flows—Baseflow is a minor compo-
nent of total mean flow, but it constitutes the only flow
during the dry, summer months. Most of the stream
reaches in the SRPW are intermittent.

* Flooding in the Laguna de Santa Rosa—In the Laguna
de Santa Rosa floodplain, streamflow can be affected
by backwater from the Russian River. Flow can reverse
during periods of flooding on the Russian River.

Groundwater Movement and Levels Findings

» Important sources of groundwater recharge in the
SRPW are infiltration of precipitation, infiltration from
streams, and irrigation-return flow.

» Important groundwater outflows are groundwater
pumping, evapotranspiration from phreatophytes, and
baseflow in streams.

* On a larger scale, groundwater flows from the
Mayacmas and Sonoma Mountains, in the UPL storage
unit, westward, toward the Laguna de Santa Rosa on
the western edge of the SRP, and eastward, from the
highlands in the WG storage unit toward the Laguna de
Santa Rosa (fig. 4).

» Water-chemistry data analysis indicated that the
Rodgers Creek fault zone restricts the lateral move-
ment of water from the UPL and VAL storage units to
the WB and CB storage units.

* In general, interpretation of the water-level contour
maps indicated that Santa Rosa Creek gains water east
of the Rodgers Creek fault zone, and Mark West and
Santa Rosa creeks gain water in the western part of the
SRP.

» Water-level contours, based on available data, indicated
cones of depression in the Cotati and Rohnert Park
area and north of Sebastopol from spring 1974 to fall
2001; however, water levels partially recovered in the
Cotati and Rohnert Park area by 2007 in response to
decreased pumping.

» Water levels in monitoring wells showed response to
pumping; the response varied with depth.

» Pumping tests done in 1987 to determine if the
Sebastopol fault is a barrier to groundwater flow were
inconclusive; however, water-chemistry data indicated
little mixing of groundwater across the fault.

» Water-chemistry and isotopic data for water from wells
in the WB and CB storage units indicated limited
vertical mixing between the upper and lower aquifers;
this was attributed to the presence of low-permeability
deposits in the Glen Ellen and Petaluma Formations.

* Isotopic data for water from deep wells perforated in
the Petaluma Formation indicated a long groundwater
flowpath passing through the CB storage unit.

Conceptual Model

The conceptual model of the SRPW is based on known
and estimated physical and hydrologic characteristics of
the surface-water and groundwater systems and how these
characteristics influence the flow and storage of water in the
SRPW. The conceptual model of the SRPW hydrologic system
described in Nishikawa and others (2013a) is summarized here
to provide the reader necessary background to understand the
construction of the SRPHM.

Precipitation

The major source of water to the SRPW is precipita-
tion that falls primarily as rain. The estimated mean annual
precipitation for the SRPW for 1971-2000 was about 40 in., or
about 560,000 acre-feet per year (acre-ft/yr) distributed over
the 167,400-acre watershed (Nishikawa and others, 2013b).
The highest rates of precipitation, about 42—57 inches per year
(in./yr), were in the Mayacmas and Sonoma Mountains of the
UPL storage unit; however, because of the low permeability
of the basement complex and Sonoma Volcanics that compose
these mountains, and the steep slopes, most of the precipita-
tion that falls on this storage unit probably becomes runoff
that contributes to streamflow and potential recharge in the
downstream storage units.

Streamflow

Mark West Creek, Santa Rosa Creek, and Laguna de
Santa Rosa are the major streams that drain the SRPW. The
main channel of Mark West Creek originates in the Mayacmas
Mountains and is perennial throughout much of its length
in the UPL storage unit; summer flows are maintained by
numerous springs near the headwaters. Santa Rosa Creek
also originates in steep terrain with mostly natural vegetation



in the Mayacmas Mountains. The upper part of Santa Rosa
Creek and Matanzas Creek, one of its tributaries, are perennial
streams in the UPL storage unit. As the streams flow through
the VAL storage unit, they lose flow in reaches upgradient
and east of the Rodgers Creek fault, where groundwater-
level contours indicate groundwater from the VAL storage
unit discharges to the stream channel. Immediately west

and downgradient of the Rodgers Creek fault, groundwater-
level contours indicate that the Santa Rosa Creek loses water
(recharges) to the WB and CB storage units. As Santa Rosa
Creek reaches the western end of the SRP, the creek begins to
gain flow and is perennial. The Laguna de Santa Rosa, which
originates in the southern part of the SRPW, is perennial in
most sections.

Aquifer System

There are two main groundwater subbasins beneath

the SRP; the basins are as deep as 4,500 ft below the com-
munity of Windsor and as deep as 10,000 ft beneath Rohnert
Park (Sweetkind and others, 2013). The two basins include
four principal aquifers: the Glen Ellen Formation, the Wilson
Grove Formation, the Petaluma Formation, and the Sonoma
Volcanics (Sweetkind and others, 2013; fig. 5). In general, the
aquifer units transition from Sonoma Volcanics interbedded
with the Petaluma Formation in the UPL storage unit east of
the Rodgers Creek fault zone, to the Glen Ellen Formation
overlying the Sonoma Volcanics in the VAL storage unit, to
heterogeneous continental sediments of the Glen Ellen and
Petaluma Formations within WB and CB storage units in the
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SRP, to dominantly fine-grained marine sands of the Wilson
Grove Formation in the WG storage unit on the west (fig. 5).
Water-quality data indicate that there is little hydraulic com-
munication between the shallow and deep aquifer systems in
the SRP (Martin and others, 2013). The basement complex
is characterized by a variety of consolidated rock types that
underlie the sedimentary and volcanic rocks and alluvial
deposits beneath most of the SRPW and that crop out in parts
of the UPL storage unit (Sweetkind and others, 2013). On
the basis of data collected for this study, the basement com-
plex yields water locally to domestic wells in the Mayacmas
and Sonoma Mountains. The basement complex is at great
depths in the SRP and is not a source of water to wells there
(Sweetkind and others, 2013).

In general, the fluvial sediments of the Glen Ellen Forma-
tion have low-to-moderate permeability and tend to be coarser
grained in the VAL storage unit and on the eastern end of the
SRP. The predominance of relatively well-sorted marine sand
and the low degree of cementation in the Wilson Grove For-
mation result in moderate permeability and moderate-to-high
storativity. The Petaluma Formation is dominated by fine-
grained materials, either in thick beds or as interstitial material
in poorly sorted silty and clayey sands or gravels. The Sonoma
Volcanics include a thick accumulation of andesitic and basal-
tic tuffs containing interbedded lavas and volcaniclastic rocks
with a wide range of permeabilities (Ford, 1975) and are an
important aquifer in the UPL and VAL storage units locally.
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Groundwater Recharge

The principal sources of recharge to the groundwater
system are direct infiltration of precipitation and infiltration
from streams in the SRPW. Herbst and others (1982) reported
the average annual recharge flux for the SRP between 1960
and 1975 was about 29,300 acre-ft. Assuming this estimate
is correct, the average annual recharge for the SRPW would
be greater than this value because the SRPW includes areas
not included in the 1982 estimate: Kenwood Valley, the area
west of the Sebastopol fault, and the mountains that border the
SRP. Water-quality data indicated that the majority of natural
recharge occurs on the SRP (Nishikawa, 2013).

Other potential sources of groundwater recharge include
boundary flow from the adjacent Healdsburg area groundwater
subbasin, and Wison Grove Formation Highlands and
Petaluma Valley groundwater basins. Groundwater bound-
ary flow into the SRPW computed by the SRPHM averaged
about 7,200 acre-ft/yr for water years 19762010 (chapter E,
table 2).

Infiltration from septic tanks, leaking water-supply pipes,
irrigation water in excess of crop requirements, and crop frost-
protection applications were assumed to be minor sources of
recharge. Although recharge from excess irrigation sometimes
can be an important part of total recharge in some basins, in
this study area, it was assumed to be minor (Sweetkind and
others, 2013) on the basis of predominantly low nitrate con-
centrations in the SRPW (Martin and others, 2013).

Natural Groundwater Discharge

Natural groundwater discharge supplies baseflow in
streams (gaining streams), evapotranspiration (ET), spring
discharge, and groundwater boundary flow out of the SRPW.
Sweetkind and others (2013) reported that in 1951, Santa
Rosa Creek east of the Rodgers Creek fault zone in the UPL
and VAL storage units, Spring Creek, and Matanzas Creek
were receiving water from the groundwater system (gaining
streams). About 5 mi west of the Rodgers Creek fault zone,
Santa Rosa Creek also was a gaining stream in the western
part of the SRP.

Cardwell (1958) estimated that the ET discharge from the
Laguna de Santa Rosa ranged from 4,000 to 6,000 acre-ft/yr.
Cardwell (1958) did not estimate the baseflow contribution
to the Laguna de Santa Rosa. Groundwater discharge to the
Laguna de Santa Rosa in excess of that used by plants along
the stream is lost to the atmosphere by evaporation or flows to
the lower reach of Mark West Creek, which flows out of the
study area.

Most of the springs in the study area are gravity
springs on the steeper slopes or in gullies, where the water
table intersects the land surface; however, some are contact
springs, discharging along the contact between permeable
and low-permeability beds. Contact springs are relatively
common in the Sonoma Volcanics and Glen Ellen Formation
(Cardwell, 1958).

Groundwater could flow from the SRPW to the
Healdsburg area groundwater subbasin, the Wilson Grove
Formation Highlands groundwater basin, and Petaluma
Valley groundwater basin. Groundwater boundary flow out
of the SRPW computed by the SRPHM averaged about
7,900 acre-ft/yr (chapter E, table 2).

Pumpage

Groundwater is pumped for public, agricultural, and
domestic water supply in the SRPW. Most of the 70 public-
supply wells in the SRP are located in the vicinity of the cities
Cotati, Rohnert Park, and Sebastopol (fig. 6). The public-
supply pumpage used in this study was reported and described
by Sweetkind and others (2013). Agricultural pumpage ini-
tially was estimated by using a preliminary calibrated water-
shed model of the SRPW with land-use data and monthly crop
coefficients, as described in Appendix I of this report. Daily
irrigation demand was estimated and used to determine the
spatial and temporal distribution of average monthly agricul-
tural pumping for 1,072 agricultural wells. Domestic pumpage
was not available for this study and was estimated as described
in chapter C of this report. These estimates were then distrib-
uted to over 3,000 wells throughout the SRPW. Agricultural
and domestic pumpage was defined as rural pumpage for this
report, and there are a total of 4,192 rural wells (fig. 6). Rural
pumpage was modified during model calibration, and the
adjusted values are discussed in chapter D of this report.

Public-supply pumpage for water gradually increased
during water years 1974-2001 (fig. 7). After water year 2001,
pumpage tended to decrease (fig. 7). Public-supply pumpage
ranged from about 4,000 acre-ft to about 10,000 acre-ft during
water years 1975-2010, and averaged about 7,000 acre-ft/yr.
Rural pumpage generally increased during water years
1975-92 (fig. 7). After water year 1993, pumpage sharply
increased (fig. 7). The trend of increasing pumpage after water
year 1993 was due to an increase in the number of irrigated
vineyards (California Department of Water Resources,

1974, 1979, 1986, 1999). Rural pumpage ranged from about
21,000 acre-ft to about 66,000 acre-ft, during water years
1975-2010, and averaged about 37,000 acre-ft/yr (fig. 7).

Groundwater Flow

In general, groundwater flows from the mountains in the
east through the SRP and from the Wilson Grove Formation
Highlands in the west toward the Laguna de Santa Rosa, just
east of the Sebastopol fault (fig. 5). Major faults that cut the
stratigraphic units of the aquifer system are partial barriers and
can affect the direction of groundwater flow (fig. 5).

Hydraulic and geochemical data indicated the following:
(1) precipitation and runoff from the Mayacmas Mountains is
the probable source of recharge to wells sampled in the UPL
and VAL storage units; (2) groundwater movement through the
Sonoma Volcanics is relatively slow; (3) the Rodgers Creek
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fault zone is a partial barrier to groundwater flow; (4) deeply
circulating groundwater is rising along the east side of the
Rodgers Creek fault zone; (5) the Sebastopol fault is at least

a partial barrier to groundwater flow; (6) low permeability
clay layers in the Petaluma Formation limit the rate of vertical
groundwater movement between the Wilson Grove Formation
and overlying Petaluma Formation; (7) sources of groundwater
recharge in the SRP are precipitation, recharge from streams,
and inflows from the UPL and VAL storage units; and (8)
vertical migration of recharge in the SRP probably is restricted
by the presence of low permeability clay deposits in the Glen
Ellen and Petaluma Formations. For additional information
regarding the geochemistry of the SRPW and its interpreta-
tion with respect to the hydrology of the SRPW, the reader is
referred to Martin and others (2013) and Nishikawa and others
(2013a).

Simulation of Surface-Water and
Groundwater Regions

The coupled groundwater and surface-water flow model
GSFLOW (Markstrom and others, 2008) is defined by bound-
aries and three inter-connected regions. The three regions in
the SRPHM are (1) the plant canopy, the land surface, and
the soil zone; (2) streams; and (3) the subsurface unsatu-
rated zone and an underlying saturated zone (fig. 8). The
three regions are simulated by two components in GSFLOW.

Reported public-supply and estimated rural pumpage during 1975-2010, Santa Rosa Plain watershed, Sonoma County,

Region 1 is simulated by the Precipitation-Runoff Model-

ing System (Leavesley and others, 1983, 2005; PRMS), and
regions 2 and 3 are simulated by the Modular Groundwater-
Flow Model MODFLOW-NWT (Niswonger and others, 2011;
MF-NWT). Water is stored in each region, and the regions

are linked by the exchange of flow among them. The flow of
water into, out of, and within each region is a function of the
processes and properties specific to each region.

The physical boundary for regions 1 and 3 is the surface-
water drainage for the SRPW described in the “Conceptual
Model/Streamflow” section of this chapter. The boundaries
for region 2 are the lowest elevation of the streambeds and
the horizontal extent of the stream channels in the SRPW. The
main point of surface-water outflow from the SRPW is where
Mark West Creek exits the watershed. Surface-water also
outflows at nine other locations. Flow across the bottom of
the streambed in region 2 depends on the water-table eleva-
tion in the underlying aquifer. Flow across the lateral extent of
the stream channels is a function of the quantity of precipita-
tion and channel characteristics. Flow in the unsaturated part
of region 3 is assumed to be vertical, so it does not cross the
lateral model boundary. About 75 percent of the length of the
boundary for the saturated part of region 3 is interpreted to
be a no-flow boundary, where the low-permeability basement
complex, a groundwater divide, or both limit hydraulic inter-
action between the SRPW groundwater basin and adjacent
groundwater subbasins. The remaining boundary of region
3 includes five segments where there could be groundwater
interaction with adjacent groundwater subbasins.
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Figure 8. General conceptual model of the Santa Rosa Plain watershed hydrologic system, Sonoma County, California (modified from

Markstrom and others, 2008).

Region 1: Plant Canopy, Land Surface, and Soil
Zone

Region 1 of the SRPW includes the plant canopy, land
surface, and soil zone and provides the primary link between
climatic factors and the SRPW hydrologic system. The
plant canopy includes natural vegetation, crops, and land-
scaped urbanized areas. The three types of land surfaces are
(1) covered by soil; (2) naturally exposed bedrock areas free
of soil cover; and (3) areas covered by anthropogenic features,
such as buildings, roads, and parking lots. The soil zone is
conceptually defined as extending from the ground surface to
the base of the root zone (Markstrom and others, 2008). The
soil zone stores and transmits water between the atmosphere
and the underlying unsaturated and saturated zones.

In the SRPW, the primary sources of water to region 1
include (1) precipitation, primarily in the form of rainfall;

(2) irrigation; (3) groundwater discharge to the soil zone or
land surface; and (4) surface water. Inflows from precipitation
and irrigation to the soil zone are restricted to pervious areas
and are limited by the infiltration capacity of the soil (or for
some locations exposed bedrock). There is no natural surface-
water inflow into the SRPW from surrounding areas; however,
on a local scale in the SRPW, surface-water inflows can be
laterally distributed by surface runoff (overland flow result-
ing from either high intensity rainfall or over-saturation of the
soil zone) and interflow (water that infiltrates the soil zone and
then flows laterally within that zone to a stream). The primary
outflows from region 1 include (1) ET, (2) surface-water run-
off, and (3) infiltration to the unsaturated zone.

Water in region 1 is stored on and above the land surface
as retention storage and below the land surface as soil-zone
storage. Retention storage includes three components:

(1) interception storage by the plant canopy, (2) pervious-area
depression storage, and (3) impervious-area retention storage
(Linsley and others, 1982).

Region 2: Surface-Water Zone

Streams are the main surface-water feature in
region 2 of the SRPW. Three major streams drain the SRPW:
(1) Mark West Creek, (2) Santa Rosa Creek, and (3) the
Laguna de Santa Rosa. In the SRPW, inflows to region
2 include (1) surface runoff and interflow from region 1,

(2) groundwater discharge, (3) precipitation, and (4) reclaimed
municipal wastewater. Outflows include (1) surface-water
discharge, (2) streambed losses (seepage), (3) evaporation,
and (4) diversions. Most other surface-water features in the
SRPW, such as lakes and ponds, are less than 10 acres in size
(Sweetkind and others, 2013); therefore, it was assumed that
these water bodies are not significant regional water sources,
sinks, or storage components at the scale of the SRPW.

The primary inflow to region 2 is surface-water runoff
from region 1. The surface-water runoff includes surface flow
from the precipitation rate in excess of the infiltration rate
of the soil that may not be saturated (Hortonian runoff) and
surface flow from saturation excess in the soil zone (Dunnian
runoff; Markstrom and others, 2008). A secondary source of
inflow to region 2 is groundwater discharge; groundwater
discharge to streams (baseflow) can be the only inflow to
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region 2 during the dry season. Precipitation and reclaimed
municipal wastewater are also inflows to region 2; however,
these sources are small compared with the other sources in the
SRPW conceptual model. The primary outflow is stream dis-
charge from the SRPW), either to the Russian River watershed
to the north or to the Petaluma River watershed to the south
(fig. 3). Secondary water outflows from region 2 are infiltra-
tion into the underlying unsaturated zone, evaporation, and
local diversions of streamflow for irrigation. Storage in region
2 includes channel storage, which changes as a function of
inflows and outflows to the stream network.

Region 3: Subsurface Zone

In the SRPW, the subsurface-zone conceptual model
includes the unsaturated and saturated zones. The areally
extensive unsaturated zone extends from the bottom of the soil
zone in region 1, or the bottom of the streambed in region 2,
to the top of the saturated zone (the water table) and comprises
unconsolidated materials, consolidated rock, water, and air.
The saturated zone extends from the water table to the top of
the low-permeability basement complex and comprises uncon-
solidated materials, consolidated rock, and water. The thick-
nesses of the unsaturated zone and saturated zone vary with
movement of the water table. At some locations during rela-
tively wet periods, the unsaturated zone can be absent if the
water table intersects regions 1 or 2, creating a groundwater-
discharge zone.

Unsaturated Zone

Inflow to the unsaturated zone can be infiltration from the
overlying soil zone in region 1, from overlying streambeds in
region 2, and from septic-tank effluent. In the SRPW, infiltra-
tion from the soil zone in the WG, WB, CB, and VAL storage
units is the greatest in areas where coarse-grained facies of
the Wilson Grove and Glen Ellen Formations are present at
land surface (see fig. 1 in chapter B of Sweetkind and others,
2013). In addition, there can be more infiltration where there is
more precipitation (for example, the Wilson Grove highlands).
Although precipitation is relatively high in the UPL storage
unit, the infiltration probably is low because the Sonoma
Volcanics and basement complex are present at land surface
throughout most of the storage unit. These geologic units
generally have low permeabilities, and the land surface is rela-
tively steep, which precludes high infiltration rates (Sweetkind
and others, 2013). Infiltration from stream channels likely is
greatest in the transition from the UPL storage unit to the WB
and CB storage units, where streamflow is concentrated in the
channel, the subsurface tends to be more permeable, and the
unsaturated zone is thick. Low basin-wide nitrate concentra-
tions indicate septic-tank effluent is not a primary component
of unsaturated-zone inflow (Nishikawa and others, 2013a).

The primary outflow from the unsaturated zone is
recharge to the saturated zone, which is dependent on the mag-
nitude and distribution of vertical permeability of the depos-
its in the unsaturated zone. That is, if the unsaturated-zone
deposits are permeable, then there is a high recharge potential.
In the SRPW, the largest outflows from the unsaturated zone
are in the WG storage unit, where the permeable Wilson
Grove Formation is present, and in the WB and CB storage
units immediately downgradient (west) of the Rodgers Creek
fault zone, where coarse-grained deposits are present along
the channels. By contrast, outflows from the unsaturated zone
are least in the western parts of the WB and CB storage units
because the unsaturated zone is dominated by a fine-grained
facies of the Glen Ellen Formation.

Storage in the unsaturated part of region 3 is dependent
on properties that determine vertical movement of infiltrating
water from regions | and 2, and it varies as a function of the
elevation of the water table and climate.

Saturated Zone

Important hydrologic characteristics of the saturated zone
of the SRPW groundwater-flow system include those that
reflect the ability of the groundwater system to transmit and
store (uptake and release) water; those that allow for verti-
cal passage of water between stratigraphic units; and those
that control the flow of water across geologic structures or
hydrologic boundaries. The movement of water through the
saturated groundwater system is controlled by aquifer-system
geometry, aquifer and aquitard properties, geologic structures,
and the magnitude and distribution of recharge and discharge,
including pumping. Aquifer and aquitard properties include
hydraulic conductivity and storativity, which principally
depend on the type and characteristics of sediments and rocks
constituting the matrix of the aquifer system. Geologic struc-
tures, such as fault planes or zones, can be either flow barriers
or flow conduits, depending on age, orientation, mineralization
along the fault, and the juxtaposition of aquifers and aquitards
across the fault.

Inflows to the saturated zone of region 3 include
groundwater recharge from the unsaturated zone and
groundwater boundary flow from adjacent groundwater basins.
Outflows from the saturated zone include groundwater ET in
riparian areas; discharge to streams; discharge to the soil zone
or land surface, where groundwater levels are sufficiently high
in the extra-channel areas; pumping; and underflow to adjacent
basins. Groundwater stored in the saturated part of region 3 is
dependent on aquifer and aquitard properties and changes as a
function of recharge and discharge.



Method Used to Simulate Groundwater
and Surface-Water Resources

The SRPHM is based on the USGS model GSFLOW
(Markstrom and others, 2008). There are two components to
GSFLOW: a watershed-component model and a groundwater-
component model. The watershed-component model uses the
Precipitation Runoff Modeling System (PRMS; Leavesley and
others, 1983, 2005), and the groundwater-component model
uses the Modular Groundwater Flow Model MODFLOW-
NWT (MF-NWT; Niswonger and others, 2011). Development
of a calibrated, coupled groundwater and surface-water flow
model allows for analysis of the movement of water through
the aquifer system underlying the SRPW and the simulated
effects of hydrologic stresses or potential stresses on the
groundwater and surface-water systems. The USGS coupled
groundwater and surface-water model GSFLOW (Markstrom
and others, 2008) was used to provide water budgets; to
investigate the stream and aquifer interactions; and to simulate
the effects of current hydrologic stresses, potential climate
change, and projected groundwater pumping stresses on the
hydrologic system.

The model constructed by using GSFLOW is a tran-
sient model that simulates hydrologic conditions for the
period of October 1975 through September 2010 (water
years 1975-2010). A decoupled PRMS-only model for water
years 1950—74 was run to a provide preliminary calibration
of watershed parameters and to provide net-infiltration and
residual potential-evapotranspiration rates for a decoupled
MF-NWT-only steady-state model. The MF-NWT-only
steady-state model provided preliminary calibration of aquifer
properties and starting hydraulic heads for the transient model.

References Cited

Cal-Atlas, 2007, CalWater version 2.2.1—InlandWaters:
Sacramento, Calif., State of California Geoportal, accessed
September 7, 2007, http://atlas.ca.gov/download. html#/
casil/inlandWaters.

California Department of Finance, 2012, Population totals by
township and place for California Counties: 1860 to 1950:
Sacramento, Calif., California Department of Finance,
accessed October 18, 2012, http://www.dof.ca.gov/research/
demographic/reports.

California Department of Water Resources, 1974, 1974
Sonoma County land use survey data: unpublished data
located at Division of Integrated Regional Water Manage-
ment, North-Central Region, West Sacramento, California,
1:24,000 scale.

References Cited 19

California Department of Water Resources, 1979, 1979
Sonoma County land use survey data: unpublished data
located at Division of Integrated Regional Water Manage-
ment, North-Central Region, West Sacramento, California,
1:24,000 scale.

California Department of Water Resources, 1980, Ground-
water basins in California—A report to the Legislature in
Response to Water Code Section 12924: Sacramento, Calif.,
California Department of Water Resources, accessed April
26, 2013, http://www.water.ca.gov/groundwater/bulletinl18/
north_coast.cfm.

California Department of Water Resources, 1986, 1986
Sonoma County land use survey data: unpublished data
located at Division of Integrated Regional Water Manage-
ment, North-Central Region, West Sacramento, California,
1:24,000 scale.

California Department of Water Resources, 1999, 1999
Sonoma County land use survey data: Sacramento, Calif.,
California Department of Water Resources, digital map
accessed January 28, 2011, http://www.water.ca.gov/
landwateruse/lusrvymain.cfin.

California Department of Water Resources, 2003, Califor-
nia’s groundwater: Bulletin 118—Update 2003: Sacra-
mento, Calif., California Department of Water Resources,
246 p., http://www.water.ca.gov/groundwater/bulletinl18/
update2003.cfin.

California Geological Survey, 2002, California geomor-
phic provinces—Note 36: Sacramento, Calif., California
Geological Survey, accessed November 16, 2011, http://
www.consrv.ca.gov/cgs/information/publications/cgs_notes/
note_36/Documents/note_36.pdf.

Cardwell, G.T., 1958, Geology and ground water in the Santa
Rosa and Petaluma areas, Sonoma County, California: U.S.
Geological Survey Water Supply Paper 1427, 273 p., 5
plates.

City of Rohnert Park, 2007, 2005 Urban Water Management
Plan: Rohnert Park, Calif., City of Rohnert Park, 108 p.,
http://www.rpcity.org/index.aspx?page=416.

Ford, R.S., 1975, Geologic and hydrologic data, vol. 1 in Bul-
letin 118-4. Evaluation of ground water resources: Sonoma
County: Sacramento, Calif., California Department of Water
Resources, 177 p., | plate.

Herbst, C.M., Jacinto, D.M., and McGuire, R.A., Santa Rosa
plain 1982, vol. 2 in Bulletin 118-4. Evaluation of ground
water resources: Sonoma County: Sacramento, Calif., Cali-
fornia Department of Water Resources, 107 p., 1 plate.



20 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

Jenkins, O.P., 1938, Geomorphic map of California: Sacra-
mento, Calif., State of California Department of Natural
Resources, California Division of Mines and Geology, Bul-
letin 158, Plate 2.

Kadir, T.N., and McGuire, R.A., 1987, Santa Rosa plain
ground water model: Sacramento, Calif., California Depart-
ment of Water Resources Central District, 318 p.

Leavesley, G.H., Lichty, R.W., Troutman, B.M., and Saindon,
L.G., 1983, Precipitation-runoff modeling system—User’s
manual: U.S. Geological Survey Water-Resources Investi-
gations Report 83—4238, 207 p.

Leavesley, G.H., Markstrom, S.L., Viger, R.J., and Hay, L.E.,
2005, U.S. Geological Survey modular modeling system
(MMS)—Precipitation-runoff modeling system (PRMS)
MMS-PRMS, in Singh, V.P., and Frevert, D.K., eds., Water-
shed models: Boca Raton, Fla., CRC Press, P. 159-177.

Linsley, R.K., Kohler, M.A., and Paulhus, J.L.H., 1982,
Hydrology for engineers: New York, McGraw-Hill, 508 p.

Markstrom, S.L., Niswonger, R.L., Regan, R.S., Prudic, D.E.,
and Barlow, P.A., 2008, GSFLOW-coupled groundwater
and surface-water FLOW model based on the integration of
the precipitation-runoff modeling system (PRMS) and the
modular groundwater flow model (MODFLOW-2005): U.S.
Geological Survey Techniques and Methods 6-D1, 240 p.

Martin, Peter, Metzger, L.F., Densmore, J.N., and Schroeder,
R.A., 2013, Groundwater quality and source and age of
groundwater in the Santa Rosa Plain watershed, Sonoma
County, California, chap. C of Nishikawa, Tracy, ed.,
Hydrologic and geochemical characterization of the Santa
Rosa Plain watershed, Sonoma County, California: U.S.
Geological Survey Scientific Investigations Report 2013—
5118, p. 113-166.

Nishikawa, Tracy, ed., 2013, Hydrologic and geochemical
characterization of the Santa Rosa Plain watershed, Sonoma
County, California: U.S. Geological Survey Scientific
Investigations Report 2013-5118, 178 p.

Nishikawa, Tracy, Hevesi, J.A., Sweetkind, D.S., and Mar-
tin, Peter, 2013a, Conceptual model of Santa Rosa Plain
watershed hydrologic system, chap. D of Nishikawa, Tracy,
ed., Hydrologic and geochemical characterization of the
Santa Rosa Plain watershed, Sonoma County, California:
U.S. Geological Survey Scientific Investigations Report
2013-5118, p. 167-177.

Nishikawa, Tracy, Hevesi, J.A., Sweetkind, D.S., and
Woolfenden, L.R., 2013b, Introduction to the study area,
chap. A of Nishikawa, Tracy, ed., Hydrologic and geochemi-
cal characterization of the Santa Rosa Plain watershed,
Sonoma County, California: U.S. Geological Survey Scien-
tific Investigations Report 20135118, p. 7-26.

Niswonger, R.G., Panday, Sorab, and Ibaraki, Motomu, 2011,
MODFLOW-NWT, A Newton formulation for MOD-
FLOW-2005: U.S. Geological Survey Techniques and
Methods 6-A37, 44 p.

Sloop, Christina; Honton, Joseph; Creager, Clayton; Chen,
Limin; Andrews, E.S.; and Bozkurt, Setenay, 2009, Hydrol-
ogy and sedimentation, chap. 4, of The altered laguna: A
conceptual model of watershed stewardship: Santa Rosa,
Calif., Laguna de Santa Rosa Foundation, p. 63110, Attp://
www.lagunafoundation.org/knowledgebase/?q=node/182.

Sonoma County Water Agency, 2006, 2005 Urban Water
Management Plan: Santa Rosa, Calif., Sonoma County
Water Agency, 152 p., http://scwatercoalition.org/images/
pdf/2005 _uwmp_report.pdf.

Sonoma County Water Agency, 2012, Sonoma County water
agency home page: Santa Rosa, Calif., Sonoma County
Water Agency, accessed October 16, 2012, at http.//www.
sewa.ca.gov/index.php.

Sowers, J.M., Noller, J.S., and Lettis, W.R., 1998, Quaternary
geology and liquefaction susceptibility, Napa, California
1:100,000 quadrangle; a digital database: U.S. Geologi-
cal Survey Open-File Report 98460, 20 p., 1 sheet, scale
1:100,000.

Sweetkind, D.S., Hevesi, J.A., Nishikawa, Tracy, Martin,
Peter, and Farrar, C.D., 2013, Hydrology of the Santa
Rosa Plain watershed, Sonoma County, California, chap.
B of Nishikawa, Tracy, ed., Hydrologic and geochemical
characterization of the Santa Rosa Plain watershed, Sonoma
County, California: U.S. Geological Survey Scientific
Investigations Report 20135118, p. 27-112.

U.S. Census Bureau, 2013, 2010 population finder: Suitland,
Md., U.S. Census Bureau, accessed on November 16, 2013,
at http://www.census.gov/popfinder/?s=06.



Watershed-Component Model (PRMS) Layout and Discretization 2

Chapter B. Watershed-
Component Model

By Joseph A. Hevesi

Introduction

The coupled groundwater and surface-water flow model
(GSFLOW) version used to develop the Santa Rosa Plain
hydrologic model (SRPHM) consists of two integrated model
components: (1) a watershed-component model developed
using the Precipitation Runoff Modeling System (PRMS;
Leavesley and others, 1983, 2005), and (2) a groundwater-
component model developed using the Modular Groundwater-
Flow Model MODFLOW-NWT (MF-NWT; Niswonger and
others, 2011). The watershed-component model simulates the
hydrology of the land surface, vegetation, snow cover, and the
soil zone. The groundwater-component model simulates the
groundwater hydrology of the subsurface underlying the soil
zone and the surface-water hydrology of the streams repre-
sented in the model. This chapter describes the watershed-
component model. A detailed discussion of the groundwater-
component model is provided in chapter C of this report.

Following Markstrom and others (2008), Nishikawa and
others (2013) conceptualized the hydrologic system of the
SRPW as having three regions: region 1 consists of the plant
canopy, surface-depression storage, and the soil zone; region 2
consists of streams; and region 3 is the subsurface that consists
of an unsaturated zone (UZ) and an underlying saturated zone
(chapter A, fig. 8). The watershed-component model is based
on the conceptualization of region 1. Flow processes in the
watershed-component model are simulated by using a defined
drainage network where water is routed laterally across the
model domain from land areas directly to stream channels (or
lakes, when included) or from upstream land areas to adjacent
downstream land areas by using cascades. Cascading flow
between adjacent land areas can be used to route both surface
and subsurface flow across the land areas to better account for
(1) complex flow paths, (2) the re-infiltration of surface runoff,
and (3) the time delay of subsurface flows. The stream chan-
nels are divided into segments to represent changing stream
channel characteristics and tributary networks. Streamflow is
simulated in PRMS as one-dimensional channelized flow from
upstream to downstream stream segments. The watershed-
component model is discretized horizontally to define the
stream channel and cascade drainage network and to represent
land areas with consistent hydrologic properties.

A watershed is conceptualized as an interconnected series
of reservoirs with collective output and interaction that pro-
duces the total hydrologic response. These reservoirs include
interception storage in the vegetation canopy, storage in the

soil zone (soil-zone reservoir), subsurface storage between
the surface of a watershed and the water table (subsurface
reservoir, or SSR), and groundwater storage (groundwater res-
ervoir, or GWR). Water that infiltrates into the soil-zone reser-
voir above field capacity is distributed to the SSR and GWR.
Water stored in the SSR is available for gravity drainage to
the GWR and for interflow to a stream or lake. Water stored
in the GWR is available for baseflow during PRMS-only
simulations. During coupled GSFLOW simulations, the GWR
is replaced by MF-NWT. For additional information regard-
ing the representation of watershed hydrologic processes by
GSFLOW, see Markstrom and others (2008).

This chapter describes the development of the watershed-
component model that uses PRMS. Development of the
watershed-component model includes defining the model lay-
out and discretization, the input parameters used to represent
the physical characteristics of the model area, and the daily
climate inputs for the transient simulation period (water years
1975-2010). The watershed-component model is calibrated in
decoupled PRMS-only mode to develop (1) preliminary esti-
mates of watershed-component model parameters for the cou-
pled GSFLOW simulation; (2) estimates of long-term poten-
tial evapotranspiration (PET) and recharge rates used as inputs
for the steady-state MF-NWT simulation; and (3) estimates of
agricultural irrigation used to define agricultural pumping for
GSFLOW simulations, as described in Appendix 1.

Watershed-Component Model (PRMS)
Layout and Discretization

The primary model element used in PRMS discretization
is the hydrologic response unit (HRU; Leavesly and others,
1983). Each HRU is used to represent areas with consistent
hydrologic properties. Associated with each HRU is an SSR
and a GWR, both underlying the HRU. By definition, the
HRU and SSR must have the same discretization. The GWR
discretization can match the HRU discretization, or a separate
discretization can be defined for GWRs. The GWR compo-
nent of the PRMS model setup is used only with decoupled
PRMS-only simulations. As mentioned in the “Introduction,”
for coupled GSFLOW simulations, the GWR is replaced by
MF-NWT.

For this study, the HRU discretization of the watershed-
component model was done by using a “gridded” approach
that has been applied in previous GSFLOW studies (for
example, Ely and Kahle, 2012). In the gridded approach, the
HRU (and by definition, the SSR) and GWR geometries are
matched to the horizontal (map-view) grid-cell geometry of
the underlying groundwater-component model, which for the
version of GSFLOW used in this study must be defined as a
regular grid of rectangular cells.

With GSFLOW, the coupling of the PRMS and MF-NWT
models is done by using gravity reservoirs (GVRs; Markstrom
and others, 2008), which replace the SSR in PRMS-only
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simulations. The GVRs are defined by the intersection of the
HRU and the underlying MF-NWT cell, and are used to pro-
vide gravity drainage from the soil zone simulated by PRMS
to the unsaturated zone simulated by MF-NWT (Markstrom
and others, 2008).

The gridded HRU approach has two advantages for
model setup and application. First, the large number of HRUs
allows for increased detail and spatial resolution in repre-
senting the spatial variability of both climate and watershed
characteristics across the model domain. The increased spatial
resolution can be important in larger study areas, such as
the Santa Rosa Plain watershed (SRPW), with variations in
climate, topography, land use, soils, vegetation, and geology.
Second, the gridded HRU approach simplifies the coupling of
the watershed-component and groundwater-component models
used for GSFLOW simulations. When the gridded approach
is used for the HRU layout, the two-dimensional horizontal
geometries of the HRUs, GVRs, and MF-NWT cells are all
identical, thereby minimizing the number of GVRs and sim-
plifying the GVR discretization. With the simplified GVR dis-
cretization, the potential for small errors in the simulated water
balances between the watershed-component and groundwater-
component models, which can sometimes arise as a result of
complex and very small GVR polygons, is avoided.

A disadvantage of the gridded HRU discretization is that
the boundaries and areas of complex hydrographic features
sometimes are not accurately represented on the local scale.
For example, the areas of narrow riparian zones for smaller
channels or the areas of local-scale subdrainages are poten-
tially not accurately defined by using rectangular HRU bound-
aries, particularly if the size of the hydrographic feature is
small relative to the size of the HRUs. In the SRPHM domain,
however, the boundaries and areas of hydrographic features,
such as subdrainage areas, drainage divides, and riparian
zones, are generally well represented by using the gridded
HRU approach. The gridded approach also tends to result in a
relatively high number of HRUs, SSRs, and GWRs compared
with non-gridded approaches.

Hydrologic Response Unit and Groundwater
Reservoir Discretization

The discretization of HRUs and GWRs consists of defin-
ing the geometries and routing connections for the network
of HRUs and GWRs. For the watershed-component model,
the HRU flow-routing connections were identical to the GWR
flow-routing connections. The HRU geometry (and thus, the
map-view geometry of the underlying MF-NWT cells) was
defined as a 660-ft by 660-ft (10-acre) grid (fig. 1). The regular
grid of 10-acre cells covering the area of the SRPW consists of
168 rows in the north-south direction and 157 columns in the
east-west direction with 16,741 active cells.

Cascades

The 16,741 grid cells defining the HRUs, SSRs, and
GWRs within the SRPW were connected by using a flow-
routing network defined by a combination of cascades and
stream segments (fig. 2). Cascades are used to route surface
runoff and interflow from upslope HRUs to downslope HRUs
(Markstrom and others, 2008). The combined cascade- and
stream-segment flow-routing network was developed using a
two-step procedure: (1) define an all-cascade routing net-
work for all grid cells, and (2) superimpose a stream-segment
routing network onto the cascade flow-routing network. The
cascade flow-routing network was defined by using an eight-
directional many-to-one convergent-flow method (also known
as the D8 algorithm), where any given cell was allowed
inflows from up to seven adjacent upstream cells and allowed
outflows to only one adjacent downstream cell (O’Callaghan
and Mark, 1984). Internal sinks, where outflows are only net
infiltration and evapotranspiration (ET), do not occur in the
SRPW. The cascade flow-routing network routes surface water
to 10 points of outflow on the boundary of the SRPHM.

The initial drainage network was determined by using a
10-meter (m) digital elevation model (DEM; U.S. Geologi-
cal Survey, 2001), mapped subdrainages (Cal-Atlas, 2007),
and flowlines as defined by the USGS National Hydrogra-
phy Dataset (NHD; U.S. Geological Survey, 2001) with the
DS algorithm. Downstream HRUs were identified on the basis
of the direction of the steepest downstream gradient calculated
from the DEM.

The main outflow location of the watershed-component
model for the cascade flow-routing network is the grid cell
(row 60, column 1) defining the juncture of Mark West Creek
with the Russian River (fig. 2). The number of upstream grid
cells at this outflow cell is 16,287, composing a drainage area
of 162,870 acres, or about 255 square miles (mi?). Nine addi-
tional outflow cells were defined for relatively small drainages
outside of the Mark West Creek drainage basin. These smaller
drainages are located along the northwestern and southern
boundaries of the SRPW (fig. 3).

The cascade flow-routing network defines the three main
stream channels in the SRPW as having approximately 1,000
or more upstream cells in the network: the Mark West Creek
channel in the northern section, the Santa Rosa Creeck channel
in the central section, and the Laguna de Santa Rosa chan-
nel in the southern section (fig. 2). Smaller tributaries, such
as Windsor Creek, Colgan Creek, and Copeland Creek, are
defined by approximately 500 or more upstream cells.
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Stream Segments

Stream segments were used to represent the mapped
channel features identified as “flowlines” in the NHD (Simley
and Carswell, 2009). The NHD flowlines represent intermit-
tent and perennial streams. For the watershed-component
model of GSFLOW, stream segments are simple storage
compartments that collect runoff from HRUs, interflow from
SSRs, and baseflow from GWRs. In PRMS-only simulations,
outflow from stream segments is routed as one-dimensional
channelized surface-water flow to downstream stream seg-
ments and, ultimately, as surface-water discharge from the
model domain. For the groundwater-component model of
GSFLOW, stream segments are defined in greater detail by
using stream reaches and are modeled by using the Streamflow
Routing (SFR) package of MF-NWT. A more detailed descrip-
tion of the SFR package, the model inputs used for the SRPW,
and the simulation of streamflow by using GSFLOW is pro-
vided in the section of this report describing the groundwater-
component model (chapter C).

Stream segments were initially defined by using a
minimum contributing area of 50 cells on the basis of trial-
and-error, as defined by the cascade flow-routing network at
the beginning of streams. The initial configuration provided
a good overall match to the location of first-order streams
(Chow and others, 1988) indicated by the NHD data. The
initial configuration was modified such that only the more
prominent first-order streams, identified on the basis of named
stream channels (Sonoma County Water Agency, written
commun., 2009) were represented as stream segments in the
model. The discretization of downstream stream segments was
defined on the basis of tributary junctions, with the junctions
defining the stream segment endpoints, and then further dis-
cretized on the basis of stream-channel characteristics between
tributary junctions, the distance between tributary junctions,
and the location of streamgages used for model calibration.
Stream segments were defined so that streamgages were
located at the end of each segment. The criteria prevented
duplication of stream channels and homogeneity of stream-
channel characteristics. The final layout consists of 324 stream
segments and corresponding subdrainage areas (fig. 3). The
subdrainage areas define the subset of cells contributing inflow
to a given stream segment by cascading flow. The number of
cells in the subdrainages varies from 4 to 210, with the larg-
est subdrainages defining tributaries to the central part of the
Laguna de Santa Rosa. The smaller subdrainages generally
occur where tributary junctions are close.

Climate Input

The watershed-model component requires daily precipita-
tion and maximum and minimum daily air temperature input
for the duration of the simulation period. Daily precipitation is
the primary source of water inflow to the SRPHM and, there-
fore, is one of the most critical inputs for the transient PRMS
and GSFLOW simulations. Daily maximum and minimum air
temperature are used by PRMS to define the type of precipita-
tion (rain, snow, or mixed) and when snow melts. Daily air
temperature data are also used by PRMS to simulate PET.

For the SRPW and surrounding area, daily-climate
records are available from a variety of sources: the California
Data Exchange Center (2011), the National Climate Data
Center (EarthInfo, Inc., 2011), the Remote Automated Weather
System (2011), and the California Irrigation Management
Information System (2005). For this study, daily climate
records were obtained for eight climate stations in the SRPW
(shown in table 1; the locations are shown in fig. 4). For the
objectives of the watershed-component model, these avail-
able records were considered to be inadequate for representing
climate conditions for all periods of interest at all locations
in the SRPW because many of the records contain periods of
missing data (data gaps), most of the records are relatively
short (less than 20 years), and most of the stations are in the
lowlands, providing a poor representation of climate at the
higher elevations.

To resolve data gaps and account for spatial variability, a
spatial-interpolation method, described by Hevesi and others
(2011), was applied to estimate the spatial distribution of daily
climate inputs over the model domain. The method requires
the preprocessing of the climate data to develop spatially
distributed daily climate inputs as unique time series for each
HRU. In the preprocessing procedure, the daily time series
of precipitation, maximum air temperature, and minimum
air temperature are estimated for each HRU by using avail-
able climate records and a modified inverse-distance squared
interpolation. The method incorporates average monthly
results from the Parameter-Regression on Independent Slopes
Model (PRISM; Daly and others, 2004). Following Hevesi
and others (2011), the 1971-2000 average (30-year normal)
monthly PRISM estimates were used to adjust the inverse-
distance-squared weighting factors by the ratio (in the case of
precipitation) or difference (in the case of air temperature) in
the monthly PRISM values between the HRU and the climate
station.

This methodology was used to estimate daily climate
data for water years 1948-2010, assuming that the ratios and
differences identified from the 1971-2000 data were valid
for 1948—-1970 and 2001-2010. The daily climate data were
estimated for water years 1948-2010 for calibration purposes,
which is described in chapter D.
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Figure 4. Location of climate stations used to develop daily precipitation, maximum temperature, and minimum temperature inputs,
and PRISM 1971-2000 average precipitation for January, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma
County, California.
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Daily Climate Records

Daily climate records from a regionally distributed
network of 109 climate stations (fig. 4; table 1) centered on
the SRPW were used to develop the spatially interpolated
climate inputs. Data gaps in this early record are prevalent.
There are fewer air-temperature records than precipitation
records because many of the stations have records for precipi-
tation only. All available records for each station were used to
develop the climate inputs for the SRPHM.

Average Monthly PRISM Data

To develop the climate inputs needed for the watershed-
component model and SRPHM, the 1971-2000, 30-year,
normal monthly PRISM precipitation and maximum and mini-
mum air temperature estimates were used (table 2; Linsley and
others, 1982; Daly and others, 2004). The spatial resolution
of the PRISM data is 800-m; therefore, the climate station
was assigned the monthly values associated with PRISM grid
cell in which it was located. PRISM data were mapped to the
centroids of the 16,741 HRUs without alteration. The daily
climate data for each HRU were estimated, as described previ-
ously, by using a combination of measured daily data, PRISM
data mapped to the climate station, and PRISM data mapped
to the HRU.

The average monthly precipitation, including the basin-
wide average and the maximum and minimum average
monthly precipitation for water years 1971-2000, indicates
a pronounced seasonal variability for precipitation (fig. 5) as
well as considerable spatial variability of precipitation for the
SRPW (figs. 4, 6, 7). Average January precipitation, maximum
daily air temperature, and minimum daily air temperature for
1971-2000 are examples of estimates made by PRISM. The
PRISM maps indicate the spatial variability of climate on the
regional scale and in the SRPW.

Spatially Interpolated Climate Inputs

Analysis of the records for the 109 stations indicated
that the earliest starting date for generating a continuous daily
climate (precipitation and air temperature) input through
September 30, 2010 (end of water year 2010), is October
1, 1917 (beginning of water year 1918). In general, greater
uncertainty is associated with the spatially interpolated climate
input for the period prior to water year 1948 because of (1) the
relatively small number of available climate records prior to
water year 1948 (fewer than 10 records per year) and (2) the
absence of daily records of both precipitation and air tempera-
ture for any of the climate stations in the SRPW prior to water
year 1948.

For some locations in the SRPW, reclaimed wastewater
is used for irrigation and is incorporated into the spatially
distributed, daily precipitation input for those HRUs. Monthly
records for reclaimed wastewater, starting in water year 1990,
were provided by the town of Windsor and the city of Santa
Rosa. The reclaimed wastewater was distributed to approxi-
mately 200 land parcels in the vicinity of the town of Windsor
and throughout areas of the Laguna de Santa Rosa (fig. 8).
The average rate of reclaimed-wastewater application varied
monthly, from zero during the winter to a maximum of about
3,000 acre-ft during the spring and summer months (fig. 94).
The annual volume of applied reclaimed water reached a
maximum of about 14,000 acre-ft for calendar year 2001
(fig. 9B). The average rate of reclaimed wastewater used for
irrigation was about 10,000 acre-ft/yr. There was a low value
for water year 2010 because the only available data were from
January through April of 2010.

Precipitation

The time series of total annual precipitation data for water
years 1948 through 2010, calculated by using the spatially dis-
tributed, daily precipitation input developed for the SRPHM,
indicated a high degree of year-to-year variability in areally
averaged precipitation (fig. 104). Maximum daily precipitation
also indicated a high degree of temporal variability (fig. 10B).
The cumulative departure from the mean for maximum daily
precipitation showed wet and dry periods, as indicated by
positive (wet) and negative (dry) slopes (fig. 10C). Average
annual effective precipitation (including reclaimed water) for
water years 1950-2010 ranged from 30 inches per year (in./yr)
in the southern and eastern parts of the SRP to 55 in./yr for the
summit areas of the Sonoma and Mayacmas Mountains along
the eastern boundary of the SRPW (fig. 11). Parcels receiving
reclaimed water in the west-central part of the SRP had aver-
age annual effective precipitation as much as 69 in./yr, effec-
tively doubling the precipitation rate for these parcels (fig. 11).

Maximum and Minimum Daily Air Temperature

Average water-year maximum and minimum daily air
temperature, spatially averaged over the SRPW, was calcu-
lated by using the daily air temperature input developed for the
SRPHM (fig. 12). Daily maximum and minimum air tempera-
ture input developed for the SRPHM indicated large monthly
variation in temperature (fig. 13), with July being the warmest
month and December being the coldest month.
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Figure 5. Spatially averaged and maximum and minimum PRISM estimates of monthly precipitation for water years 1971-2000, Santa
Rosa Plain watershed, Sonoma County, California.
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Figure 6. PRISM 1971-2000 average maximum air temperature for January, and the location of climate stations having records used to
develop daily climate inputs, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California.



44 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

123° 122°30" 122°

7 19 15 @32
o O %ﬁ ?/\

7% : 1

M 107
G s,
9 91 88 4
o O W%
109 62 ;
57, QSS

i+ 31 Santa Rosa Plain [ o4
O watershed and
> 8 34 hydrologic-model
S 27) () 5 houndary
/ 90
J>[] Q e 15
+ o J L 74 2 )
38° : 95
Bl 35 OD —
g

10 20 30 Miles
| —

o —T o

10 20 30 Kilometers

aaf

<2
=%
(@)
e
%
38°— |
EXPLANATION
PRISM average January minimum air temperature, ———  Santa Rosa Plain Climate stations
in degrees Fahrenheit watershed and [] CImiSDaily Climate @  NCDC Hourly Precip
hydrologic-model - oA
Il 31t033 35.1t0 36 38.1t039 boundary @  NCDC Daily Climate B RAWS Daily Climate
I 33.1to34 36.1to 37 39.1t0 40 CIMIS is California Irrigation Management Information System;
34.1t0 35 37.1t0 38 40.1to 44.5 NCDC is National Climate Data Center; RAWS is Remote Automated

Weather System

Figure 7. PRISM 1971-2000 average minimum air temperature for January, and the location of climate stations having records used to
develop daily climate inputs, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California.
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Figure 13. Average monthly maximum and minimum air temperature,

calculated using the daily air temperature data developed for the

Santa Rosa Plain hydrologic model, water years 1950-2010, Santa Rosa Plain watershed, Sonoma County, California.

Spatially distributed average maximum and minimum
daily air temperatures for water years 1950-2010, calculated
by using the daily air temperature input developed for the
SRPHM, are shown in figures 14 and 15, respectively. In gen-
eral, the spatial distribution of maximum daily air temperature
reflects a negative correlation with elevation combined with
a trend of increasing air temperature northward, farther from
coastal influences (fig. 14). Unlike the spatial distribution for
maximum daily air temperature, the spatial distribution for
minimum daily air temperature reflects a positive correlation
with elevation, reflecting a climate characterized by common
night-time temperature inversions, with the cold air sinking
into lower elevations (fig. 15).

Model Parameters

Watershed-flow processes in the SRPHM are defined in
the PRMS portion of GSFLOW. These processes are part of
GSFLOW, and more details about the processes, the calibra-
tion, and the specified parameters are included in chapter D.
The flow processes were simulated in decoupled PRMS-only
mode to determine preliminary values of model parameters
and to provide PET and recharge for the steady-state
groundwater-flow model. The watershed-component model
was calibrated by using a trial-and-error approach to measured
values of simulated short-wave radiation (SWRAD), PET, and
streamflow. Calibration was done in two independent steps:
(1) calibration of monthly parameters controlling SWRAD and
PET, and (2) calibration of parameters controlling simulated
streamflow. Once the parameters affecting SWRAD and PET
were estimated, they were held constant while the streamflow
parameters were estimated. Additional information regard-
ing the parameter-estimation procedures and the GSFLOW-
calibrated values and distributions of the 12 critical parameters
described in this section is presented in chapter D.
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PRMS requires a large set of parameters (see Markstrom
and others, 2008), and in the SRPHM, there are 73 parameters
that define basin-wide and HRU characteristics; however,
two basin-wide and 10 spatially varying (HRU) criti-
cal parameters were identified during the calibration. The
two critical basin-wide parameters, dday_slope and jh_coef,
vary monthly. The dday_slope parameter defines the slope of
monthly degree-day to temperature relation and affects simu-
lated SWRAD. The jh_coef parameter is a monthly air-tem-
perature coefficient that is used by the Jensen-Haise method
in PRMS to simulate PET (Markstrom and others, 2008).
PET is calibrated by adjusting this coefficient. The basin-wide
parameters are adjusted uniformly (increased or decreased) on
a monthly basis during model calibration.

The 10 critical, spatially varying HRU parameters are
(1) soil_moist_max, (2) soil_rechr_max, (3) sat_thresh-
old, (4) carea_max, (5) smidx_coef, (6) smidx_exp,

(7) hru_percent_imperv, (8) slowcoef_lin, (9) slowcoef_sq,
and (10) ssr2gw_rate. The HRU parameters are assumed to
be temporally invariant. Estimates of the non-critical param-
eters were based on default values published in the GSFLOW
manual (Markstrom and others, 2008).

The parameters soil_moist_max, sat_threshold,
carea_max, smidx_coef, smidx_exp, slowcoef _lin, and
slowcoef_sq represent soil characteristics that control soil
storage, surface runoff, and interflow. Soil Survey Geographic
database (SSURGO) soils data (U.S. Department of Agricul-
ture, 2007) were used to develop initial estimates for these
parameters.

The soil_moist_max parameter defines the storage capac-
ity of the capillary reservoir in the soil zone, which strongly
affects the magnitude of simulated ET. Preliminary estimates
of soil_moist_max made using only SSURGO data resulted
in inaccurate spatial distribution of simulated ET, which
then resulted in higher simulated streamflow in the uplands.
Therefore, additional data, such as vegetation type (including
agricultural land use), canopy cover, slope, and soil thickness,
were used to augment the SSURGO data, which resulted in
improved simulation of ET and, consequently, streamflow.
PRMS cannot simulate time-varying land-use; therefore, it
was assumed that a 2001 land-use map (Homer and others,
2004) was representative of average land use for the simula-
tion period. The soil_rechr_max parameter controls bare soil
evaporation and is used to partition capillary reservoirs into
an upper zone that stores water available for evaporation and
transpiration and into a lower zone that stores water available
for transpiration only. If the value is zero, evaporation does not
occur, and total soil-zone ET will decrease.

Model Parameters 53

The sat_threshold parameter describes the maxi-
mum soil storage capacity. The spatial distribution of the
sat_threshold parameter was defined by multiplying soil
thickness by saturated soil-water content.

The carea_max parameter describes the maximum frac-
tion of area contributing to runoft for each HRU and affects
runoff generation, with greater values resulting in more runoff.
The smidx_coef parameter controls the rate of Hortonian run-
off generation in conjunction with the carea_max parameter.
If both the carea_max and smidx_coef values are high, runoff
generation is maximized and soil infiltration is minimized.
The spatial distribution of smidx_coef was defined by using
a combination of soil permeability (as defined on the basis of
SSURGO data) and imperviousness percentage, assuming that
soils tend to be more compacted in urbanized and developed
areas. The smidx_exp parameter controls, in conjunction
with the carea_max and smidx_coef parameters, the runoff
generation rate for pervious areas in response to rainfall. The
hru_percent_imperv parameter also influences surface runoff
and infiltration within an HRU. This parameter effectively
removes the soil zone from the covered area, and any precipi-
tation will become runoff. It was assumed that paved surfaces
had some storage capacity where the stored water is available
for evaporation.

The slowcoef_lin parameter controls the rate of slow
interflow through the soil zone, with greater values resulting in
faster interflow rates. The spatial distribution of slowcoef _lin
was defined by using slope, with greater values correspond-
ing to steeper slopes. The slowcoef_sq parameter, with
slowcoef_lin, controls slow interflow. Similar to slowcoef_lin,
this parameter was adjusted on the basis of slope with greater
values corresponding to steeper slopes.

The parameters soil_rechr_max and ssr2gw_rate
represent surface-geology characteristics that control the rates
of net infiltration, groundwater discharge to stream segments,
and the fraction of net infiltration contributing to recharge.
Preliminary values were based on surface-geology data, which
included mapped hydrogeologic formations and the associated
texture class (Sweetkind and others, 2010). The ssr2gw_rate
parameter controls the rate of recharge to the groundwater
reservoir in PRMS-only simulations and the rate of net infiltra-
tion through the soil zone and into the unsaturated zone for
GSFLOW coupled simulations, with larger values resulting in
more recharge or higher rates of net infiltration.
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Chapter C. Groundwater-
Component Model

By Linda R. Woolfenden

Introduction

The construction of the groundwater-component of the
Santa Rosa Plain hydrologic model (SRPHM) is described in
this chapter. The groundwater-component model was devel-
oped by using the MODFLOW-NWT (MF-NWT; Niswonger
and others, 2011). The MF-NWT is a modification to MOD-
FLOW-2005 (MF-2005; Harbaugh, 2005) that provides an
alternative Newton solver for the groundwater-flow equation.
The MF-NWT is a block-centered, finite-difference model that
simulates groundwater flow in a three-dimensional, hetero-
geneous, and anisotropic medium, provided the fluid has
constant density (Niswonger and others, 2011).

Following Markstrom and others (2008), Nishikawa and
others (2013a) conceptualized the hydrologic system of the
Santa Rosa Plain watershed (SRPW) as having three regions:
region 1 consists of the plant canopy, the land surface, and
the soil zone; region 2 consists of streams; and region 3 is
the subsurface that consists of an unsaturated zone (UZ) and
an underlying saturated zone (chapter A, fig. 8). The ground-
water-component model is based on the conceptualization of
regions 2 and 3. Inflow to the unsaturated zone is infiltration
from the overlying soil zone in region 1 and from overlying
streambeds in region 2. The primary outflow from the UZ is
recharge to the saturated zone, which depends directly on the
magnitude and distribution of the vertical permeability of the
deposits in the unsaturated zone. Important hydrologic char-
acteristics that control flow through the saturated zone include
those that reflect the ability of the groundwater system to
transmit and store (uptake and release) water; those that allow
for vertical passage of water between stratigraphic units; and
those that control the flow of water across geologic structures
or hydrologic boundaries. The movement of water through the
saturated groundwater system is influenced by aquifer-system
geometry, aquifer and aquitard properties, geologic structures,
and the magnitude and distribution of recharge and discharge,
including pumping (Nishikawa and others, 2013a). This chap-
ter describes the development of the groundwater-component
model by using the MF-NWT. Groundwater-component
development includes defining the model discretization and
boundaries, properties that represent the physical characteris-
tics of the subsurface, flow processes, sources of inflow, and
components of outflow.
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The principal water-bearing strata simulated in the
SRPHM include Tertiary and Quaternary sediments and sedi-
mentary rocks underlying the Santa Rosa Plain (SRP) floor
to depths of at least 1,500 ft and permeable zones in Tertiary
volcanic rocks in contact with the sedimentary section along
the valley margin and interfingered with it beneath the valley
floor. The Tertiary material includes the Glen Ellen, Wilson
Grove, and Petaluma Formations and the Sonoma Volcanics
(chapter 4, fig. 5). Geologic materials within the depth range
perforated by wells are most commonly fine-grained or poorly
sorted sediments that have low hydraulic conductivities and
specific yields, which result in low to modest well yields and
large drawdowns. In most parts of the study area, shallow
groundwater flow is unconfined, but, at depth, groundwater
flow is confined. The presence of fine-grained material, either
as interbeds within coarser-grained materials or as thick, but
not laterally extensive beds, imparts anisotropic hydraulic
characteristics typical of layered systems (Sweetkind and
others, 2013).

Model Discretization

The SRPHM domain was based on the SRPW, as defined
by Nishikawa and others (2013b), and is shown in figure 1.
The groundwater-component model contains a rectangu-
lar grid with uniform grid spacing that is the same as the
discretization of hydrologic response units (HRUs) in the
watershed-component model. The grid-cell size is 660 ft by
660 ft (10 acres), with a total of 168 rows and 157 columns
(fig. 1); there are 16,741 active cells in each of the 8 layers in
the model. The horizontal discretization is the same as was
used by the textural stratigraphic (strat-text) model described
by Sweetkind and others (2010) and is used to assign hydrau-
lic properties to each model cell. Within each cell of the
groundwater-component model, the hydraulic properties are
homogeneous.

The vertical discretization of the groundwater compo-
nent of the SRPHM was initially the same as layers 1-14 in
the strat-text model with a depth of 2,000 ft (Sweetkind and
others, 2010). Layers 15 and 16, as defined by Sweetkind
and others (2010), were omitted from the SRPHM because it
was assumed that the depth of these layers (2,000-3,000 ft)
was below the active groundwater-flow system. Because of
numerical instabilities, the number of layers was reduced to
eight, and the layers were redefined. The range of thickness
for each layer of the final eight-layer model for the Santa Rosa
Plain area and uplands is given in table 1.
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Table 1. Layer thickness in the Santa Rosa Plain hydrologic
model, Santa Rosa Plain watershed, Sonoma County, California.

Thickness (feet)

Layer Santa Rosa Plain area’ Uplands
1 90-305 91-1,480
2 50-146 50-534
3 150 150
4 150 150
5 150 150
6 150 150
7 500 500
8 500 500

'Includes the Santa Rosa Plain, Rincon Valley, and part of Kenwood Valley.

A profile of layer thickness, depth, and boundary con-
ditions for row 74 in the groundwater-component model is
shown in figure 2. The highest elevation in each cell of the UZ
defines the elevation at the top of layer | in the groundwater-
component model. The top of the UZ is calculated by sub-
tracting the thickness of the soil zone, which is part of the
watershed-component model, from the digital-elevation model
(DEM) value for each cell in the model domain. The thick-
nesses for layers 1 and 2 were calculated differently for the
SRP and for the uplands. For the SRP, the lowest elevation in
layer 1 was calculated by subtracting the thickness of layer 1
from the top of the UZ, and the lowest elevation for layer 2
was calculated by subtracting the thickness of layer 2 from the
lowest elevation of layer 1. The lowest elevations in layers 1
and 2 in the uplands, and near the boundary between the SRP
and uplands, were smoothed by using a moving average to
avoid inverted topography in the subsurface, which resulted
in variable thicknesses for these layers. The thickness of layer
1 for the final model ranged from 90 to 305 ft in the SRP area
and from 91 to 1,480 ft in the uplands (figs. 2, 34, table 1).
The thickness of layer 2 ranged from 50 to 146 ft in the SRP
area and from 50 to 534 ft in the uplands (table 1; figs. 2, 3B).
The lesser values in the uplands for both layers are in valleys
where most of the pumping occurs. The thicknesses of layers
3-8 were constant for each layer and the lowest elevations
were calculated by subtracting the layer thickness from the
lowest elevations of the overlying layer (fig. 2). The thick-
nesses are 150 ft for layers 3—6 and 500 ft for layers 7—8
(table 1).
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Model Boundary Conditions

Model boundary conditions mathematically define
the interaction of the model with locations and associated
hydrologic conditions outside of the model. Various types of
boundary conditions allow for flow through boundaries, either
in specified amounts or at rates dependent on the hydraulic
gradient across the boundary. The horizontal boundaries and
bottom of this model were defined by either specified-flux or
head-dependent boundary conditions. Model stresses, which
can affect flow across head-dependent boundaries, are dis-
cussed later in this chapter.

No-Flow Boundary Conditions

No-flow boundary conditions are a type of specified-flux
boundary in which the flux is zero, indicating no exchange
of water between the model cell and the domain outside the
model. No-flow boundaries were used around the modeled
area to represent groundwater divides. No groundwater moves
across divides, but they are subject to changes in location with
changes in hydrologic stresses; flow can be induced as the
divide changes location with changing stresses. Flow across
groundwater divides were assumed to be static and negligible
in this model. The lateral boundaries of the groundwater-
component model coincided with the SRPW boundary in
GSFLOW. It was assumed that about 75 percent of the SRPW
boundary has no-flow boundaries that satisfy this constraint
(fig. 1). The bottom of the lowest model layer (layer 8) was
assumed to correspond to the depth of the active groundwater-
flow system, and the geologic units below this depth were
assumed to transmit only small amounts of water; therefore, a
no-flow boundary condition was used to represent the contact
with these deeper units (fig. 2).

Head-Dependent Boundary Conditions

A general-head boundary condition simulates a source
of water outside the model area that either supplies water to,
or receives water from, the adjacent cells at a rate propor-
tional to the hydraulic-head differences between the external
source (specified head) and the model cell (simulated head).
The rate of flow through a general-head boundary is regulated
by a specified hydraulic conductance, which is described in
more detail in chapter D of this report. Lateral boundaries of
the SRPHM that could have interaction with areas outside
the model domain were simulated by using the general-head
boundary (GHB) package (Harbaugh, 2005).
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The locations of general-head boundaries in this model
are shown in figure 1. Some of the boundaries were in the
shallow part of the permeable portions of the aquifer sys-
tem: layers 1 and 3 at the Russian River boundary, and
layer 1 at the Cotati and Kenwood boundaries. The Wilson
Grove boundary was in all eight layers of the model (fig. 1).
A general-head boundary was not assigned to layer 2 for the
Russian River boundary because, in the vicinity of the bound-
ary, the horizontal hydraulic conductivity of this layer is low;
therefore, flow across the boundary in layer 2 is assumed to be
minimal. An additional general-head boundary (Russian River
to Wilson Grove) was added during calibration of the transient
model and is described in chapter D of this report. Limited
water-level data for water years 1975-2010 were available
to define the temporal variation of the general-head bound-
ary heads (fig. 1). The boundary cells in layers not speci-
fied as general-head boundaries were designated as no-flow
boundaries.

To represent the gradient out of the model, the boundary
heads were estimated to be lower than the approximate lowest
water levels in wells with temporal water-level data in the
vicinity of the Russian River and Wilson Grove boundaries.
For the Russian River boundary, the boundary head was deter-
mined from water levels in well 8N/9W-15B1 (figs. 1, 44) and
assigned a value of 40 ft, except where the boundary head was
below the lowest elevation for the boundary cell. In these 24
cells (out of a total of 86 cells), boundary heads were adjusted
and assumed to be 20 ft above the lowest elevation of layer 1
for both layers 1 and 3.

The boundary heads for the Wilson Grove boundary
were determined from water levels in well 7N/9W-26P1
(figs. 1, 4B); a value of 25 ft was assigned in all eight layers.
The general-head boundary was included in all eight layers
because the Wilson Grove Formation extends to the Pacific
Ocean, well logs indicate that this stratigraphic unit is rela-
tively permeable, and layers 7 and 8 contain the Wilson Grove
Formation throughout their thickness. Where the assumed
boundary heads were below the lowest elevation of the
boundary cell, which was true for all cells in layers 1 and 2,
the boundary heads were assumed to be 20 ft above the lowest
elevation of the cell in each layer. Boundary heads were
adjusted in this manner for 138 cells in these two layers.

Water-level data were sparse in the vicinity of the Cotati
boundary; therefore, pre-1975 water-level data collected
from drillers’ logs for wells outside the SRPHM domain,
but close to the boundary (fig. 1), were used for boundary
heads. It was assumed that there were no long-term trends in
water levels in the vicinity of this boundary. The water levels
in wells SN/8W-1E2, SN/7W-6D2, and 6N/7W-31P (fig. 1)
were 131, 94 , and 85 ft, respectively. The heads in the cells
between the wells followed linear slopes.

The boundary heads for the Kenwood boundary were
defined by the average water levels in wells 7N/7W-24A1 and
TN/TW-24]1 (figs. 1, 5). Although there was a trend of declin-
ing values in the data for well 7N/7W-24A1, it was assumed
that, because the boundary is a groundwater divide, flow
across it was minimal; hence, average values for the period
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of record were used for each well. The average water level in
well 7N/7W-24A1 for 1980-2011 (507 ft) defined the head at
the eastern end of the boundary, and the average water level
in well 7N/7W-24J1 for 1980-2001 (475 ft) defined the head
in the middle of the boundary. The simulated 460-ft water-
level contour from the steady-state groundwater-flow model
of Sonoma Valley (Farrar and others, 2006) that intersects the
boundary was used as a guide to define the head at the western
end of the boundary. The heads followed a linear slope
between the wells, and simulated values ranged from 460 to
507 ft.

Hydraulic Properties

Hydraulic properties for the groundwater-component
model (horizontal and vertical hydraulic conductivity,
specific storage, and specific yield) affect the rate at which
water moves through the aquifer and the rate and areal extent
of changes in groundwater levels caused by groundwater
pumping and recharge. Estimates of average hydraulic proper-
ties were assigned to the representative cell volume.

Hydraulic Parameter Zonation

Hydraulic parameter zones were defined by model
storage units (MSUs) and hydrogeologic units (HGUs), and
were the basis for distributing hydraulic properties to model
cells. A parameter zone is comprised of the distribution of
HGUs in a given MSU. The SRPW was divided into a total
of 102 parameter zones (table 2), and the resulting hydraulic-
property distributions were input to the upstream-weighting
(UPW) package (Niswonger and others, 2011) in GSFLOW.
The UPW package is used for calculating all terms in the
numerical formulation of the groundwater-flow equation and
is an alternative to the block-centered flow, layer-property
flow, and hydrogeologic unit flow packages (Niswonger and
others, 2011).

Table 2. Number of parameter zones in layers 1-8 of the Santa
Rosa Plain hydrologic model, Santa Rosa Plain watershed,
Sonoma County, California.

Layer Number of parameter zones
1 14
2 13
3 13
4 13
5 13
6 12
7 12
8 12
Total 102
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Model Storage Units

To aid in the calibration of hydraulic properties and
boundary conditions in the model, the groundwater storage
units (Windsor Basin, Cotati Basin, Wilson Grove, Valley,
and Uplands) defined by Sweetkind and others (2013) were
modified to define 12—14 MSUs for each model layer (table 2).
For example, the distribution of MSUs for layer 1 is shown
in figure 6. The uplands surrounding the SRP and Rincon
and Kenwood Valleys were divided into distinct MSUs, even
though the textural stratigraphic classifications defined by
Sweetkind and others (2010) are the same as in the SRP. This
was done in order to assign values for hydraulic properties
to the upland units that reflect a greater degree of weathering
than typically would be present in the SRP. In the uplands, the
stream cells were designated as a separate MSU for layer 1
(fig. 6) in order to assign hydraulic properties to these model
cells that are more consistent with the coarser aquifer mate-
rial underlying stream channels than those assigned to the
neighboring mountain cells and to allow for greater recharge
from streams into the upland aquifer. The stream cells are
not present in layers 2-8. The basement complex also was
designated as a separate unit in all layers in order to assign
hydraulic properties consistent with this unit. The number of
parameter zones in layers 68 is less than for the overlying
layers (table 2) because the MSUs for the Sonoma Mountains
and the Mayacmas Mountains in these layers were combined
for simplicity.

Hydrogeologic Units

Hydrogeologic units (HGUs) were the basis for dis-
tributing horizontal hydraulic conductivity, vertical anisot-
ropy, specific storage, and specific yield values to the model
cells within each MSU. Each model cell in the SRPHM
was assigned a single HGU. HGUs were defined by strati-
graphic unit and textural properties. The stratigraphic units
used in the strat-text model include the Glen Ellen Forma-
tion, Wilson Grove Formation, Sonoma Volcanics, Petaluma
Formation, and basement complex. Each stratigraphic unit,
except for the basement complex, is divided into textural
classes. These classes include coarse-grained, intermediate-
grained, fine-grained, tuff, and basalt (Sweetkind and others,
2010). For HGUs with limited lithologic information, a class
without texture assignment was given for each stratigraphic
unit (Sweetkind and others, 2010). In the SRPHM, a texture
assignment for these HGUs was made on the basis of the
predominant texture of the stratigraphic unit. This combination
of stratigraphy and texture, including HGUs without texture
assignments, resulted in 25 HGUs.

Hydraulic Conductivity

MF-NWT requires specification of horizontal and verti-
cal hydraulic-conductivity values for each active cell in the
model domain. The initial horizontal hydraulic conductivity
(HK) distribution for the model was estimated from published
values associated with the stratigraphic and lithologic descrip-
tions of the HGUs (Freeze and Cherry, 1979). The final HK
values decreased with depth to reflect increasingly consoli-
dated conditions. Most of the model layers in the SRPHM
are thicker than those in the strat-text model; hence, the HK
values assigned to multiple HGUs for each model layer were
arithmetically averaged when the number of model layers was
reduced (see “Model Discretization” section of this chapter).
The resulting HK distributions became multiplier arrays that
were multiplied by a factor (parameter value) for each MSU.
The HK values were adjusted by MSU during calibration of
the SRPHM; the final HK distributions are given in chapter D
of this report.

The vertical hydraulic conductivity (VK) for each model
layer is computed in the model by dividing the arithmetically-
averaged HK values by vertical anisotropy (VANI), where
VANI is the vertical anisotropy and is defined as the ratio of
HK to VK. For example, a VANI of 10 means that the HK is
10 times greater than the VK. Ideally, the harmonic mean or
the lowest HK value would be used to determine VK because
the lowest value of VK tends to control vertical flow through
a unit, and the arithmetic mean weights the highest HK values
which would yield higher VK values. In the SRPHM, the
arithmetically averaged HK values were used for simplicity.
The VANI distribution in the groundwater-component model
is determined for each MSU in the model during calibration.
For example, every cell in the Windsor MSU in a model layer
will have the same VANI value. Since the HK distributions
vary spatially according to texture (HGU) within each MSU
in the SRP, and according to stratigraphy in the uplands, the
computed VK values will vary in the same manner.

Storage Properties

The specific yield (SY) and specific storage (SS) are
defined for each cell in the model domain. SY is the volume
of water that an unconfined aquifer releases from or takes into
storage for each unit of surface area of aquifer for each unit
of change in hydraulic head in the water table (Freeze and
Cherry, 1979), and SS is the volume of water that a unit vol-
ume of confined aquifer releases from or takes into storage for
each unit of change in hydraulic head in the confined aquifer.
The SY, which represents gravity drainage following a decline
in the water table, typically, is orders of magnitude larger than
the SS and is the dominant storage parameter volumetrically
per unit thickness of aquifer material.
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In the UPW package, model layers can be defined as
either confined or convertible (Niswonger and others, 2011).
In convertible layers, a confined layer becomes unconfined
when the head declines below the top of the layer. The SY
is used when simulating unconfined (water-table) conditions
typical of model layer 1. All the layers in the groundwater-
component model of the SRPHM were designated as convert-
ible, thus, SY was defined for all layers, but not necessarily
used.

The initial SY distributions were based on values
reported by Cardwell (1958), California Department of Water
Resources—Central District (1979), and Herbst and others
(1982). These values were associated with the stratigraphic
and lithologic descriptions of the HGUs. It was assumed that,
generally, the SY values in the uplands were lower than those
in the SRP. The SY values were arithmetically averaged in the
same manner as the HK values when the number of model lay-
ers was reduced (see “Model Discretization” section), and the
resulting SY distributions became multiplier arrays that were
multiplied by a factor (parameter value) for each MSU. It was
assumed that SY does not decay with depth. The SY distribu-
tions were adjusted by MSU during calibration, and the final
values are described in chapter D of this report.

The initial SS distributions were based on the storage
coefficients reported by Kadir and McGuire (1987); however,
because specific storage is the ratio of the storage coefficient
and thickness, the values were not used directly in the model.
That is, greater values were associated with coarser lithologic
textures of the HGUs, and the lesser values associated with
finer lithologic textures; the values then were reduced by as
much as five orders of magnitude. It was assumed that the SS
values in the uplands were similar to those in the SRP. The SS
values were arithmetically averaged in the same manner as the
HK values when the number of model layers were reduced,
and the resulting SS distributions became multiplier arrays that
were multiplied by a factor (parameter value) for each MSU.
It is assumed that the SS values do not decay with depth. The
SS distributions were adjusted by MSU during calibration; the
final values are described in chapter D of this report.

Horizontal-Flow Barriers

The faults within the SRPW could be barriers to
groundwater flow. For simplicity, only major faults and
selected minor faults included in the conceptual model were
simulated in the SRPHM (fig. 1). In addition to the named
faults, two unidentified faults in the southern part of the SRP
were included in the model (fig. 1). The existence of uniden-
tified fault 1 was determined from geologic analysis done
for this study (Sweetkind and others, 2013). Koenig (1963)
mapped the location and extent of unidentified fault 2.

The faults were simulated by using the horizontal-flow
barrier (HFB) package (Hsieh and Freckleton, 1993). The
HFB package simplifies faults to thin, vertical geologic
features that are approximated as a series of horizontal-flow
barriers between pairs of adjacent cells in the model grid
(Hsieh and Freckleton, 1993). Flow across a simulated fault
is proportional to the hydraulic-head difference between cells.
The constant of proportionality is the hydraulic characteristic
(1/d) of the barrier, which is equal to the hydraulic conductiv-
ity of the barrier divided by its width (the width was assumed
to be 1 ft). The faults included in the SRPHM were simulated
in all model layers.

Flow Processes

The groundwater-flow component of SRPHM includes
processes that simulate one-dimensional unsaturated verti-
cal flow below the soil zone and three-dimensional saturated
flow below the water table. The unsaturated-zone flow (UZF1)
package (Niswonger and others, 2006) is used in GSFLOW
to simulate flow through the UZ, groundwater recharge, and
groundwater discharge to land surface (Markstrom and others,
2008). MODFLOW-NWT (Niswonger and others, 2011) is
used to simulate saturated flow. The layer properties described
in previous sections are used by both processes. The stream-
flow routing (SFR2) package (Niswonger and Prudic, 2005)
was used to simulate stream-aquifer interactions and stream-
flow routing for the major streams and their tributaries. For
simplicity, lakes were not simulated, and the Laguna de Santa
Rosa was simulated as a stream rather than as a floodplain.

Unsaturated Zone

Inputs to the UZF1 package are made to each active
model cell underlying the corresponding soil-zone HRU in
the watershed-component model (fig. 1). These inputs and
parameters include the recharge and potential evapotranspira-
tion (PET) rates for the steady-state model that are simulated
by the watershed-component model described in chapter B,
the evapotranspiration (ET) extinction depth, vertical saturated
hydraulic conductivity (VKS), the saturated water content, the
extinction water content, and the Brooks-Corey epsilon used
for the transient simulations (Niswonger and others, 2006).
Recharge is the amount of water that remains after percola-
tion through the root zone. In cells with stream channels, the
channel width is less than the dimension of the cell; therefore,
the recharge rates are applied to the part of the cell without
the simulated stream channel. The monthly and daily recharge
rates can be much different than those for the percolation
through the soil zone as a result of a time delay and damping
effect on transient unsaturated flow.



Residual PET is the unused PET from the watershed-
component model that is available to the unsaturated zone
and groundwater system (Markstrom and others, 2008). The
residual PET rates are the maximum rates of ET from the
unsaturated and saturated zones. Because the stream covers
only part of the model cell, ET only occurs on the stream
banks, and there is no ET directly beneath the active channel
(Markstrom and others, 2008).

Because it was assumed that subsurface ET occurs only
in the simulated riparian areas where there are phreatophytes,
nonzero ET extinction depths relative to land surface were
specified only for stream cells in the SRPHM. If the simulated
head is at or above the top of the unsaturated zone, then the
residual PET rates are computed by the watershed-component
model (Markstrom and others, 2008). If the simulated head
declines below the specified extinction depths, subsurface ET
ceases.

VKS influences the rate of groundwater movement
through the unsaturated zone to the saturated zone with higher
VKS values allowing greater infiltration through the UZ. The
HK and VANI values for model layer 1 in the groundwater-
component model were used to calculate the VKS distribution.
These aquifer properties are discussed above in the “Hydraulic
Conductivity” section of this chapter.

The saturated water content is used to determine the
water content in the UZ when the infiltration rate calculated
by the watershed-component model exceeds the VKS. The
extinction water content is the minimum value at which ET
can be removed from the UZ (Niswonger and others, 2006).
The saturated and extinction water contents were given spa-
tially constant values of 0.30 and 0.10 (ft* of water per ft* of
UZ), respectively. The Brooks-Corey epsilon (dimensionless),
which is used to define the relation between the unsaturated
hydraulic conductivity and the water content, was given a
spatially constant value of 4.0. The values for saturated and
extinction water content and the Brooks-Corey epsilon were
held constant during calibration of the SRPHM.

Streamflow Routing

The major streams are Mark West Creek, Santa Rosa
Creek, the Laguna de Santa Rosa, Colgan Creek, Brush Creek,
Matanzas Creek, and Copeland Creek (fig. 1). The SFR2
package simulates the interaction between the streams and
the groundwater system, including the UZ, and tracks the
amount of flow in the streams. This head-dependent boundary
condition allows for groundwater discharge to streams (gain-
ing stream reaches) and stream infiltration into the underly-
ing aquifer (losing stream reaches). The main factors that
determine whether a stream reach is gaining or losing are the
simulated hydraulic heads in the aquifer below the stream, the
streambed elevation, hydraulic conductivity of the streambed,
and the VKS for the UZ underlying the streambed. The length
and width of the stream reach and the vertical hydraulic con-
ductivity of the streambed are used to calculate the streambed
conductance for the reach.
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In GSFLOW, streams superimposed on the aquifer
system are divided into segments and reaches (Markstrom
and others, 2008). A segment begins where streamflow from
surface sources is added to a stream. A reach is the part of
a segment that corresponds to an individual model cell in
the finite-difference grid used to simulate groundwater flow
in the aquifer system. There are 324 segments divided into
2,902 reaches (model cells) in the SRPHM (fig. 7). The stream
segments route streamflow to 10 points of outflow on the
boundary of the SRPHM (fig. 7). The values for the streambed
elevation were determined from the average DEM value in the
cell. The values for the streambed conductivity were deter-
mined from the maximum Soil Survey Geographic (SSURGO)
soil conductivity in each cell, assuming the streambeds were
coarser than in the areas bordering the channels (U.S. Depart-
ment of Agriculture, 2007; Sweetkind and others, 2013). The
VKS of the UZ in each model cell underlying the streambed
was assumed to have the same value as the streambed conduc-
tivity in the same cell. In stream reaches with baseflow, the
discharging groundwater is influenced by the VK for model
layer 1, described above in the “Hydraulic Conductivity”
section of this chapter.

Groundwater-Model Inflow

Inflow to the saturated zone includes natural and anthro-
pogenic sources. Natural inflow includes leakage from
streams, underflow from neighboring groundwater basins, and
recharge in areas not containing stream channels. Leakage
from streams and groundwater boundary flow from adjacent
basins were unknown; however, both were estimated as part
of this study. Leakage from streams is a head-dependent
boundary simulated by using the SFR2 package, as explained
above in the “Streamflow Routing” section of this chapter.
Groundwater boundary flow from adjacent groundwater basins
is simulated as a head-dependent boundary by using the GHB
package, as explained above in the “Model Boundaries”
section of this chapter. Groundwater recharge is defined for
this report as the net quantity of water that moves through
the unsaturated zone. Groundwater recharge is simulated by
using the UZF1 package, with inputs from the SFR2 package.
The potential sources of inflow to the unsaturated zone include
percolation through the bottom of the soil zone and seepage
through streambeds (Nishikawa and others, 2013a).

The anthropogenic inflows from treated wastewater
(reclaimed water) were reported and were treated as additional
areal infiltration to the soil zone by way of precipitation,
as described in chapter B of this report. The recharge from
irrigation and septic-tank effluent is assumed to be negligible
(Nishikawa and others, 2013a) and is not included in the
model.
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Groundwater-Model Outflow

Groundwater outflow from the SRPW is primarily stream
discharge, underflow to adjacent groundwater basins, ET, and
pumpage (Nishikawa and others, 2013a). With the exception
of available measurements of pumpage for public supply,
these components of groundwater outflow were unknown, and
were estimated as part of this study.

There is demand for fresh water in the SRPW for agricul-
tural irrigation, public-supply, and domestic use. Groundwater
is pumped to supplement local surface-water resources for
public-supply and agricultural uses and is the main source of
water for domestic use. For simplicity, agricultural and domes-
tic pumpage were combined and designated as rural pumpage.
Withdrawals were simulated by using the well (WEL) pack-
age (Harbaugh, 2005). Pumping rates, well locations, and
the depth of perforated intervals were required in order to
integrate groundwater pumpage into the model. Construction
information was needed to determine the perforated intervals
of each well, which are simulated in the model as a series of
wells in the same cell, with one for each layer in which the
actual well perforates.

The total pumpage for the wells in each cell was applied
at the cell center, resulting in 4,262 wells (fig. 8) simulated by
pumpage in 7,116 model cells; some wells spanned more than
one layer and were simulated as multiple wells. Total pump-
age for a well was distributed vertically on the basis of the
screened interval of the well and the hydraulic-conductivity
value of the model layers in which the well was completed.
This determines the quantity of pumpage derived from each
model layer and allows for pumpage to be redistributed as the
estimates of the hydraulic-conductivity distribution change
during model calibration. There was pumpage in all eight
layers of the model (table 3, fig. 9), with the largest number of
pumping wells in model layers 1-3 (table 3, fig. 9).

Table 3. Number of simulated pumping wells in each layer of
the groundwater component of the Santa Rosa Plain hydrologic
model, Santa Rosa Plain watershed, Sonoma County, California.

Model layer Number of wells
1 3,070
2 1,806
3 1,456
4 500
5 193
6 64
7 24
8 3
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Public-supply pumpage was assigned to 70 wells
throughout the SRP (fig. 8), most of which are operated by the
cities of Cotati, Rohnert Park, Santa Rosa, Sebastopol, and
the town of Windsor. Rural pumpage for the simulation period
was assigned to 4,192 wells distributed throughout the SRPW
(fig. 8). Although the model uses daily time steps for the
transient period, pumpage was specified as a constant rate for
each well for each monthly stress period. The monthly value
for each well was computed in the SRPHM by multiplying the
constant rate by the number of days in a given month.

Public-Supply Pumpage

Monthly pumpage for public supply was reported for
many years, and the well locations are known. If reported
monthly pumpage data were not available, pumpage was
estimated on the basis of available annual pumpage from
California Department of Public Health unpublished data
(Janice Thomas, California Department of Public Health,
written commun., 2009). The quantities of monthly pumpage
were then estimated from these annual values on the basis of
reported monthly data. If pumpage data were not available
for a given month during the transient simulation period, then
data from the same month from a previous year were used.

If pumpage for a given public supplier was reported as a total
for all wells, the pumpage was divided evenly among the
wells.

Rural Pumpage

Rural pumpage was assumed to be a combination of agri-
cultural and domestic pumpage. There is uncertainty associ-
ated with the assumptions made in the estimation of both types
of pumpage, and adjustments to rural pumpage were made
during model calibration.

Agricultural Pumpage

The amount of pumpage for agriculture has not been
reported; therefore, an estimate of irrigation demand was
used as a surrogate for the agricultural component of rural
pumpage. Irrigation demand for the model area was recon-
structed from areas of irrigated crop types identified in the
California Department of Water Resources land-use surveys
(California Department of Water Resources, 1974, 1979,
1986, 1999) and from crop types identified in unpublished
data from Sonoma County Water Agency for 2008 (Sonoma
County Water Agency, written commun., 2008). Because the
public record of the locations of irrigation wells is incomplete,
the existing record of well locations and well-use types was
mapped according to complete or partial tax assessors’ parcel
numbers, street addresses, or state well-identification numbers.
These well locations were used to identify irrigation wells
near the area represented by polygons for irrigated land use for
each land-use year. These wells were then moved, if necessary,
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by assigning their location to a model cell in the irrigated
polygon, assuming that the location of the irrigated polygon
was more accurate than the well location. Construction infor-
mation, as available, was assumed to be accurate for the new
model-grid location. If a known irrigation well was not located
near an irrigated polygon, other known wells nearby were used
instead. The agricultural irrigation demand was computed for
water years 1975-2010 by using the decoupled precipitation-
runoff modeling system (PRMS) watershed-component model
and a daily crop water-demand model (CWDM), described in
Appendix 1 of this report. The total monthly demand for each
irrigation area was assigned to a well in or near the area. If

the agricultural irrigation polygon was large (about 100 acres
or more), demand was assigned to more than one well. If a
known agricultural irrigation well or wells were not located in
or near the large irrigation polygon at some distance from the
original well, other known wells that were not public-supply
wells were used instead. If these wells were not located in the
irrigated polygon, they were moved.

Domestic Pumpage

1. It was assumed that residents of semi-rural and rural
areas outside the city limits of Santa Rosa, Rohnert
Park, Cotati, Sebastopol, and the town of Windsor relied
on groundwater for water supply. Water-delivery areas
for the cities of Santa Rosa, Rohnert Park, Cotati, and
Sebastopol, and the town of Windsor were omitted from
census-tracts, as defined by the U.S. Census Bureau, to
estimate the semi-rural and rural areas not serviced by
public-supply wells. It was assumed that the 1970 census
data represented the population for 1975, the 1980 census
data represented the population from 1976 to 1985, the
1990 census data represented the population from 1986 to
1995, and the 2000 census data represented the population
distribution from 1996 to 2010 It also was assumed that
the city limits did not change during the periods between
the census tabulation of population.

2. The semi-rural and rural areas of each census tract
defined in step 1 (in square miles) were multiplied by the
population density (the number of people per square mile)
of each census tract to estimate the total population for
each tract.

3. The annual per-capita water demand, assumed to equal
0.19 acre-ft per capita (California Department of Water
Resources, 1994), was multiplied by the population per
tract from step 2 to obtain the total annual water demand
for the domestic wells for each census tract in the SRPW.

4. The total annual water demand per tract from step 3
was divided evenly by month, for simplicity, and by the
number of wells with defined locations in each tract to
obtain the pumpage during the census periods defined in
step 1. If a well location was not available, the pumpage
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was assigned to a nearby domestic well. The number

of wells could be underreported, and this method could
locally concentrate withdrawal in fewer wells, but the
regional-scale effects on the groundwater system should
be representative.

Total Pumpage

Total annual pumpage for public-supply and rural uses for
the simulation period is presented in chapter A, figure 7. The
decline in rural (predominantly agricultural) pumpage dur-
ing 1990 to 1998 was caused by the introduction of reclaimed
water for agricultural irrigation. The average total pumpage for
the simulation period was about 44,000 acre-ft/yr; there was
a trend of increasing total annual pumpage during the simula-
tion period. The greatest demand on groundwater in the model
area, about 84 percent on average, was for rural pumping.
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Chapter D. Santa Rosa
Plain Hydrologic-Model
Calibration

By Linda R. Woolfenden and Joseph A. Hevesi

Introduction

This chapter describes the methods and results for cali-
bration of the Santa Rosa Plain Hydrologic Model (SRPHM),
developed by using the coupled groundwater and surface-
water flow model (GSFLOW; Markstrom and others, 2008).
As described in chapter A of this report, GSFLOW consists
of two integrated model components: (1) a watershed-com-
ponent model developed using Precipitation Runoff Model-
ing System (PRMS; Markstrom and others, 2008), and (2) a
groundwater-component model developed using the Newton
formulation of the U.S. Geological Survey (USGS) Modu-
lar Groundwater Flow Model (MODFLOW-NWT, or MF-
NWT; Niswonger and others, 2011). Chapter B describes the
watershed-component model, which is used to simulate the
hydrology of the land surface, vegetation, snow cover, and the
soil zone. Chapter C describes the groundwater-component
model, which is used to simulate the groundwater hydrology
of the subsurface underlying the soil-zone and the surface-
water hydrology of the streams represented in the SRPHM.
The subsurface represented by the groundwater-component
model includes the unsaturated zone and the saturated zone.

The boundary conditions, initial conditions, relevant
parameters, and model domains for the watershed-component
and the groundwater-component models are presented in
chapters B and C, respectively, of this report. As described
in chapter B of this report, the spatial discretization of the
watershed-component model uses a gridded approach, where
the hydrologic response unit (HRU) geometry was defined as
660 feet (ft) by 660 ft (10-acre) cells. The temporal discretiza-
tion of the watershed-component model is daily time steps.
As described in chapter C of this report, the spatial discretiza-
tion of the groundwater-component model is consistent with
the HRU cell size, and the SRPHM is discretized vertically
into eight layers of variable thickness. The SRPHM has
432 monthly stress periods representing water years 1975—
2010. The temporal discretization of the groundwater-compo-
nent model is 1-day time steps for each month. The temporal
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distribution of GSFLOW is daily time steps; therefore, the
1-day time steps were needed in the groundwater component
to synchronize with boundary conditions calculated by PRMS,
such as gravity drainage through the base of the soil zone,
which changed daily. The conditions for each stress period

of the groundwater component were changed on the first day
of each month and were constant within each monthly stress
period (Markstrom and others, 2008).

GSFLOW Calibration

In general, model calibration is the process whereby
model parameters are adjusted to obtain a reasonable fit
between simulated results and measured data. During calibra-
tion of the SRPHM, estimated properties of the flow system
were constrained on the basis of measured streamflows and
groundwater levels. Calibration proceeded until the differ-
ences between simulated and measured streamflows and simu-
lated hydraulic heads and measured groundwater levels were
acceptable for the intended use of the SRPHM. Throughout
the calibration, adjustments were constrained by the concep-
tual model presented in Nishikawa and others (2013).

Calibration Method

This chapter describes the calibration of the SRPHM to
measured streamflows and groundwater levels. Initial calibra-
tion of GSFLOW is often done in decoupled mode (that is, the
watershed-component model and the groundwater-component
model are calibrated individually; Markstrom and others,
2008; R. Steven Regan, oral communication, 2012). An impor-
tant advantage of using decoupled mode for calibration is that
the simulation runtimes are generally much shorter. Initial
calibrations of GSFLOW using decoupled simulations gener-
ally result in GSFLOW simulations that are close to being
calibrated and only requires some relatively minor parameter
adjustment to achieve a final model calibration (Markstrom
and others, 2008; R. Steven Regan, oral communication,
2012). Therefore, the decoupled components were initially
calibrated separately. These components were then coupled
and re-calibrated. This was an iterative calibration process
involving multiple de-couplings and re-couplings.

The GSFLOW calibration was accomplished by using
a trial-and-error approach. Calibration often is done through
automated software such as PEST or UCODE (Doherty, 2005;
Hill and Tiedeman, 2007; Poeter and others, 2008; Doherty,
2010; Doherty and others, 2010). Given the long execu-
tion time (often in excess of 36 hours) of the SRPHM, this
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approach was deemed impractical. The calibration process
for the SRPHM included adjusting the initial estimates of
the HRU land-surface properties, HRU soil-zone properties,
stream-channel properties, aquifer properties, general-head
boundary conductances, and horizontal-flow barrier char-
acteristics. The calibration process involved systematically
adjusting these parameters to match simulated and measured
streamflows and groundwater levels well; the reasonableness
of simulated boundary fluxes also was evaluated. The feed-
back between the watershed (PRMS) and the groundwater
(MF-NWT) components of the SRPHM enhances calibra-
tion by rigorously incorporating the interdependent linkages
between the two models.

The SRPHM was calibrated to streamflows by adjust-
ing distributed watershed-component parameters using
single multipliers that applied to the entire Santa Rosa Plain
Watershed (SRPW), except in the streamflow-routing (SFR)
cells. The SFR parameters in the groundwater-component
model were increased or decreased for stream segments and
reaches. Simulated streamflows were compared with measured
data at 12 streamgaging stations (fig. 14). The available data
did not support unique adjustment of parameters for individual
subbasins in order to improve calibration to streamflows
at the streamgage affected by the subbasin. The calibration
sequence for streamflows was iterative and generally consisted
of calibrating to the upstream streamgages first and then to the
downstream ones, and repeating as necessary. The calibration
results for the upstream streamgages generally changed during
the calibration of the downstream streamgages. Model fit of
the simulated streamflows to daily and monthly streamflow
records is presented below in the “Calibration to Streamflow”
section of this chapter by surface-water subbasin (Laguna de
Santa Rosa, Santa Rosa Creek, and Mark West Creek sub-
basins; fig. 14). For each subbasin, results for the upstream
streamgages are presented first.

The SRPHM was calibrated to measured groundwater
levels by trial-and-error. The SRPW was divided into model
storage units (MSUs; fig. 1B), as described in chapter C, to
aid in the calibration process by using the MSUs as param-
eter zones (Harbaugh, 2005). Hydraulic properties were
calibrated by adjustment of multipliers for each parameter
zone. For statistical evaluation of the model fit, hydraulic
heads simulated by the SRPHM were compared with mea-
sured groundwater levels at 83 wells (fig. 1B); to spring 2007
groundwater-level contours presented in Sweetkind and others
(2013); and to measured groundwater levels at 38 hydrograph-
comparison wells (fig. 1B). Transmissivity data for five wells
from Kadir and MacGuire (1987) and one well from Sonoma
County Water Agency (Sonoma County Water Agency, writ-
ten commun., 2009) also were used to constrain horizontal
hydraulic conductivity for selected layers in the Windsor,
Bennett Valley-plain, Santa Rosa, and Wilson Grove MSUs
(fig. 1B). Model fit of simulated hydraulic heads to measured
groundwater levels is presented below in the “Calibration to

Groundwater Levels” section of this chapter in the form of
statistics and areal distribution of simulated hydraulic heads
for the SRPW as a whole, and as hydrographs by well.

Final Model Input

Watershed-Component Parameters

Parameters adjusted during the trial-and-error calibra-
tion process of the SRPHM included PRMS-HRU parameters
controlling runoff, evapotranspiration (ET), and recharge.
The final values for the 12 critical parameters identified in
chapter B are summarized in table 1. The dday_slope and
jh_coef parameters are average monthly parameters that
affect the simulation of potential evapotranspiration. The
PRMS-HRU parameters found to improve model fit dur-
ing calibration of the SRPHM included soil_moist_max,
sat_threshold, and soil_rechr_max for controlling ET and
runoff; hru_percent_imperv for controlling runoff; and
ssr2gw_rate for controlling recharge. These parameters varied
spatially, and their final distributions are shown in figures 2—6.
The smidx_coef and smidx_exp coefficients for control-
ling runoff generation were adjusted during calibration and
given spatially constant values of 0.01 and 0.8 inches (in.),
respectively. The parameters carea_max, slowcoef lin, and
slowcoef _sq (figs. 7, 8, 9, respectively) also were important
in simulation of watershed processes, but were not adjusted
during calibration.

Calibration of the ssr2gw_rate parameter (fig. 6) is
particularly important because it controls infiltration below the
root zone and is a key linkage between the watershed-com-
ponent and groundwater-component models. This parameter
was adjusted iteratively between the two GSFLOW compo-
nents during calibration in order to determine the quantity
and distribution of recharge to the groundwater-component
model that allows a reasonable match of simulated to mea-
sured groundwater levels. Physical characteristics of the
geology in the watershed were considered during calibration
of ssr2gw_rate. Calibration of this parameter illustrates the
usefulness of GSFLOW for reducing the uncertainty in con-
ceptualization of the hydrologic system and in model results
and predictions that would not be apparent in MF-NWT-only
or PRMS-only simulations.

Groundwater-Component Parameters

Parameters adjusted during model calibration include
hydraulic properties (hydraulic conductivity, specific yield,
and specific storage), horizontal-flow barrier characteristics,
general-head-boundary conductance, and stream-channel
properties. The final values for the groundwater-component
parameters are described in the following sections.
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Table 1. Summary of final watershed-component parameter values in the Santa Rosa Plain hydrologic model, Santa Rosa Plain
watershed, Sonoma County, California.

[Abbreviations: HRU, hydrologic response unit; MODFLOW, modular groundwater flow model; nmonths, number of months in a year; PRMS, precipitation
runoff modeling system]

Parameter . . Final values
Units Description - —
name Average Maximum Minimum
dday_slope nmonths Slope of monthly degree-day to temperature relation 0.34 0.533 0.205
jh_coef nmonths Monthly air-temperature coefficient used in Jensen-Haise poten- 0.0117 0.013 0.0108
tial evapotranspiration equation
soil_moist_max inches Maximum volume of water per unit area in the capillary reser- 8 29 0.42
voir
soil_rechr_max inches Maximum quantity of water in the capillary reservoir (must be 3 10 0.14
less than or equal to soil_moist_max)
sat_threshold inches Maximum volume of water per unit area in the soil zone 11 49 0.53
smidx_coef dimensionless Coefficient in non-linear contributing area algorithm 0.01 0.01 0.01
smidx_exp 1/inch Exponent in non-linear contributing area algorithm 0.8 0.8 0.8
SSr2gw_rate inches/day  Exponent in the equation used to compute gravity drainage to 0.0227 0.055 0.00015

PRMS groundwater reservoir or
MODFLOW finite-difference cell

hru_percent_imperv dimensionless Decimal fraction of HRU area that is impervious 0.14 0.96 0
carea_max dimensionless Maximum possible area contributing to surface runoff 0.456 0.957 0.00174
slowcoef _lin dimensionless Linear flow-routing coefficient for slow interflow 0.0203 0.308 0.00001

slowcoef_sq 1/(inch-day)  Non-linear flow-routing coefficient for slow interflow 0.0114 0.173 0.00001
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Hydraulic Properties

The range and mean for the final values of horizontal
hydraulic conductivity at completion of model calibration for
the SRPW are given in table 2. The mean and median hori-
zontal hydraulic conductivity values ranged from 0.60 feet
per day (ft/d) in layer 8 to 16 ft/d in layer 1 and from 0.54 in
layer 8 to 16 ft/d in layer 1, respectively. The highest values of
horizontal hydraulic conductivity in the SRPW were in layers
1-3 of the Bennett Valley-plain MSU (fig. 104—C). These
values reflected the very coarse-grained material in this MSU.
The lowest horizontal hydraulic conductivity in the SRPW
was for the basement complex, which was in all eight layers
(fig. 10). The values of horizontal hydraulic conductivity in
the uplands generally were lower than in the SRP to reflect the
greater degree of weathering and, at depth, consolidation.

Transmissivity values estimated from aquifer tests (Kadir
and MacGuire 1987; Sonoma County Water Agency, written
commun., 2009) were used as observations for calibrating the
horizontal hydraulic-conductivity multiplier in selected layers
in the Windsor, Bennett Valley plain, Wilson Grove, and Santa
Rosa MSUs (fig. 1B) so that the simulated transmissivity value
matched the estimated transmissivity value at wells (fig. 1B).
The estimated and simulated values of transmissivity are
presented in table 3. The transmissivity values at each loca-
tion were calculated by multiplying the simulated horizontal
hydraulic conductivity by the layer thickness at a given well.
The horizontal hydraulic-conductivity multiplier was adjusted
until the calculated value of transmissivity approximated the
estimated value. The simulated transmissivity values for all
wells were within 5 percent of the estimated values.

The vertical hydraulic conductivity (VK) for each model
layer in the SRPHM is computed by dividing the horizontal
hydraulic conductivity (HK) values, which were arithmeti-
cally averaged when the number of model layers was reduced
(see “Model Discretization” in chapter C), by the horizontal-
to-vertical anisotropy ratio (VANI). The VANI values were
estimated for each MSU in place of the vertical hydraulic
conductivity values; that is, the VANI ratio was homogeneous
within an MSU. Because the HK distributions vary spatially,
however, the computed VK values vary in the same manner.
The VANI ratios were adjusted by MSU to better approximate
the vertical gradients observed in wells in the same vicinity
perforated at different depths. The VANI ratios at completion
of model calibration ranged from 1, for the basement complex
in all layers, to 2,500, in the Windsor and Cotati-north MSUs
in layer 2 (table 4). The final vertical hydraulic conductivities
calculated by the SRPHM ranged from 0.000007 to 1.2 ft/d in
the SRPW (table 5). The highest values in the SRPHM domain
were in the Bennett Valley-plain MSU for layers 1-3; the
Santa Rosa MSU for layers 4 and 6; and the Windsor, Santa
Rosa, Cotati-south, and Rincon-Kenwood Valley MSUs for
layers 7 and 8. The lowest values of vertical hydraulic conduc-
tivity were in the basement complex and in fine-grained units
throughout the Santa Rosa Plain (SRP) that have low horizon-
tal hydraulic conductivity and a high VANI.

Table 2. Summary of final horizontal hydraulic-conductivity
values in the Santa Rosa Plain hydrologic model, Santa Rosa Plain
watershed, Sonoma County, California.

Final horizontal hydraulic conductivity

Layer (feet per day)
Lowest Highest Mean Median
Santa Rosa Plain
1 1.0e* 40 16 16
2 1.0e* 40 3.5 1.2
3 1.0e* 124 6.0 3.7
4 1.0e* 16 53 3.8
5 1.0e* 11 3.5 2.9
6 1.0e* 53 2.2 2.0
7 1.0e* 1.8 0.81 0.77
8 1.0e* 1.8 0.60 0.54
Uplands
1 1.0e* 2.5 0.45 0.1
2 1.0e* 0.64 0.06 0.06
3 1.0e* 0.42 0.04 0.04
4 1.0e* 33 0.03 0.02
5 1.0e* 0.14 0.01 0.01
6 1.0e* 0.09 0.006 0.007
7 1.0e* 0.09 0.005 0.007
8 1.0e* 0.09 0.005 0.0004

The comparatively low, calibrated vertical hydraulic
conductivities (high VANIs) in model layer 2 for the Windsor,
Santa Rosa, Cotati-north, and Cotati-south MSUs were con-
sistent with measured groundwater-level data. In the Windsor
and Santa Rosa MSUs, measured groundwater levels were
25-50 ft higher in model layer 1 than in the underlying layers.

Specific yield (SY) is defined for all model layers
because the layers were designated as convertible (can switch
between confined and unconfined). The SY distributions are
assigned to model layers as described in chapter C of this
report. The values for specific yield were adjusted by MSU
during calibration, and the model was sensitive to the changes;
however, taken over the area of the MSUs, the changes did not
improve the overall model fit appreciably. Therefore, the final
values at completion of model calibration (table 6) were the
same as the initial values. The specific yield ranged from 0.01
to 0.2 in all layers, and the mean values ranged from 0.043
in layer 8 to 0.124 in layer 1 (table 6). The highest values of
specific yield in layer 1 occurred in parts of all the MSUs in
the SRPW. The specific yield distributions were based on stra-
tigraphy and texture, as described in chapter C of this report,
and followed a pattern similar to that of horizontal hydraulic
conductivity (fig. 10).
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Table 3. Transmissivity values estimated from aquifer tests and their simulated equivalents for selected wells in the Santa Rosa Plain
watershed, Sonoma County, California.

Well s'::::e:a Model Estimated values Simulated values

name unitg layers (feet squared per day) (feet squared per day)
ISN/OW-12Q2 Windsor 3-5 785 787
"TN/8W-24A4 Bennett Valley—plain 2-7 9,700 9,775
"7N/9W-25E1 Santa Rosa 4-7 3,315 3,314
16N/8W-7A2 Santa Rosa 6-7 1,350 1,345
ZTN/9W-36K 1 Santa Rosa 4-7 5,350 5,159
"7TN/9W-15Q1 Wilson Grove 2-4 2,270 2,272

'Data from Kadir and McGuire (1987).

’Data from Sonoma County Water Agency, written commun., 2009.

Table 4. Final vertical anisotropy ratios for each model storage unit in the Santa Rosa Plain hydrologic model, Santa Rosa Plain
watershed, Sonoma County, California.

Model Layer
storage 1 2 3 4 5 6 7 8
unit Vertical anisotropy ratio (dimensionless)

Windsor 100 2,500 100 100 100 100 100 100
Santa Rosa 100 1,000 100 100 100 100 100 100
Cotati-north 100 2,500 1,000 1,000 1,000 1,000 1,000 1,000
Cotati-south 100 1,000 100 100 100 100 100 100
Sebastopol 100 100 500 500 500 500 500 500
Rincon-Kenwood 100 100 100 100 100 100 100 100
Bennett Valley—plain 100 100 100 100 100 100 100 100
Bennett Valley—mountains 10 10 10 10 10 10 10 10
Mayacmas Mountains 10 10 10 10 10 10 10 10
Sonoma Mountains 10 10 10 10 10 10 10 10
Wilson Grove mountains 10 10 10 10 10 10 10 10
Basement complex 1 1 1 1 1 1 1 1

Table 5. Summary of final vertical hydraulic-conductivity values in the Santa Rosa Plain hydrologic model, Santa Rosa Plain
watershed, Sonoma County, California.

Final vertical hydraulic conductivity (feet per day)

Layer - .
Lowest Highest Mean Median
Santa Rosa Plain
1 5.0¢e? 0.4 0.16 0.16
2 1.0e* 0.4 0.027 0.0008
3 7.0e°® 1.2 0.046 0.026
4 1.0e* 0.16 0.046 0.03
5 8.7¢7 0.11 0.025 0.008
6 1.0e? 0.053 0.02 0.016
7 1.0e* 0.018 0.007 0.005
8 1.0e* 0.018 0.005 0.005
Uplands
1 1.0e* 0.25 0.045 0.01
2 1.0e* 0.064 0.0065 0.0064
3 1.0e* 0.042 0.0041 0.0041
4 1.0e* 0.33 0.0026 0.0024
5 1.0e™ 0.014 0.001 0.001
6 1.0e™* 0.009 0.0006 0.0007
7 4.5¢3 0.009 0.0006 0.0007
8 4.5¢7 0.009 0.0005 0.0001
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Table 6. Summary of final values for specific yield and specific storage for the Santa Rosa Plain hydrologic model, Santa Rosa Plain

watershed, Sonoma County, California.

Specific yield (dimensionless)

Specific storage (per foot)

Layer - -
Lowest Highest Mean Lowest Highest Mean
1 0.01 0.2 0.124 le® 2t 1.53¢*
2 0.01 0.2 0.096 le® 2e¢ 1.66e°
3 0.01 0.2 0.093 le® 2et 1.64e
4 0.01 0.2 0.083 le® 2t 1.62¢*
5 0.01 0.2 0.079 let 2e¢ 1.57¢*
6 0.01 0.2 0.071 let 2t 1.53¢*
7 0.01 0.2 0.082 let 2e¢ 1.42¢°
8 0.01 0.2 0.043 let 2t 1.58¢e*

The specific storage (SS) distributions were assigned to
model layers, as described in chapter C of this report. The val-
ues for specific storage were adjusted by MSU during calibra-
tion; however, the model was insensitive to the changes, and
therefore, the final values at completion of model calibration
were the same as the initial values. The specific storage values
ranged from 0.000001 to 0.000002 per ft in all layers, and the
mean values ranged from 1.4x10 to 1.7x10° per ft (table 6).
Although the specific-storage distributions are based on stra-
tigraphy and texture and vary spatially, the difference between
the highest and lowest values is minor.

Horizontal-Flow Barriers

The faults simulated in the SRPHM are shown in
figure 11. Groundwater flow across a simulated fault is pro-
portional to the hydraulic characteristic (Hsieh and Freckleton,
1993), which is the barrier hydraulic conductivity divided by
the width of the barrier (assumed to equal 1 ft). The initial
hydraulic characteristics for all faults were 10 per day (1/d),
allowing nearly unrestricted hydraulic connection across
the faults. To reproduce the measured groundwater levels, it
was necessary to decrease the hydraulic characteristic along
most segments by 3-20 orders of magnitude (table 7; fig. 11),
indicating a range of fault barrier effectiveness from minor
to restrictive. The Sebastopol fault, Rogers Creek fault,
Bennett Valley fault, and unidentified fault 2 were divided
into segments, designated as Sebastopol fault near Windsor,
unidentified fault 2-segment, Rodgers Creek fault-segment,
and Bennett Valley fault-segment, respectively, to allow
for assigning different hydraulic characteristics to selected
segments (fig. 11). The most restrictive fault barriers are the
Healdsburg and Rogers Creek faults, with a hydraulic charac-
teristic of 1.0x102%d in all eight layers of the SRPHM along
most of their extents. The Sebastopol fault also is a restrictive
barrier along most of its extent, with a hydraulic characteris-
tic of 1.0x101%/d (table 7). Shallow groundwater levels near
the northern end of the Sebastopol fault (near Windsor), and
near the Bennett Valley fault, indicated that these faults are
not barriers to groundwater flow; however, the effectiveness
of these faults to impede groundwater flow in deeper layers

(layers 2—8) is unknown, so the hydraulic characteristics
were kept the same as for the other segments of these faults
(table 7). The hydraulic characteristic for unidentified fault

1 indicates unrestricted flow along its extent. The hydraulic
characteristic for unidentified fault 2 in all eight layers also
indicates unrestricted flow across most of its extent, except
for the segment designated as unidentified fault 2-segment in
figure 11, where the hydraulic characteristic is 1.0x107'%/d in
all layers (table 7).

Boundary Conductance

The initial general-head boundaries were in cells along
the edge of layer 2 for the Russian River, Cotati, Wilson
Grove, and Kenwood boundaries (fig. 1B). These locations
were adjusted during model calibration, and the final general-
head boundaries were in cells along the edge of model layers
1 and 3 for the Russian River boundary and of layer 1 for the
Cotati and Kenwood boundaries (fig. 1B). The vertical faces
of cells along the edge of model layers 1-8 are general-head
boundaries in the Wilson Grove boundary (fig. 1B). During
calibration, the model cells from the southern end of the
Russian River boundary to the northern end of the Wilson
Grove (Russian River to Wilson Grove or RR-WG) boundary
(fig. 1B) were added as a general-head boundary to match
simulated hydraulic heads to measured data better in the vicin-
ity of this boundary.

The Russian River boundary is along the western edge
of the Windsor MSU. The calibrated horizontal hydraulic
conductivity is low in layer 2 in this MSU; hence, horizontal
groundwater flow is negligible in this layer, and the general-
head boundary was omitted. The Cotati and Kenwood general-
head boundaries were reassigned to layer 1 during model
calibration for the same reason.

The Wilson Grove general-head boundary was extended
to all eight layers to allow groundwater to flow into this
MSU and better simulate measured groundwater levels in
the calibration. The Wilson Grove Formation, which mostly
comprises highly permeable marine sands, is the main strati-
graphic unit in the Wilson Grove MSU. The Wilson Grove
Formation extends to the Pacific Ocean, and well logs indicate
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Table 7.
watershed, Sonoma County, California.

[Abbreviation: NB, fault is not a barrier to flow]

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

Final values of the horizontal-flow barrier hydraulic characteristic in the Santa Rosa Plain hydrologic model, Santa Rosa Plain

Hydraulic characteristic (1/day)

Fault name Layer
1 2 3 4 5 6 7 8
Sebastopol Fault near Windsor 10 le® le® le® le® le® le® le®
Sebastopol Fault leto leto leto leto leto leto leto let0
Trenton Ridge 0.01 0.01 le* le* le* le* le? le?
Healdsburg le® le® le® le® le® le® le® le®
Rogers Creek le? le? le? le? le? le? le? le?
Rogers Creek—segment 10 le? le? le? le? le? le? le?
Maacama 0.01 0.01 le* le* le* le* le* le*
Bennett Valley—segment 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Bennett Valley le!® le!® le!® le!® le!® le!® le!® le!®
Carneros 0.01 0.01 le* le* le* le* le? le?
Gates Canyon Thrust 0.01 0.01 le* le* le* le* le? le?
Petrified Forest Thrust 0.01 0.01 le* le* le* le* le? le?
Unidentified fault 2 NB NB NB NB NB NB NB NB
Unidentified fault 1 NB NB NB NB NB NB NB NB
Unidentified fault 2—segment le!® le!® le!® le!® le!® le!® le!® le!*
the formation is as much as 1,000 ft thick (Sweetkind and Table 8. Final general-head boundary conductances in the

others, 2010). This includes layers 1-6 and part of layer 7
of the SRPHM. It is assumed that layers 7 and 8 contain the
Wilson Grove Formation throughout their thickness, so the
general-head boundary was included in all eight layers.

As stated previously, a general-head boundary was added
during model calibration from the southern end of the Russian
River boundary to the northern end of the Wilson Grove
boundary in layer 1 (identified as Russian River to Wilson
Grove in figure 1B). The boundary heads along the RR-WG
boundary were unknown, but were assumed to be 40 ft, except
where these heads were below the lowest elevation of the
boundary cell. The 40-ft boundary head was below the lowest
elevation of layer 1 in 35 out of a total of 45 cells, and it was
assumed that the boundary heads were 20 ft above the lowest
elevation of layer 1 for these cells.

The hydraulic-conductance values for the general-head
boundaries were estimated through calibration based on
measured groundwater levels. A final hydraulic-conductance
value of 40,000 feet squared per day (ft*/d) at completion of
model calibration was assigned to both layers 1 and 3 for the
Russian River boundary (table 8), indicating that groundwater
flow could be relatively unrestricted across this boundary
to the Healdsburg area groundwater subbasin. Hydraulic-
conductance values for the Russian River to Wilson Grove
boundary were 400 and 40,000 ft%/d (table 8). The higher
hydraulic-conductance value allows for relatively large
quantities of subsurface flow out of the SRPW in the vicinity
of where Mark West Creek exits the watershed. The final
hydraulic-conductance values at completion of model calibra-
tion for the Wilson Grove boundary were 2.6 and 400 ft*/d in
layers 1-6 and 2.6 in layers 7-8 (table 8). The higher hydraulic

Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed,
Sonoma County, California.

[Abbreviation: —, not applicable]

General-head boundary conductances
(square feet per day)

Boundary

Russian River ...

. Wilson

to Wilson
Grove

Grove
40,000 400, 40,000 2.6, 400
2.6, 400
2.6, 400
2.6, 400
2.6, 400
2.6, 400
2.6
2.6

Layer pyssian

. Kenwood
River

Cotati

6.5,13,and 26 6.5 and 26

40,000

1

2

3

4 _ _
5 _
6

7

8

conductance allows limited quantities of groundwater to flow
into the SRPW from the Wilson Grove Formation Highlands
groundwater subbasin in the vicinity of calibration wells
TN/9W-15K1 and 7N/9W-26P1 (fig. 1B). The final boundary
conductance values at completion of model calibration were
6.5, 13, and 26 ft*/d for the Cotati boundary and were 6.5 and
26 ft*/d for the Kenwood boundary (table 8). The direction of
flow across these boundaries is unknown and, thus, was simu-
lated by the SRPHM.



Stream-Channel Properties

The stream-channel properties that were adjusted
included the streambed hydraulic conductivity, Manning’s
roughness coefficient (n), and stream-channel cross-section
profile. The initial values of streambed hydraulic conductiv-
ity were determined as described in chapter C of this report.
The calibrated values of ranged from about 0.007 to 6.5 ft/d
(fig. 12). The greatest values were predominantly in stream
channels in the uplands, in the Mark West Creek and Santa
Rosa Creek channels, in a segment of the Laguna de Santa
Rosa in the Santa Rosa MSU, and in some smaller creeks at
the eastern margins of the SRP (fig. 12). The lowest values
generally were in the Windsor, Santa Rosa, Cotati-N, and
Cotati-S MSUs (fig. 12).

The Manning’s roughness coefficient (dimensionless) is
defined qualitatively in the SRPHM on the basis of the general
roughness characteristics of the main channels and overbank
areas described in Chow (1959), Linsley and others (1982),
and Maidment (1993). The initial value for the main channels
(0.041) was representative of both mountain streams and
winding sluggish reaches. For the overbank areas, the initial
value (0.111) was representative of riparian areas with heavy
vegetation. The Manning’s roughness coefficient was adjusted
during calibration but was found to be insensitive; hence, the
initial and final values were the same.

The initial stream-channel cross-section profile had a
constant width for all stream segments. During model calibra-
tion, it was found that allowing for a variable wetted perim-
eter beneath stream reaches improved the calibration. The
ICALC2 option of the SFR2 Package (Niswonger and Prudic,
2006) was used in the SRPHM to allow for discretization of
a variable cross-section beneath a stream reach. This allows
for the wetted perimeter of the stream to change as a func-
tion of streamflow and stream depth (Markstrom and others,
2008). The streambed elevations and widths were based on the
digital elevation model (DEM), orthophotos, and the number
of upstream HRUs. It was assumed that the cross-section of a
stream is represented by a uniform six-point shape (Markstrom
and others, 2008) for all stream segments and that the width of
the stream increases with distance downstream.

Rural Pumpage

As stated in chapter C of this report, rural pumpage
was defined as a combination of agricultural and domestic
pumpage. Pumpage for agricultural irrigation was estimated
by using the decoupled PRMS model and a daily crop water-
demand model (CWDM), as described in Appendix 1. Param-
eters were adjusted so that simulated agricultural irrigation
approximated the estimates of agricultural pumping from
Kadir and MacGuire (1987). Domestic pumpage was esti-
mated from population-density data and a consumptive-use
factor, as described in chapter C of this report. In order to
match simulated and measured groundwater levels better,
adjustments were made to the estimated rural pumpage during
model calibration.
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The simulated hydraulic heads in most calibration wells
in the vicinity of rural wells showed a greater groundwater-
level decline from 1998 to 2010 than was measured. Adjust-
ing the hydraulic conductivity and storage by the MSU did
not improve the overall match between simulated and mea-
sured groundwater levels. It was apparent that the estimated
quantity of rural pumpage for this period was too high, and,
therefore, the quantities of pumpage were reduced by as
much as 33 percent from the original values (table 9; fig. 13).
The reduction was started in water year 1982 and gradually
increased to the maximum value of the reduction.

Assessment of Model Fit

Comparisons of simulated and measured streamflow and
groundwater levels indicate how well the SRPHM replicates
the flow system. The methods of analysis described above
in the “Calibration Method” section of this chapter, and the
calibration objectives described in the following sections help
to assess how accurately the SRPHM simulates the quantity of
streamflow, groundwater levels, and direction of groundwater
flow in the hydrologic system.

Calibration to Streamflow

The magnitude and variability of simulated streamflow
is dependent on many factors and processes, including the
following: (1) runoff in direct response to precipitation;

(2) ET and recharge from the soil zone; (3) the rate and
amount of interflow; (4) groundwater discharge to the soil
zone; (5) groundwater discharge directly to stream channels
(baseflow); and (6) additional stream-channel properties and
processes, such as infiltration through the streambed, precipi-
tation and evaporation, stream-channel storage, and streambed
elevation. Comparisons between measured and simulated
daily mean, moving 3-day daily mean streamflow, monthly
mean streamflow, and annual mean streamflow were made by
visually inspecting hydrographs and flow-duration curves and
evaluating “goodness-of-fit” statistics.

The SRPHM was calibrated to streamflow records
for 12 USGS streamgages (fig. 14). Calibration using the
streamflow records at gages COLL, LAGS, and MWCM was
done by using the 3-day average simulated and measured
streamflow, rather than daily streamflow, because of potential
backwater conditions, primarily caused by high flows in the
Russian River, affecting these locations.

The calibrated model was tested for a subset of the period
of record for six streamgages. The testing procedure compared
simulated with measured data that were independent of the
calibration data to determine if the calibrated parameter set
was suitable for simulating streamflow in the SRPW. Results
from the testing are presented in the “Testing Results for
Streamflow” and “Comparison of Simulated and Measured
Annual Streamflow” sections.
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Table 9. Initial and final rural pumpage from 1982 to 2010, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma

County, California.
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Year Estimated rural pumpage Adjusted rural pumpage Percentage
(acre-feet) (acre-feet) reduction
1982 26,354 25,828 2
1983 24,298 23,744 2
1984 31,292 29,370 6
1985 33,380 31,762 5
1986 33,830 32,310 4
1987 36,897 34,177 7
1988 35,199 33,620 4
1989 31,282 28,829 8
1990 27,933 26,065 7
1991 29,389 27,255 7
1992 29,791 27,010 9
1993 27,567 25,505 7
1994 37,736 32,013 15
1995 29,267 27,131 7
1996 39,278 34,437 12
1997 39915 34,922 13
1998 32,915 30,018 9
1999 40,654 31,921 21
2000 40,065 31,639 21
2001 43,976 33,596 24
2002 43,517 33,435 23
2003 46,618 35,684 23
2004 59,285 43,686 26
2005 46,866 34,885 26
2006 56,134 39,520 30
2007 61,463 42,127 31
2008 65,665 44,234 33
2009 56,778 39,850 30
2010 50,121 36,602 27
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The SRPHM was tested by using streamflow records
for the five gages having the longest records (LAGC, COLL,
LAGS, SRCU, and SRCW) and the extended MWCM gage
record—a total of six gages. The record for the MWCM gage
is short (water years 2006—10), and because the drainage area
for MWCM accounts for about 96 percent of the SRPW area,
the record was extended to water years 1960-2005 by using
the MOVEI technique, as described by Sweetkind and others
(2013). The extended MWCM record was used for model test-
ing only and not for calibration.

In general, each streamgage had different calibration
and testing periods that were between water years 1975 and
2010, with the exception of the SRCU gage. Calibration and
testing using the streamflow record for the SRCU gage were
done for the period that started on August 1959 and ended
September 30, 1965 by using a separate GSFLOW simulation
for water years 1950-1965, in which pumping was excluded
from the SRPHM. The exclusion of pumping for the SRCU
gage streamflow simulation was based on the assumption that
pumping does not have a large effect on streamflow for this
location. This assumption is reasonable because the drainage
area of the SRCU gage is an upland catchment on the west
side of the Mayacmas Mountains (fig. 14), and this drainage
had only a small number of limited-capacity rural wells during
the 1959-65 period.

Calibration Objectives for Streamflow

The goodness-of-fit statistics used to assess the SRPHM
fit to streamflow data included the percent-average-estimation-
error (PAEE; Hevesi and others, 1992), the absolute-average-
estimation-error (AAEE; defined here as the absolute value
of PAEE), and the Nash-Sutcliffe model efficiency (NSME;
Krause and others, 2005; Hay and Umemoto, 2006). A per-
fect model, where the simulated values are identical to the
observed values, results in PAEE and AAEE values of zero
and an NSME value of 1.0. The PAEE and AAEE statistics
provide a measure of model bias or systematic error, but
do not by themselves provide a definitive measure of the
goodness-of-fit (for example, the sample mean has PAEE
and AAEE values of 0). The NSME provides a standardized
measure of the mean-square error similar to the normalized-
root mean-square error. The sample mean results in an NSME
value of 0, and NSME values greater than 0 indicate an
improved fit relative to the sample mean. Unlike the PAEE and
AAEE statistics, the NSME by itself can be a good indicator
of the goodness-of-fit, especially for NSME values of 0.90 and
greater; however, substantial estimation bias can still exist for
models having NSME values of 0.7 to 0.9. For this reason, the
PAEE and AAEE statistics are used in conjunction with the
NSME to indicate goodness-of-fit.

For this study, guidelines provided in Donigian and oth-
ers (1984) were used to define target calibration criteria for
establishing a calibrated model. For the SRPHM, on the basis
of weighted-average statistics for daily and monthly flows at
each gage, the model was considered calibrated if (1) PAEE
was between —10 and +10 percent, (2) AAEE was less than or
equal to 10 percent, and (3) NSME was greater than or equal
to 0.7. In addition to defining model-calibration criteria, the
quality of calibration for each streamgage was also qualita-
tively defined from fair to excellent on the basis of PAEE,
AAEE, and NSME values (table 10).

Testing Objectives for Streamflow

The calibrated SRPHM was tested by using data from
the six streamgages that had periods of records greater than
10 years, which allowed the records to be divided into periods
for calibration and periods for testing. Three streamgages are
in the Laguna de Santa Rosa subbasin (LAGC, COLL, and
LAGS) and two streamgages are in the Santa Rosa Creek
subbasin (SRCU and SRCW). The periods of record used for
testing were withheld from model calibration. In addition,
an extended record was developed for the MWCM gage in
the Mark West Creek subbasin, so it also was used for model
testing. The goodness-of-fit statistics obtained for model
testing provide a measure of performance in terms of model
predictions. Using the calibrated model, comparisons were
made between simulated and measured streamflow for the
testing period. Unlike the SRPHM calibration procedure, no
adjustments were made to any of the model parameters during
testing.

Table 10. Summary of “goodness-of-fit” statistics for the Santa
Rosa Plain hydrologic model, Santa Rosa Plain watershed,
Sonoma County, California.

[Statistic types are percent-average-estimation-error (PAEE) (Hevesi and
others, 1992), the absolute-average-estimation-error (AAEE) (defined here as
the absolute value of PAEE), and the Nash-Sutcliffe model efficiency (NSME)
(Krause and others, 2005; Hay and Umemoto, 2006. Abbreviations: >,
greater than or equal to; <, less than or equal to; %, percent]

Goodness-of- PAEE AAEE

fit category'? (%) (%) NSME
Excellent -5to5 <0.5 >0.95
Very good —10to—-5Sor5to 10 0.5t0 10  0.85t0 0.94
Good —15to—-10o0r 10to 15 10to15 0.75t0 0.84
Fair -25to—15 or 15 to 25 15 to 25 0.6 t0 0.74

! Based on the weighted-average statistics for daily and monthly flows at
each gage, a model was considered calibrated if (1) PAEE was between —10
and 10 percent, (2) AAEE was no greater than 10 percent, and (3) NSME was
no less than 0.7.

2 Statistics outside of these ranges indicate a poor model fit.



Comparison of Measured and Simulated
Streamflow

Table 10 shows the “goodness-of-fit” statistics for daily
and monthly flows at individual streamgages for a calibrated
model. Summary statistics for model calibration and testing
were calculated by using weighted averages of the results for
the 12 streamgages used in calibration (table 11) and of the
6 streamgages used in testing (table 12). The weighting fac-
tors were based on the length of record for each streamgage
(streamgages with longer records received a greater weight)
and the square root of the drainage area for each streamgage
(streamgages with larger drainage areas received a greater
weight). The longer records were assigned a greater weight
because a larger portion of the total sample was represented.
The larger drainage areas also had a greater weight because
a larger portion of the SRPW was represented. In addition to
quantitatively evaluating the overall fit on the basis of calibra-
tion statistics, a graphical evaluation of the SRPHM fit was
done by plotting the simulated long-term average streamflows
for the period of calibration and testing and the simulated
maximum daily discharge with measured and estimated values
at all 12 gages; the resulting points were compared with the
1:1 line.

The quantitative categories of “goodness-of-fit” statis-
tics are defined in table 10. The weighted-average PAEE,
AAEE, and NSME results for the SRPHM calibration for all
streamgages indicated fair to excellent calibration results for
daily and monthly streamflow (tables 10, 11). Although the
goal of model calibration was to develop a model that has an
“excellent” fit to the records at all gages, the overall model
calibration was based on the collective result for all 12 gages,
with a higher priority given to the results for gages with longer
records and larger drainage areas. Results obtained for gages
COPE, COLU, SRCU, MATC, SRCS, and SRCW were very
good in terms of model fit to daily streamflows (tables 10, 11).
Results for gages LAGC, COLL, LAGS, BRSH, and
MWCM were considered fair, with some diminished fit to
daily streamflows. The goodness-of-fit increased when using
monthly streamflows; 9 of the 12 gages had a very good fit
(tables 10, 11). Overall, the simulated daily mean and monthly
mean streamflows satisfied the calibration criteria used for this
study (table 11).

The overall results from model testing indicated at least
a fair model fit to measured daily and monthly mean stream-
flow data (table 12) for five of the six gages (tables 10, 12).
The SRPHM testing results, generally, were consistent with
the calibration results; however, estimation bias was greater
in the testing results. In general, the SRPHM calibration and
testing results indicated an acceptable model fit for simulating
daily mean and monthly mean streamflows (tables 10—-12).
The details of the calibration to streamflow are given in the
following section.
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Calibration to Streamflow Results for Subbasins

Laguna de Santa Rosa Subbasin

The Laguna de Santa Rosa subbasin contains five USGS
streamgages (COPE, LAGC, COLU, COLL, and LAGS)
that had daily streamflow records used for model calibration
(table 11; fig. 14). For a description of the Laguna de Santa
Rosa subbasin streamgages, see Sweetkind and others (2013).

The match between simulated and measured streamflows
was generally good at all five streamgages (figs. 14—18). Note
that when calculating the average monthly streamflow, stream-
flows less than 0.01 cubic foot per second (ft*/s) were assumed
to equal zero flow. The daily and monthly hydrographs for
these gages indicated that the SRPHM performed well in
terms of matching the timing and frequency of the peak
streamflows (figs. 14—18; table 11). The simulated streamflows
reproduced the “flashy” character of the hydrograph caused
by short-duration peak streamflows, including those for the
COLL and LAGS streamgages, which used 3-day averages.

The best calibration results, in terms of the statistics,
were for daily mean streamflows at COPE and COLU and
for monthly mean streamflows at COPE, COLU, and LAGS
(table 11). Calibration results to daily mean streamflows for
gages LAGC, COLL, and LAGS were less favorable in terms
of the NSME result, but the calibrations were considered fair
(table 11). Calibration results to monthly mean streamflows
for gages LAGC and COLL were less favorable in terms of the
PAEE and AAEE results, but the calibrations were considered
fair (table 11).

The comparison of simulated and measured flow-duration
curves at all five gages in the Laguna de Santa Rosa sub-
basin indicated that the SRPHM performed well in terms of
representing the overall characteristics of streamflow in the
subbasin (figs. 14D, 15D, 16D, 17D, 18D); however, some
deviation was evident for low streamflows. Streamflows at all
streamgages varied by at least three orders of magnitude, and
some streamgages had variability of more than four orders
of magnitude (figs. 14—18). Although there was some bias in
matching the low flows of 10 ft*/s and less (figs. 14, 15, 17),
the intermittent nature of streamflow in this subbasin was
represented and is adequate for the appropriate use of the
SRPHM (statistically, fair to very good). The SRPHM results
indicated that flows of 1 ft’/s or greater occurred at the COPE,
LAGC, COLU, COLL, and LAGS gages about 40, 50, 35, 35,
and 90 percent of the time, respectively (figs. 14D, 15D, 16D,
17D, 18D). In contrast, the measured records for these gages
indicated that 1 ft3/s or greater occurred about 55, 60, 35, 50,
and 70 percent of the time, respectively (figs. 14D, 15D, 16D,
17D, 18D).
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Figure 14. Comparison of simulated and measured streamflow for the calibrated model at the Copeland Creek at Rohnert Park (COPE)
streamgage, 11465660, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
2007-10: A, daily mean; B, monthly mean; C monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 15.
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Comparison of simulated and measured streamflow for the calibrated model at the Laguna de Santa Rosa at Stony Point
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Road near Cotati (LAGC) streamgage, 11465680, Santa Rosa Plain hydrologic model, Santa Rosa watershed, Sonoma County, California,
water years 2004-10: A, daily mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow
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Figure 16. Comparison of simulated and measured streamflow for the calibrated model at the Colgan Creek near Santa Rosa (COLU)
streamgage, 11465690, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
2007-10: A, daily mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Comparison of simulated and measured streamflow for the calibrated model at the Colgan Creek near Sebastopol (COLL)

streamgage, 11465700, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
1999-2004: A, daily mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 18. Comparison of simulated and measured streamflow for the calibrated model at the Laguna de Santa Rosa near Sebastopol
(LAGS) streamgage, 11466200, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
1999-2004: A, daily mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflows.



Santa Rosa Creek Subbasin

The Santa Rosa Creek subbasin contains five USGS
streamgages (SRCU, BRSH, MATC, SRCS, and SRCW) that
had daily mean streamflow records used for model calibration
(table 11; fig. 14). For a description of the Santa Rosa Creek
subbasin streamgages, see Sweetkind and others (2013).

The daily and monthly hydrographs for these streamgages
indicated that the SRPHM performed well in terms of match-
ing the timing and frequency of the streamflows (figs. 19-23;
table 11). The simulated streamflows reproduced the “flashy”
character of the hydrograph, caused by short-duration, high
streamflow events, well. Overall, the match between simu-
lated and measured streamflows was generally good at all five
gages, except that the measured low streamflows were greater
than simulated low streamflows (table 11).

The best calibration results, in terms of the statistics,
were obtained for SRCU, MATC, SRCS, and SRCW
streamgages for daily mean and monthly mean streamflows
(table 11). Calibration results to daily mean and monthly mean
streamflows were less favorable for the BRSH streamgage;
however, the calibrations were considered fair.

Comparison of the simulated and measured daily
mean flow-duration curves at all five gages in the Santa
Rosa Creek subbasin indicated that the SRPHM performed
well in terms of representing the overall characteris-
tics of streamflow in the subbasin, except for low-flows
(figs. 19D, 20D, 21D, 22D, 23D). Streamflows at all
streamgages varied by at least three orders of magnitude, and
some streamgages had variability of more than four orders
of magnitude (figs. 19-23). Although there was some bias
in matching the low flows, the intermittent nature of stream-
flow in this subbasin was represented and is adequate for
the appropriate use of the SRPHM (statistically fair to very
good for daily streamflows and fair to excellent for monthly
streamflows).

The SRPHM results indicated that streamflows of 1 ft*/s
or greater occurred at the SRCU, BRSH, MATC, SRCS, and
SRCW gages about 35, 60, 100, 100, and 100 percent of
the time, respectively (figs. 19D, 20D, 21D, 22D, 23D). In
contrast, the measured records for these streamgages indicated
that 1 ft*/s or greater occurred about 60, 55, 80, 95, and 97
percent of the time, respectively (figs. 19D, 20D, 21D, 22D,
23D).

Mark West Creek Subbasin

The Mark West Creek subbasin contains two USGS
streamgages (MWCW and MWCM) that had daily streamflow
records used for model calibration (table 11; fig. 14). For a
description of the Mark West Creek subbasin streamgages, see
Sweetkind and others (2013).

The daily and monthly hydrographs for these streamgages
indicated that the SRPHM performed well in terms of
matching the timing and frequency of the peak streamflows
(figs. 24-25; table 11). The simulated flows reproduced the
“flashy” character of the hydrograph caused by short-duration
peak streamflows. The match between simulated and measured
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streamflows was generally good at both gages. Overall, the
daily mean and monthly mean streamflows were underes-
timated; the maximum flows were underestimated and the
minimum streamflows were overestimated (table 11).

The best calibration results, in terms of the statistics,
were obtained for the MWCW streamgage for daily mean
streamflows and for both streamgages for monthly mean
streamflows (table 11). Calibration results to daily mean
streamflows were less favorable for the MWCM streamgage;
however, the calibration was considered fair.

The comparison of simulated and measured flow-duration
curves at both streamgages in the Mark West Creek sub-
basin indicated that the SRPHM performs well in terms of
representing the overall characteristics of streamflows in the
subbasin (figs. 24D, 25D). Streamflows at both streamgages
varied by at least three orders of magnitude, and the MWCM
streamgage had variability of almost five orders of magnitude.
Although the intermediate streamflows (10-100 ft*/s) were
underestimated, the streamflows in this subbasin were repre-
sented and are adequate for the appropriate use of the SRPHM
(statistically fair to good for daily streamflows and excellent
for monthly streamflows).

The simulated results indicated that streamflows of
1 ft/s or greater occurred at the MWCW and MWCM
streamgages about 95 and 100 percent of the time, respectively
(figs. 24D, 25D). In contrast, the measured records for these
streamgages indicated that streamflows of 1 ft¥/s or greater
occurred about 98 and 92 percent of the time, respectively
(figs. 24D, 25D).

Testing Results for Streamflow

The testing results for streamgages COLL, LAGS, and
SRCW were comparable to the calibration results for daily
mean and monthly mean streamflows (tables 11, 12). The
testing results for the COLL streamgage indicated a slight
improvement compared with calibration results for daily
and monthly flows; however, results were poorer for daily
mean streamflows for streamgages LAGC and SRCU and
for monthly mean streamflows for streamgages LAGC and
MWCM.

The testing results for streamgage LAGC showed a
poorer model fit compared with calibration results for daily
mean streamflows and a similar deterioration in fit for monthly
mean streamflows, as indicated by an increase in the PAEE
value and a decrease in the NMSE value (tables 11, 12).
Model testing results for streamgage LAGC showed a good
match to the timing of peak streamflows of 800 to 1,900 ft*/s
(fig. 264) and a good representation of the measured monthly
mean streamflows. However, there was a tendency to overes-
timate the highest 10-percent of streamflows at this location
for the testing period, as indicated by the monthly hydrograph
and the flow-duration curve (figs. 26B, 26D). The general fit
of the SRPHM to streamflows between 50 ft*/s and 0.4 ft*/s
was considered good; however, the SRPHM overestimated the
frequency of streamflows less than 0.7 ft*/s (fig. 26D).
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Figure 19. Comparison of simulated and measured streamflows at the Santa Rosa Creek near Santa Rosa (SRCU) streamgage,
11465800, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 1959-65: A, daily
mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 20. Comparison of simulated and measured streamflows at the Brush Creek near Santa Rosa (BRSH) streamgage, 11466065,
Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 2006—10: A, daily mean; B,
monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 21. Comparison of simulated and measured streamflows at the Matanzas Creek near Santa Rosa (MATC) streamgage,
11466170, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 2005-10: A, daily
mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 22. Comparison of simulated and measured streamflows at the Santa Rosa Creek at Santa Rosa (SRCS) streamgage, 11466200,

Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 2002—10: A, daily mean; B,

monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 23. Comparison of simulated and measured streamflows at the Santa Rosa Creek at Willowside Road near Santa Rosa (SRCW)
streamgage, 11466320, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
2004-10: A, daily mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.



Assessment of Model Fit
1,800 I \
= 1500 — === MWCW measured
c
s S —— GSFLOW simulated
33 1200
Es
S o 90
B 2 I
=S 600
as
(&]
= 300 |
0 A &JL | A ‘ ‘ A Mo ‘
20 | | ‘ | |
=== MWCW measured A B
=]
s 2 —— GSFLOW simulated
o
= D
s 5 / \\
g =3 150 l
28 A b
=2
% 5 100
o 0
s %0
D.J\{ \\' h./l | \\‘
1,000 : :
= » ’-
o
§ S 100 ,A‘ z, S
g 2 7 S 7 N
S 3 7 NN
O o
'i B 10 \. _/ \‘
£ q‘T’ 7 LN —f ‘}
S35 o< g
§ 3 1 =@ MWCW measured
£ —@— GSFLOW simulated
0.1 \ \ \ \ \ \
Oct-06 Jan-07 Apr-07 Jul-07 Oct-07 Jan-08 Apr-08
= i
§ 1,000 =— L MWCW measured — D:
& — GSFLOW simulated —— —
’g,_ I N R R
@
£ —a
-_g ‘\\\
> N ~
2 ISR
@ 10 \“‘\
<4 —==
© T~
= N
[ N
2 ]
=]
[ oy 1 \ —I
©
(3]
1]
>
‘©
a
0.1
02 05 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99.8

Percent of time indicated valued was equaled or exceeded

Figure 24. Comparison of simulated and measured streamflows at the Mark West Creek near Windsor (MWCW) streamgage,
11465500, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 2006—10: A, daily

mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.

115



116 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

6,000 T T T T T T T T T T T T T T 1

5,000 MWCM measured

—— GSFLOW simulated

4,000

3,000

2,000

3-day average streamflow,
in cubic-feet per second

1,000

0
1,600

1,400 === MWCM measured

1,200 —@— GSFLOW simulated

1,000

800

i

600

400

Monthly streamflow,
in cubic-feet per second

200

0

Monthly streamflow,
in cubic-feet per second

| ==@l= MWCM measured

—@— GSFLOW simulated

T T T T T T T T T ]

Oct-05 Apr-05 Oct-06 Apr-06 Oct-07 Apr-08 Oct-08 Oct-09

10,000

Apr-09

Apr-10 Oct-10

MWCM measured
—— GSFLOW simulated

1,000

U

100

Daily mean discharge, in cubic-feet per second

0.1

02 05 5 10 20 30 40 50 60 70 80 90

Percent of time indicated valued was equaled or exceeded

95

Figure 25.

99 99.8

Comparison of simulated and measured streamflows at the Mark West Creek near Mirabel Heights (MWCM) streamgage,

11466800, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 2006—10: A, daily

mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 26. Comparison of simulated and measured streamflows at the Laguna de Santa Rosa at Stony Point Road near Cotati (LAGC)
streamgage, 11465680, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
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The testing results for the COLL streamgage indicated a
slight improvement for daily mean and monthly mean stream-
flows, with an NMSE value of 0.77 for daily mean stream-
flows and 0.83 for monthly mean streamflows (table 12) com-
pared with calibration results of 0.73 and 0.77, respectively
(table 11). The fit to the lowest streamflows at streamgage
COLL for the testing period was similar to the results obtained
for the calibration period, with the SRPHM underestimating
most streamflows (fig. 27C). Streamflows less than 0.01 ft¥/s
at COLL were reproduced by the SRPHM, with measured and
simulated streamflows both indicating streamflows less than
0.01 ft¥/s about 30 percent of the time (fig. 27D).

For the LAGS streamgage, the overall daily stream-
flow statistic was still fair; the NSME value of 0.68 was
slightly greater than it was for the calibration period (0.64;
tables 11, 12). Although the monthly NSME value and the
daily and monthly PAEE values increased slightly from the
calibration period, overall, these values still were consid-
ered very good (tables 11, 12). Testing results for the LAGS
streamgage indicated a good overall model fit to high and low
streamflows (fig. 284—C). The flow-duration curve showed
that the frequency and magnitude of high flows were well
represented, but there was a tendency to underestimate the low
streamflows (fig. 28D). As with the COLL streamgage, the
SRPHM simulated the occurrence of zero streamflows well;
zero flows were simulated about 3 percent of the time by the
SRPHM compared with about 4 percent of the time for mea-
sured streamflows (fig. 28D).

The testing results for the SRCU and SRCW streamgages
indicated a good or very good model fit to daily mean
streamflow and a very good or excellent fit to monthly
mean streamflow (table 12). The hydrographs for daily and
monthly streamflows for the SRCU streamgage indicated a
generally good fit (figs. 294, 29B); however, the SRPHM
underestimated monthly and daily streamflows less than
10 ft¥/s (fig. 29C, 29D). The hydrographs for the SRCW gage
showed a good overall fit to daily mean and monthly mean low
flows and peak flows (fig. 304—C). The testing results showed
a good fit for the daily mean and monthly mean streamflows to
the measured flows greater than 10 ft*/s; however, flows below
10 ft*/s were overestimated (fig. 30D).

Testing of the MWCM streamgage showed a slightly
poorer fit compared with calibration results, with an over-
all statistic of fair for both daily mean and monthly mean
streamflows (table 11, 12). The testing results for the extended
record for the MWCM gage indicated a satisfactory fit, with
an NSME of 0.64 for daily mean streamflows and 0.88 for
monthly mean streamflows (table 12). The hydrograph of
3-day average of daily mean streamflows indicated a good
match of the simulated streamflows to the timing and mag-
nitude of the highest flows in the extended record; however,
many of the simulated intermediate high flows overestimate
the extended record (fig. 314). The hydrographs of monthly
mean streamflows (figs. 318, 31C) indicated a satisfactory
match between the simulated streamflows and extended
record, with generally a good match to the low flow and high
flow periods. The timing of the four wettest months in the
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extended record was well represented by the simulated results;
however, the SRPHM overestimated the magnitude of the
streamflows for these months. The monthly mean streamflows
of 10 ft*/s and less were well represented for the first half of
the testing period (water years 1976-89); however, there was
a tendency to overestimate the lowest streamflows during the
second half of the testing period (fig. 31C). The flow-duration
curves indicated a satisfactory match to extended-record daily
flows of about 10 ft*/s and higher, which occurred 70 percent
of the time; however, the SRPHM had a tendency to over-
estimate streamflows less than 6 ft*/s, which occurred about
20 percent of the time at the MWCM streamgage (fig. 31D).

Comparison of Simulated and Measured Annual
Streamflow

Annual mean streamflow hydrographs also were used
to compare results between measured and simulated stream-
flows for both calibration and testing periods (fig. 32). For the
LAGC streamgage, the SRPHM had a tendency to overes-
timate annual-mean measured streamflows, resulting in an
increase in estimation bias in the testing period compared
with the calibration period (fig. 324), which could have
been caused by differences in land use between the testing
period and the calibration period (for example, a change in
urbanization).

Results for the COLL streamgage showed a small
improvement in the match between simulated and measured
annual mean streamflows for the testing period compared with
the calibration period (fig. 32B). The simulation results under-
estimated the measured streamflows for 5 of the 6 water years
for both the calibration and testing periods.

Results for the LAGS streamgage generally showed a
reasonable match between simulated and measured annual
mean streamflows for the calibration and testing periods
(fig. 32C); however, the high measured streamflow in water
year 2008 was underestimated by the SRPHM.

Results for streamgages SRCW and SRCU showed a
good match between measured data and simulated results
(fig. 32D, 32F).

For the MWCM streamgage, the SRPHM tended to
overestimate the extended-record streamflows (fig. 32F);
however, the difference between simulated and the extended-
record annual mean streamflows was less in years approaching
the calibration period (water years 2003—05). Although the
SRPHM overestimated streamflows for most water years prior
to water year 2003, there was a good match for the highest and
lowest annual mean streamflows. The tendency of the model
to overestimate streamflows for the testing period could be
explained by the inability of the SRPHM to represent chang-
ing watershed characteristics through time. For example, the
amount of impervious land area derived from the 2001 land-
use data could cause an overestimation of impervious land
area for the earlier simulation period, which, in turn, would
cause an overestimation of simulated flows for that period.
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Figure 29. Comparison of simulated and measured streamflows at the Santa Rosa Creek near Santa Rosa (SRCU) streamgage,
11465800, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 1966-70: A, daily

mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 30. Comparison of simulated and measured streamflows at the Santa Rosa Creek at Willowside Road near Santa Rosa (SRCW)
steamgage, 11466320, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years
1999-2004: A, daily mean; B, monthly mean; C, monthly mean at logarithmic scale; D, flow duration for daily mean streamflow.
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Figure 31. Comparison of simulated and estimated streamflows at the Mark West Creek near Mirabel Heights (MWCM) streamgage,
11466800, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California, water years 1976-2005: A,
moving 3-day average; B, monthly mean; C, monthly mean at logarithmic scale; D, flow-duration for daily mean streamflow.
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Figure 32. Annual mean streamflows for the calibration and testing periods for the Santa Rosa Plain Hydrologic model, Santa Rosa
Plain watershed, Sonoma County, California, for the following streamgages: A, Laguna de Santa Rosa at Stony Point Road near Cotati
(LAGC); B, Colgan Creek near Santa Rosa (COLL); C, Laguna de Santa Rosa near Sebastopol (LAGS); D, Santa Rosa Creek near Santa
Rosa (SRCU); E, Santa Rosa Creek at Willowside Road near Santa Rosa (SRCW); F, Mark West Creek near Mirabel Heights (MWCM).



SRCU annual streamflow,
in cubic-feet per second

SRCW annual streamflow,
in cubic-feet per second

MWCM annual streamflow,
in cubic-feet per second

Figure 32.

40

35

25

20

200

TESTING CALIBRATION D
0 Measured I Measured
30 m GSFLOW M GSFLOW
EI I I I i I I I . I I I i I I I I
1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970
I I I I I I I E

180 —

160

140

120

100

80

60

40

20

900

800

700

600

500

400

300

200

100

0

Assessment of Model Fit

TESTING CALIBRATION
[ Measured I Measured
m GSFLOW M GSFLOW

||”||‘|I|E

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

rrrrrrrrrrrr+r+r+rrrrrrrrrrr II_-
TESTING CALIBRATION
[0 Estimated I Estimated

m GSFLOW M GSFLOW

986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
Year

1976 1978

—Continued

125



126

Calibration to Groundwater Levels

The spatial and temporal variability in the simulated
hydraulic heads is dependent on system hydrologic stresses
and hydraulic properties. For the SRPHM calibration to
measured groundwater levels, simulated hydraulic heads were
compared with measured groundwater levels from 83 wells
for model-fit statistics; the hydrographs shown for 38 of these
wells (locations shown in fig. 1B) are considered key wells for
adequately representing the system spatially and temporally.

Simulated hydraulic heads were compared directly with
measured groundwater levels if the wells were perforated in
a single model layer. For wells perforated within multiple
model layers, MF-NWT calculated a composite, simulated-
equivalent hydraulic head by using the hydraulic-head
observation (HOB) package (Hill and others, 2000), which
is a function of the simulated hydraulic heads and hydraulic
properties of the perforated model layers. Measures of model
fit for the groundwater component presented herein include
the following:

* Model-fit statistics for residuals (the difference
between measured groundwater levels and simulated
hydraulic heads), including the average, median,
minimum, maximum, root mean square error (RMSE),
and normalized RMSE (NRMSE).

* Plotting measured groundwater levels against simu-
lated hydraulic heads and residuals against simulated
hydraulic heads.

* Spatial distributions of maximum and minimum
residuals with measured groundwater-level contours
and simulated hydraulic-head distribution for water
year 2007.

The NRMSE is calculated by dividing the root mean
square error (RMSE) of the residuals by the total range in
measured groundwater levels in the groundwater system

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

(Anderson and Woessner, 1992). The value is expressed as

a percentage and previous studies (Drost and others, 1999;

Ely and Kahle, 2012) indicated that this should be less than

10 percent to be acceptable. Lesser values of RMSE and
NRMSE indicate improved model fit; however, greater RMSE
values are considered acceptable where measured groundwater
levels fluctuate over a wide range and NRMSE values are low.
This is because a simulated head represents an average over
the area of the cell, whereas measured water levels represent
the head in a well. If the well has a pump in it, or is near a
pumped well or other form of hydrologic stress, the response
in the well is greater than the average response over the area of
a cell containing that well.

When plotting simulated hydraulic heads against mea-
sured groundwater levels, all the points would lie on the 1:1
correlation line if the SRPHM results matched the measured
data perfectly. Similarly, when plotting the residuals against
simulated hydraulic heads, all the points would be at zero if
the SRPHM results matched the measured data perfectly.

Comparison of Measured Groundwater Levels
and Simulated Hydraulic Heads

The NRMSE for the SRPHM, calculated by using all
6,361 groundwater-level measurements used for calibration,
was 4.4 percent. The RMSE for the Cotati-N MSU was the
greatest, but the NRMSE was the smallest (table 13). The
greater RMSE was considered acceptable because of the
wide range in measured groundwater levels (about 373 ft) in
this MSU. Although the NMRSE values were greater than
10 percent for the Rincon-Kenwood, Windsor, Wilson Grove,
and Santa Rosa MSUs, they were reasonably close and were
acceptable for the intended use of this model. Although the
Bennett Valley-plain MSU had the lowest RMSE value, it
had a high NRMSE value influenced by the narrow range in
measured groundwater levels (about 25 ft).

Table 13. Summary of model-fit statistics for model storage units in the Santa Rosa Plain hydrologic model, Santa Rosa Plain

watershed, Sonoma County, California.

[Residual: (residual = measured water level — simulated head)]

Normalized root

Model Average Median Mmlm_um Max!n_lum Root mean mean square  Number Number
. . negative positive square error
storage residual residual . . error of of
. residual residual (RMSE)
unit (feet) (feet) (NMRSE) wells measurements
(feet) (feet) (feet)
(percent)

Windsor -10 —11 -61 44 22 13 24 1,486
Santa Rosa 4 7 -85 45 21 14 24 1,387
Cotati-N -28 -26 -160 48 35 9 14 1,561
Cotati-S 12 8 —44 64 26 13 4 772
Wilson Grove 16 6 -72 136 34 13 10 880
Bennett Valley—plain -5 -6 -11 4 6 25 3 103
Rincon-Kenwood -6 -6 -30 49 13 11 2 97
Bennett Valley= -5 2 -35 32 20 41 2 75

mountains




The composite equivalent simulated hydraulic heads are
plotted against the measured groundwater levels in figure 334.
All but two of these wells are located within the Windsor,
Santa Rosa, Cotati-north, Cotati-south, and Sebastopol MSUs.
These two wells, 6N/7W-3D1 and 6N/7W-3M1, are located in
the Bennett Valley-mountain MSU (fig. 1B) and are the only
wells with available data for the uplands. Overall, measured
groundwater levels and simulated hydraulic heads above mean
sea level (zero on the x-axis) generally followed a 1:1 cor-
relation line (fig. 334). Groundwater levels below mean sea
level were overestimated by the SRPHM, likely because of
underestimation of rural pumping in some parts of the SRPW.
The SRPHM generally overestimated measured groundwater
levels in the Cotati-N, Bennett Valley-plain, and Rincon-
Kenwood MSUs and underestimated the measured data in the
Cotati-S and Bennett Valley-mountains MSUs. Most measured
groundwater levels and simulated hydraulic heads for the
Windsor, Santa Rosa, and Wilson Grove MSUs followed the
1:1 correlation line, although some measured groundwater lev-
els were underestimated for the Wilson Grove MSU, and some
were overestimated for the Santa Rosa MSU (fig. 334).

The SRPHM residuals are plotted against the compos-
ite simulated groundwater levels in figure 34B. If residuals
are randomly distributed about zero, there is no bias in the
simulated values (Hill, 1998). In general, the plot showed the
residuals distributed around zero. The greater number of resid-
uals less than zero, however, indicated the overall tendency
of the SRPHM to overestimate measured groundwater levels.
The residuals for the simulation period showed that 58 percent
of the simulated hydraulic heads were greater than measured
groundwater levels by a median residual value of about —17 ft;
42 percent of simulated hydraulic heads were less than mea-
sured groundwater levels by a median residual value of about
16 ft. For the Windsor, Cotati-N, Bennett Valley-plain, and
Rincon-Kenwood MSUs, about 75, 83, 91, and 76 percent,
respectively, of the residuals plotted below zero, indicating
simulated hydraulic heads were greater than the measured
value. Simulated hydraulic heads in these areas, in particular,
were high. About 68, 55, and 66 percent of the residuals for
the Santa Rosa, Cotati-S, and Wilson Grove MSUs, respec-
tively, plotted above zero (fig. 33B), and simulated hydraulic
heads were, on average, less than the measured value. About
52 percent of the residuals for the Bennett Valley-mountains
MSU plotted below zero (fig. 33B), indicating the SRPHM
slightly overestimated measured groundwater levels. The
medians and other model-fit statistics for these MSUs are
given in table 13.

The distribution of the maximum and minimum residu-
als for simulated hydraulic heads and measured groundwater
levels in each MSU indicated a general spatial bias in the
SRPHM results (fig. 35; table 13). For example, in the Bennett
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Valley-plain MSU, the SRPHM slightly overestimated mea-
sured groundwater levels, but there was a good fit, as indicated
by the comparatively small maximum and minimum residuals
for each well. SRPHM overestimated measured groundwater
levels predominantly in the Cotati-N and the southern part of
the Santa Rosa MSUs (fig. 34B). In the Windsor and northern
part of the Santa Rosa MSUs, the SRPHM also overestimated
measured groundwater levels, but by a lesser amount. In

the Wilson Grove MSU, SRPHM generally underestimated
measured groundwater levels (fig. 344, 34B). In the Cotati-S
MSU, the SRPHM both overestimated and underestimated
measured groundwater levels in similar proportions (fig. 344,
34B).

Spatial Distribution: Water Year 2007

For simulated hydraulic heads to be acceptable, the
distribution of simulated hydraulic heads and gradients are
proximate those measured. For this comparison, water-level
contours for 2007 from Sweetkind and others (2013) were
used. The simulated hydraulic heads for model layer 1 in
the SRPW and groundwater-level contours for spring 2007
(Sweetkind and others, 2013) are shown in figure 35.

Contours of the simulated hydraulic heads in layer 1 in
the SRP, Bennett Valley, Rincon Valley, and Kenwood Valley
for spring 2007 were consistent with the measured ground-
water-level contours in most places; the primary directions of
groundwater movement were consistent (fig. 35). The simu-
lated hydraulic heads for spring 2007 for model layer 1 ranged
from 414 ft in Kenwood Valley to 36 ft in the vicinity of the
confluence of Mark West Creek and the Laguna de Santa
Rosa. The measured groundwater-levels showed a pumping
depression on the east side of the Sebastopol fault in the vicin-
ity of the city of Sebastopol; the simulated hydraulic heads in
this area were consistent with depressed groundwater levels;
however, the simulated area of the depression indicated by the
60-ft contour was much larger. Uncertainty in location (areally
and vertically) and amount of pumpage likely contributed to
this discrepancy. In the uplands, the simulated hydraulic heads
ranged from 1,830 ft above mean sea level in the Mayacmas
Mountains, near the watershed boundary, to 13 ft below mean
sea level in the west-central part of the Sonoma Mountains.
The lowest values of hydraulic head in the uplands were likely
the result of overestimating pumpage from comparatively
low-permeability units. The distribution of residuals for simu-
lated hydraulic heads and measured groundwater levels at the
22 wells used for constructing the measured water-level con-
tours (fig. 35) indicated there were eight values between —5 ft
and 5 ft (inclusive). The maximum residual for the 22 wells
was 34 ft, indicating a reasonable fit of simulated hydraulic
heads to measured groundwater-levels, overall, for this period.
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Figure 33. Composite simulated equivalent groundwater levels from the Santa Rosa Plain hydrologic model, Santa Rosa Plain
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Simulated Hydrographs

Simulated and measured groundwater levels for selected
wells by MSU are shown in figures 36 to 41. The wells were
selected to represent temporal variations (water-level trends
that extend through the entire model period, inter-annual varia-
tions, and seasonal fluctuations) as well as areal and vertical
coverage. Specific aspects are discussed for each hydrograph
by MSU in the following sections.

While the SRPHM generally simulated measured water
levels reasonably, simulated hydraulic heads were both overes-
timated and underestimated in the study area. Mismatches
between simulated heads and measured water levels can
be attributed to overestimation or underestimation of rural
pumpage, local variability in hydraulic properties that are not
reflected in the model, and uncertainty in the model input used
to calculate recharge in the SRPHM (for example, unknown
changes in land use and uncertainty in the spatial distribu-
tion of precipitation). For the shallower parts of the system,
seasonal changes in water levels were more challenging to
match because the measured response at a well was compared
with the simulated response averaged over the area of a model
grid cell.

Windsor Model Storage Unit

The simulated and measured hydrographs of the
Windsor MSU calibration wells are shown in figure 36.

Well 8N/9W-13A2 is in the north-central part of the Windsor
MSU (fig. 1B) and is perforated in model-layers 1 and 2.
Although the seasonal variations were well simulated, the
inter-annual variation in the simulated hydraulic heads in both
layers 1 and 2 were less than the measured heads (fig. 364).
The simulated hydraulic heads in layer 2, which has low
hydraulic conductivity in this MSU, generally followed the
inter-annual variation of the measured groundwater levels and
generally tracked the measured data; however, between water
years 1986 and 1992, the simulated hydraulic heads showed
little change, while the measured groundwater levels tended

to increase. Conversely, after water year 1994, the simulated
hydraulic heads showed a slight decline,while the measured
groundwater levels did not. The trend toward decreasing levels
for the simulated hydraulic heads could be the result of overes-
timation of rural pumpage or underestimation of recharge in
this area.

Well 8N/9W-15B1 is in the vicinity of the Russian River
general-head boundary (fig. 1B) and is perforated in layer 3.
The simulated hydraulic heads in layer 3 followed the seasonal
fluctuations of the measured groundwater levels, although with
greater magnitude in some years (fig. 36B). The simulated
hydraulic heads were not completely consistent with the inter-
annual variation shown in the measured groundwater levels,
which responded to wet years (water years 1983 and 1986)
and dry years (water years 1987-1992).
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Wells 8N/8W-29C3 and 20Q1 are near the boundary
between the Windsor and Mayacmas Mountains MSUs
(fig. 1B). Well 29C3 is perforated in layer,1 and well 20Q1 is
perforated in layers 1—4. The simulated hydraulic heads for
well 29C3 generally were higher and showed less seasonal
fluctuations than the measured groundwater levels, and weakly
followed the overall increasing trend of from 1986 to 2010
that is evident in the measured data (fig. 36C). The simulated
hydraulic heads in all four layers for well 20Q1 generally
followed the inter-annual variation and seasonal fluctuations
of the measured groundwater levels (fig. 36D). The measured
groundwater levels fell within the range of simulated hydraulic
heads in layers 1-4, indicating a reasonable match (fig. 36D).

Wells 8N/OW-26L1 and 8N/9W-22R1 are in the south-
western part of Windsor MSU (fig. 1B). Well 26L1 is per-
forated in layer 3, and well 22R1 is perforated in layer 2.
Simulated hydraulic heads in both wells generally followed
the trend and seasonal fluctuations of the measured groundwa-
ter levels (fig. 36F, 36F). The simulated seasonal fluctuations
for well 8N/OW-26L1 were greater than those in the measured
data (fig. 36E). Prior to water year 1997, the simulated hydrau-
lic heads for well 8N/9W-22R1 were slightly lower than the
measured groundwater levels (fig. 36F).

Well 8N/8W-32M1 is in the south-central part of the
Windsor MSU (fig. 1B) and is perforated deep in the system
in model layer 4. The simulated hydraulic heads generally
followed the measured groundwater levels. The seasonal highs
in the simulated hydraulic heads were about 25 ft lower than
the measured groundwater levels, however, and the seasonal
fluctuations were greater in magnitude than in the measured
data (fig. 36G). This indicates that rural pumpage in the vicin-
ity of this well could have been overestimated, the storage and
hydraulic properties were underestimated, or both.

Wells 8N/OW-36N1 and 8N/9W-36P1 are in adjacent
cells in the western part of the Windsor MSU, just south of
Mark West Creek (fig. 1B). Well 36N1 is perforated in the
shallow system (layer 1), and well 36P1 is perforated much
deeper in the system (layer 7; figs. 36H, 361, respectively).
The measured data indicated that the shallow system had
groundwater levels about 50 ft higher than in the deep system.
The SRPHM generally underestimated the vertical gradient
between these two wells, particularly prior to water year 1995
(figs. 36H, 361). The simulated hydraulic heads in well 36N1
were in agreement with measured groundwater levels and
followed the seasonal fluctuations (fig. 36H). The simulated
hydraulic heads in well 36P1 followed the seasonal fluctua-
tions of the measured groundwater levels, but were higher
than the measured data. After water year 1998, the simulated
hydraulic heads matched the measured data better because of
the reduction in rural pumpage for this period, but were still
higher than measured levels (fig. 36/). During water years
1975-98, the simulated hydraulic heads were higher than they
were after water year 1998, indicating that the estimated rural
pumpage was likely to have been too low for the earlier period
in the vicinity of this well.
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Figure 36. Measured and simulated hydraulic heads for wells in the Windsor model storage unit of the Santa Rosa Plain hydrologic
model, Santa Rosa Plain watershed, Sonoma County, California: A, 8N/9W-13A2; B, 8N/9W-15B1; C, 8N/8W-29C3; D, 8N/8W-20Q1; E,
8N/9W-26L1; F, 8N/9W-22R1; G, 8N/8W-32M1; H, 8N/IW-36N1; /, 8N/9W-36P1; J, TN/BW-3L1; K, TN/8W-24L1; and L, 7N/8W-8M1.
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Figure 38. Measured and simulated hydraulic heads for wells in the Cotati-north model storage unit of the Santa Rosa Plain hydrologic
model, Santa Rosa Plain watershed, Sonoma County, California: A, 6N/7W-17G1; B, 6N/8W-13L1; C, 6N/8W-15J3; D, 6N/8W-15R1; E,
6N/8W-27H1; F, 6N/8W-22R1; and G, 6N/7W-30C1.
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Figure 39. Measured and simulated hydraulic heads for wells in the Cotati-south model storage unit of the Santa Rosa Plain hydrologic
model, Santa Rosa Plain watershed, Sonoma County, California: A, 6N/8W-25F1; B, 6N/8W-26L1; and C, 6N/7W-30R1.



142 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

Wilson

® Measured water level

Simulated hydraulic head Grove
e Model layer 1

Water-level elevation, in feet

-50
1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 20102012

200
B

Measured water level
Simulated hydraulic head

150 Model layer 1
= Model layer 2
2
£
= 100
=
©
>
[«b]
)
E 50
@
@
©
= 0
h 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 20102012
c 200
Measured water level
Simulated hydraulic head
150 Model layer 2
- Model layer 3
E Model layer 4
= Model layer 5
< 100
2
©
>
[«}]
)
© 50
>
@
@
©
= 0

1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 20102012
Water year

Figure 40. Measured and simulated hydraulic heads for wells in the Wilson Grove model storage unit of the Santa Rosa Plain
hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, 7N/9W-15K1; B, 7N/9W-26P1; C, 6N/9W-1MS3;
D, 6N/8W-7P2; and E, 6N/8W-18C1.
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Figure 41. Measured and simulated hydraulic heads for wells used in the Santa Rosa Plain hydrologic model, Santa Rosa Plain
watershed, Sonoma County, California: A, 7N/7W-6H2 in the Rincon-Kenwood model storage unit (MSU); B, 7N/7W-9P1 in the Rincon-
Kenwood MSU; C, 7N/7W-19B1 in the Bennett Valley-plain MSU; D, 6N/7W-3D1 in the Bennett Valley-mountain MSU; and E, 6N/7W-3M1
in the Bennett Valley-mountain MSU.
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Wells 7N/8W-3L1 and 7N/8W-24L1 are in the south-
eastern part of the Windsor MSU, and well 7N/8W-8M is
in the southwestern part (fig. 18). Well 7N/8W-3L1, near the
boundary between Windsor and Mayacmas Mountains MSUs,
is perforated in model layers 1 and 2. The simulated hydraulic
heads for both layers had inter-annual variation that was not
evident in the measured data (fig. 36J). Well 7N/8W-24L1 is
near the Rogers Creek fault, where it crosses the Santa Rosa
Creek floodplain, and is perforated in model layer 3. The
simulated hydraulic heads in this well were about 40 ft lower
than the measured groundwater levels and had a slight trend
downward not evident in the measurements. The seasonal
fluctuations were small for simulated hydraulic heads as well
as measured groundwater levels (fig. 36K). Well 7N/8W-8M 1
is near the Trenton Ridge fault and is perforated in model
layer 3. The simulated hydraulic heads generally followed the
seasonal fluctuations of the measured groundwater levels and
their general trend until about 1996. The simulated hydraulic
heads declined somewhat more than the measured data after
water year 1996 (fig. 36L); however, the overall fit to mea-
sured groundwater levels was good.

Santa Rosa Model Storage Unit

The locations of calibration wells in the Santa Rosa MSU
are shown in figure 1B, and their hydrographs are shown in
figure 37. Well 7N/8W-21J1 is in the north-central part of
the MSU in the vicinity of the Trenton Ridge fault and is
perforated in model layer 3. The simulated hydraulic heads
generally followed the inter-annual variation and seasonal
fluctuations of the measured groundwater levels until about
2008 (fig. 374). After 2008, there was a trend for the simu-
lated hydraulic heads to decline slightly, while the measured
groundwater levels tended to rise (fig. 374).

Wells 7N/8W-29M2 and 7N/8W-30K1 are adjacent
to each other in the western part of the Santa Rosa MSU
(fig. 1B). Well 7N/8W-29M2 is perforated in layer 1, and well
7N/8W-30K1 is perforated in layers 2 and 3. The simulated
hydraulic heads for well 7N/8W-29M2 generally followed the
trend and inter-annual variations of the measured groundwater
levels; although, the magnitude of the seasonal fluctuations in
the simulated hydraulic heads was less than for the measured
data (fig. 37B). The seasonal fluctuations and inter-annual vari-
ation in the simulated hydraulic heads generally matched the
measured data for well 7N/8W-30K1 (fig. 37C). The measured
and the simulated hydraulic heads for this well both showed
a similar general decline; the rate of decline in the simulated
hydraulic heads slightly exceeded the decline observed in the
measured data after water year 2003 (fig. 37C).

Well 7N/8W-35K1 is in the eastern part of the Santa
Rosa MSU (fig. 1B) and is perforated in layer 3. The seasonal
fluctuations and the inter-annual variations from about water
year 1990 to about water year 2005 in the simulated hydraulic
heads followed the measured groundwater levels; however,
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overall, the simulated hydraulic heads tended to decrease,
but there was no downward trend for the measured ground-
water levels (fig. 37D). The simulated hydraulic heads were
as much as 40 ft lower than the measured groundwater levels
(fig. 37D).

Wells 6N/8W-7A2 and 6N/8W-4Q1 are in the west-
central and central parts of the Santa Rosa MSU, respectively
(fig. 1B). Well 6N/8W-7A2 is perforated in layers 6 and 7.

It is evident that between water years 1982 and 1990, rural
pumpage was overestimated in this area, as indicated by the
greater magnitude of seasonal fluctuations and the downward
trend not observed in the measured data during this period.
Prior to water year 1989, the trend in the measured data was
upward, but the simulated hydraulic heads slightly decreased
(fig. 37E). The simulated hydraulic heads in well 6N/8W-4Q1
showed similar seasonal fluctuations to the measured data, but
generally were slightly above the highest measured groundwa-
ter levels (fig. 37F). The simulated hydraulic heads generally
followed the general trend in the measured groundwater levels
after water year 1991 (fig. 37F).

Cotati-North Model Storage Unit

The locations of the Cotati-north MSU calibration wells
are shown in figure 1B. Well 6N/7W-17G1 is in the eastern
part of the Cotati-north MSU near the boundary with the
Sonoma Mountains MSU (fig. 1B) and is perforated in layers
3 and 4. Measured groundwater levels were erratic, having a
range of about 170 ft; the SRPHM matched the highest mea-
sured values, but the simulated values showed little seasonal
variability (fig. 384). The abrupt decrease and subsequent
increase in measured groundwater levels between water years
1985 and 1989 were the result of local rural pumping. Simu-
lated hydraulic heads did not capture this change; however, the
simulated results did reflect the flat trend in the measured data
since the mid-1990s. The abrupt change in simulated hydraulic
heads in 1997 was the result of an abrupt change in estimated
pumpage that was most likely more gradual than depicted by
the model.

Well 6N/8-13L1 is in the north-central part of the MSU
(fig. 1B). The magnitude of seasonal fluctuations in the mea-
sured data was greater than those in the simulated hydraulic
heads. The larger fluctuations in measured groundwater levels
indicate that withdrawals were greater than estimated, storage
and hydraulic properties were too high, or both. The simulated
hydraulic heads approximated the magnitude of the drawdown
from water years 1976 to 1990, the downward trend from
the early 1970s to the mid-1980s, and the recovery of the
measured groundwater levels from water years 1999 to 2003
(fig. 38B); however, the simulated hydraulic heads generally
were higher than the measured groundwater levels.

Wells 6N/8W-15J3 and 6N/8W-15R1 are in the north-
western part of the Cotati-north MSU (fig. 1B). Well 6N/8W-
15J3 is perforated in layer 1, but the perforated interval for



well 6N/8W-15R1 was not reported. However, the total depth
of well 6N/8W-15R1 is 820 ft, and the trend of decline in

the measured groundwater levels was consistent with the
trend in measured groundwater levels in well 6N/8W-13L1
(fig. 38B), which is perforated in layers 3 and 4; therefore, it
was assumed that well 15R1 is perforated at similar depths.
The simulated hydraulic heads in well 6N/8W-15J3 followed
the general trend and inter-annual variations of the measured
groundwater levels, providing a good fit to the measured data.
The simulated hydraulic heads and measured groundwater
levels rose sharply after water year 2003 because nearby rural
pumping was determined to have stopped for that period

(fig. 38C). The simulated heads for well 6N/8W-15R1 fol-
lowed the general trend and the magnitude of the seasonal
fluctuations of the measured groundwater levels (fig. 38D).
The trend in the measured groundwater levels for both wells
indicated a long-term decline from pumping, followed by
recovery after water year 2003. The good fit of the magnitude
of the measured groundwater levels for both wells indicated
that the SRPHM also simulated the vertical gradient in the
vicinity of these two wells.

Wells 6N/8W-27H1 and 6N/8W-22R1 are in the western
part of the Cotati-north MSU, and well 6N/8W-30C1 is in
the south-central part of the MSU (fig. 1B8). Well 27H1 is
perforated in layer 1. The simulated hydraulic heads in well
6N/8W-27H1 did not follow the overall downward trend of
the measured data between water years 1977 and late 1980s
(fig. 38E). The available land-use data (California Department
of Water Resources, 1974, 1979, 1986) did not indicate
irrigated agriculture in the vicinity of well 6N/8W-27H1 after
1977; therefore, the domestic pumpage that could account for
the decline in measured groundwater levels could have been
underestimated in this area.

Well 6N/8W-22R1 is perforated in layer 4. The simulated
hydraulic heads generally matched the general trend, inter-
annual variations, and magnitude of seasonal fluctuations of
the limited measured data; however, the simulated hydraulic
heads were about 30 ft higher than the measured groundwater
levels (fig. 38F).

Well 6N/8W-30C1 is perforated in layers 3 and 4. The
general trend, inter-annual variations, and seasonal fluctua-
tions of the simulated hydraulic heads followed the measured
groundwater levels; however, the simulated hydraulic heads
generally were higher, except during the recovery period after
water year 2004 (fig. 38G).

Cotati-South Model Storage Unit

The locations of the Cotati-south MSU calibration wells
are shown in figure 1B8. Well 6N/8W-25F1 is in the western
part of the Cotati-south MSU and is perforated in layers 2—5.
The simulated hydraulic heads in well 6N/8W-25F1 showed a
good fit to the measured data by generally following the trend,
inter-annual variations, and magnitude of the measured data
(fig. 394).
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Well 6N/8W-26L1 is in the western part of the Cotati-
south MSU and is perforated in layer 1. The simulated
hydraulic heads in well 26L1 generally were consistent with
the highest measured groundwater levels; the inter-annual
variation and seasonal fluctuations had a lesser magnitude than
observed in the measured data (fig 39B).

Well 6N/8W-30R1 is in the southeastern part of the MSU
and is perforated in layer 2. The simulated hydraulic heads in
well 6N/8W-30R1 showed a reasonable fit to the measured
data, generally following the trend and inter-annual variations
of the measured data; however, the seasonal fluctuations in
the simulated hydraulic heads were considerably smaller than
those in the measured groundwater levels (fig. 39C).

Wilson Grove Model Storage Unit

The locations of the Wilson Grove MSU calibration wells
are shown in figure 1B8. Well 7N/8W-15K1 is in the northern
part of the MSU and is perforated in layer 1. The overall trend,
inter-annual variations, and seasonal fluctuations of the simu-
lated hydraulic heads were in agreement with the measured
data (fig. 404).

Well 7N/8W-26P1 is in the central part of the MSU and
is perforated in layers 1 and 2. The flat trend for the simulated
hydraulic heads in both layers generally followed the trend for
the measured groundwater levels (fig. 40B). Despite the match
in trend, the simulated hydraulic heads were approximately
25 ft higher than measured.

Well 6N/9W-1M3 is in the south-central part of the MSU
(fig. 1B) and is perforated in layers 2—-5. The general trend in
the simulated hydraulic heads for all layers generally followed
the trend in measured groundwater levels (fig. 40C). The
measured data showed greater drawdown in some periods (for
example, water years 1997-98 and 2005) than the simulated
results, indicating that there could have been additional pump-
age nearby that was not included in the SRPHM.

Well 6N/8W-7P2 is in the vicinity of well 6N/8W-18C1,
and both wells are in the southern part of the Wilson Grove
MSU. Well 6N/8W-7P2 is perforated in layers 2 and 3, and
well 6N/8W-18C1 is perforated in layers 6 and 7. The mea-
sured groundwater-level elevations in both wells were similar,
indicating that there is very little vertical gradient between
the shallower and deeper parts of the system at this loca-
tion. The SRPHM generally simulated the vertical gradient,
the general trend, and the inter-annual variation in measured
groundwater levels for these wells, indicating a good fit to the
measured data (fig. 40D, 40F). The magnitude of seasonal
variation is underestimated in the upper part of the system
(well 6N/8W-7P2), indicating that local pumpage is underes-
timated or that the storage or hydraulic properties are too high
for this region.
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Rincon-Kenwood, Bennett Valley-Plain, And Bennett
Valley-Mountains Model Storage Units

The locations of the Rincon-Kenwood, Bennett Valley-
plain, and Bennett Valley-mountains MSU calibration wells
are shown in figure 1B. Wells 7N/7W-6H2 and 7N/7W-9P1
are in the Rincon-Kenwood MSU. Well 7N/7W-6H2 is in
the Rincon Valley and is perforated in layer 1. The simulated
hydraulic heads in 7N/7W-6H2 followed the general trend
and inter-annual variations of the measured groundwater
levels (fig. 41A4); the seasonal fluctuations were underesti-
mated. Despite the smaller seasonal fluctuations, the simulated
hydraulic heads generally were consistent with the measured
groundwater levels, indicating a good model fit for this well
(fig. 414).

Well 7N/7W-9P1 is in the Kenwood Valley (fig. 1B) and
is perforated in layer 3. The measured inter-annual variations
and seasonal fluctuations were much greater than those simu-
lated (fig. 41B). The general trend of the measured data was
upward, which also was not reflected by the simulated hydrau-
lic heads (fig. 41B). After water year 2001, SRPHM slightly
underestimated measured groundwater levels.

Well 7N/7W-19B1 is in the Bennett Valley-plain MSU
(fig. 1B) and is perforated in layer 1. The simulated hydraulic
heads were slightly higher than the measured groundwa-
ter levels, but the overall fit to the measured data was good
(fig. 41C). There was little seasonal variation in the simulated
hydraulic heads or measured groundwater levels.

Wells 6N/7W-3D1 and 6N/7W-3M1 are in the Bennett
Valley-mountains MSU (fig. 1B). Both wells are perfo-
rated in layer 1. Both the simulated hydraulic heads and
measured groundwater levels showed a downward trend
for well 6N/7W-3D1; however, the magnitude of the inter-
annual variations between water years 1980 and 2001 was
greater in the measured data than in the simulated hydraulic
heads (fig. 41D). After water year 2001, the hydraulic heads
generally were consistent with the measured groundwater
levels (fig. 41D). The simulated hydraulic heads for well
6N/7W-3M1 showed a slight downward trend, compared with
the flat trend in the limited, measured groundwater levels. The
simulated hydraulic heads were about 20-25 ft higher than
measured groundwater levels (fig. 41E). These wells are the
only wells in the uplands with available data; hydraulic heads
were not simulated accurately for either well. Improved hydro-
geologic information is needed in these uplands to constrain
SRPHM.

Sensitivity Analysis

Sensitivity analysis is a procedure for evaluating the
sensitivity of the model results to variations in the input
parameters. The sensitivity of parameters in the SRPHM
was determined qualitatively throughout the trial-and-error
calibration process. The SRPHM generally was sensitive to
several parameters, including the hydraulic characteristic of
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horizontal-flow barriers, horizontal and vertical hydraulic con-
ductivity, streambed conductance, and general-head boundary
conductance. The SRPHM also was sensitive to the quantity
and distribution of pumping. The SRPHM was less sensitive to
the saturated vertical hydraulic conductivity of the unsaturated
zone, specific yield, specific storage, and ET extinction depth.

Simulated hydraulic heads in the Windsor and Santa
Rosa MSUs were sensitive to the hydraulic characteristic of
the Trenton Ridge fault, and simulated hydraulic heads in the
Santa Rosa and Wilson Grove MSUs were sensitive to hydrau-
lic characteristic of Sebastopol fault. Simulated hydraulic
heads in the SRP were somewhat sensitive to the hydraulic
characteristic of the Rogers Creek fault; however, simulated
hydraulic heads in the uplands east of the fault were compara-
tively insensitive to the hydraulic characteristics. Simulated
hydraulic heads in the mountains were comparatively insensi-
tive to the hydraulic characteristic of the faults. Simulated
hydraulic heads were sensitive to horizontal hydraulic
conductivity as well as vertical anisotropy in most layers. For
example, model layer 2 is the low-conductivity layer in the
Windsor, Santa Rosa, Cotati-north, and Cotati-south MSUs;
reducing the vertical hydraulic conductivity of layer 2 during
model calibration decreased simulated hydraulic heads appre-
ciably in underlying layers.

The seasonal fluctuations in simulated hydraulic heads
in layer 1 were somewhat sensitive to specific yield; however,
the simulated hydraulic heads in all layers were compara-
tively insensitive to the specific storage. Simulated hydraulic
heads, particularly in layer 1, were somewhat sensitive to the
value and distribution of vertical hydraulic conductivity in the
unsaturated zone (intra-channel and underlying streams) and
the properties of the soil zone, which influences the distribu-
tion and quantity of recharge.

Simulated hydraulic heads in the vicinity of streams, par-
ticularly in layer 1, were sensitive to streambed conductance.
The ET extinction depth is another parameter that can influ-
ence the quantity and distribution of recharge in the vicinity of
streams; however, the SRPHM was comparatively insensitive
to this parameter.

Simulated hydraulic heads in the vicinity of general-
head boundaries were sensitive to the conductance of these
boundaries. For example, the conductance for segments of the
general-head boundary in the vicinity of wells 7N/9W-26P1
and 6N/9W-1M3 in the Wilson Grove MSU (fig. 1B) was
adjusted higher than for other segments of this boundary to
improve the match of simulated hydraulic heads to measured
groundwater levels in these wells.

The trend in simulated hydraulic heads was influenced
strongly by groundwater pumping, which was mostly esti-
mated. During model calibration, simulated hydraulic heads in
some wells showed a downward trend after about 1995, com-
pared with measured groundwater levels which had a flat or
slightly upward trend. The simulated hydraulic heads matched
the measured groundwater levels better after reducing rural
pumpage by as much as 33 percent.



Appropriate Use of the Santa Rosa
Plain Hydrologic Model

The SRPHM synthesizes current data and understanding
of the SRPW. The overall fit of the SRPHM to measured data
(streamflows and groundwater levels) was reasonable. The
purpose for developing the SRPHM was to provide a tool to
help assess potential effects of climate change in the future
and to evaluate water-management strategies. When applied
carefully, the SRPHM can be used for simulating hydrologic
responses to various changes in stresses to the groundwater
and surface-water flow systems. The potential hydrologic
response to changes in stresses can be assessed by evaluating
simulated results from management scenarios together with
the simulated results from the calibrated SRPHM.

Development of the SRPHM also was useful for
identifying key data gaps. Improvement in estimates of the
amount and distribution of groundwater pumping and collec-
tion of additional land-use, streamflow, and depth-dependent
groundwater-level data, particularly in the SRP, could improve
the accuracy of the results and reduce uncertainty in simulat-
ing future water-resource management scenarios.

In the future, the SRPHM also could be used as a plat-
form to connect the simulation of hydrologic processes with
water allocation/optimization models. The SRPHM could be
used to evaluate sub-regional water resources issues such as
proposed importation or exportation of water to or from the
hydrologic system. The relatively detailed database on lithol-
ogy coupled with water-level altitudes may make SRPHM
particularly useful for assessing artificial-recharge sites.
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Chapter E. Santa Rosa Plain
Hydrologic Model Results

By Linda R. Woolfenden and Joseph A. Hevesi

Introduction

The Santa Rosa Plain hydrologic model (SRPHM) was
used to derive components of the hydrologic budgets for water
years 1976-2010, with particular attention given to a recent
period (water years 2004—11), a dry water year (2009), and a
wet water year (2006). The SRPHM also was used to evaluate
simulated distributions of streamflow and net flux at the water
table and to assess the effects of pumping on selected hydro-
logic and groundwater-budget components. Model results
without pumping were compared with results with pumping to
determine the effects of pumping on components of the hydro-
logic budgets. Although the simulation period was water years
1975-2010, the first year (water year 1975) was considered a
“spin-up” period to allow the model to stabilize and, therefore,
was omitted in the evaluation of model results.

Simulated Hydrologic Budgets

The simulated annual hydrologic-budget components
for the SRPHM for water years 19762010 are presented in
figure 1 and table 1. Total evapotranspiration (ET), shown
in figure 1 and table 1, is the sum of ET from the soil,
unsaturated and saturated zones, evaporation from impervi-
ous surfaces (for example, highways and parking lots), and
interception evaporation from the tree canopy and low-lying
vegetation. Total streamflow is the sum of runoff, interflow,
and groundwater discharge to streams (commonly known as
baseflow). Total storage change is the sum of storage change
in the soil zone, unsaturated zone, and saturated zone and is
defined as total inflows minus total outflows.

On average, pumpage was about an order of magnitude
less than either total ET or total streamflow (fig. 14, table 1).
Precipitation was the greatest source of inflow to the Santa
Rosa Plain watershed (SRPW), while total ET and total
streamflow were the greatest outflows (fig. 1). As described
in chapter B of this report, reclaimed water was added to pre-
cipitation to account for its use on irrigated agriculture starting
in calendar year 1990. Therefore, in this report, precipitation
represents a combination of precipitation and reclaimed water.
Net boundary flows (not shown in fig. 1) were more than an
order of magnitude less than pumpage and were not an impor-
tant component of the hydrologic budget.
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Table 1. Average annual hydrologic budgets simulated with and
without pumping for the Santa Rosa Plain hydrologic model, Santa
Rosa Plain watershed, Sonoma County, California, water years
1976-2010.

Average water Average water
years 1976-2010 years 1976-2010
Inflows and . . . .
with pumping without pumping
outflows
(acre-feet per  (acre-feet per
year) year)
Inflows
Precipitation' 531,000 531,000
Total inflows 531,000 531,000
Outflows
Evapotranspiration 262,000 271,000
Streamflow 230,000 249,000
Net groundwater boundary flow 700 3,600
Pumpage 35,600 0
Total outflows 528,600 523,600
Change in total storage 2,700 7,400

(total inflow — total outflow)

Tncludes reclaimed water.

The temporal change in the simulated hydrologic budget
over a range of climatic conditions indicated that, during most
of the transient simulation period (1976-2010), precipita-
tion exceeded simulated total ET; however, during the driest
year in the simulation period (water year 1977), almost all the
precipitation was evapotranspired (as indicated by the near-
equal values of total precipitation and total ET; fig. 14), which
left a comparatively small amount of precipitation to recharge
the groundwater system. Total ET and total streamflow both
followed the annual variation and general multi-year trend of
precipitation for the period, although the variation and trends
in total ET were damped, comparatively. The budget also indi-
cated that pumpage generally (except for wet years) showed
an upward trend from water years 1976 to 2010 and was a
small percentage of the overall hydrologic budget (fig. 1). The
difference between simulated total streamflow with and with-
out pumping indicated that, on average, pumping reduced total
streamflow by about 19,000 acre-ft/yr (table 1).

Annual Variations in Evapotranspiration and
Streamflow

GSFLOW allows for a detailed analysis of hydrologic-
budget components, such as ET and streamflow. Figure 24
shows annual precipitation, average air temperature, and
potential evapotranspiration (PET). Figures 2B—D show
components of total ET, components of total streamflow, and
streambed inflows and outflows, respectively. The difference
between streambed inflow and outflow is the net gain or loss
through the streambed, which is shown in figure 2D.
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Evapotranspiration

Potential evapotranspiration (PET) is the limit of total ET
possible. Simulated annual PET, which was directly correlated
with variations in air temperature and precipitation, ranged
from a maximum of 716,000 acre-ft for water year 1984 to
a minimum of 584,000 acre-ft for water year 2010 (fig. 24).
Higher air temperature caused PET to increase, whereas more
precipitation caused PET to decrease because lower tempera-
tures were associated with the more frequent cloud cover and
greater humidity was associated with the wetter periods. Aver-
age annual air temperature ranged from a maximum of about
59.8 °F in water year 1984 to a minimum of about 56.2 °F in
water year 1999 (fig. 24).

Simulated total ET ranged from a maximum of about
325,000 acre-ft for water year 1998, the second wettest water
year in the simulation period, to a minimum of 175,000
acre-ft for water year 1977, the driest water year in the period
(fig. 2B). Differences in the timing and distribution of pre-
cipitation throughout the year also affected variations in total
ET—during winter, less frequent, but large storms resulted
in more streamflow and less ET, whereas more frequent, but
smaller storms extending into the spring months resulted in
more ET. For example, there was considerably less precipita-
tion in water years 1993 and 2005 than in water years 1983,
1995, and 1998, but total ET for 1993 and 2005 was similar to
the wetter water years (greater than 300,000 acre-ft).

Components of total ET are shown in figure 2B. Soil-
zone ET was the largest component of total ET, averaging
236,000 acre-ft/yr for the simulation period, with a maximum
0f 297,000 acre-ft for water year 2005 and a minimum of
168,000 acre-ft for water year 1977 (fig. 2B). Soil-zone ET
was also comparatively low (less than 200,000 acre-ft) for
water years 1987 and 2008 because there was very little pre-
cipitation during the warmer spring months in these drier-than-
average water years.

Similar to soil-zone ET, impervious-surface evapo-
ration was correlated to annual precipitation, averaging
9,500 acre-ft/yr for the simulation period, with a maximum
of about 15,000 acre-ft for water year 1998 and a minimum
of 6,300 acre-ft for water year 1977 (fig. 2B). Interception
evaporation averaged 6,300 acre-ft/yr, reached a maximum of
8,600 acre-ft in water year 1989, and was at its minimum of
4,700 acre-ft in water year 2008 (fig. 2B). Unlike soil-zone ET
and impervious-surface evaporation, interception evaporation
did not correlate to annual precipitation.

Saturated-zone ET (commonly known as groundwater
ET) averaged 8,500 acre-ft/yr for the simulation period, with a
maximum of 13,000 acre-ft in water year 1984 and a minimum
of 5,500 acre-ft in water year 2010 (fig. 2B). Groundwater
ET was not directly dependent on the availability of water
from precipitation, but rather on the simulated groundwater-
table elevation and residual PET, where residual PET was
calculated after soil-zone ET had taken place. The maximum
groundwater ET of 13,000 acre-ft was simulated in water year
1984 because the water table was high following a very wet
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period during water years 1982 and 1983 (figs. 24, B) and
because residual PET was comparatively high. A minimum
groundwater ET of 5,500 acre-ft was simulated for water year
2010 because the water table was low as a result of pumping
and there was comparatively low residual PET.

Unsaturated-zone ET was the smallest component of total
ET, averaging 1,600 acre-ft/yr for the simulation period, with a
maximum of 2,100 acre-ft for water year 2006 and a minimum
of 432 acre-ft for water year 1977 (fig. 2B). In contrast to
groundwater ET, unsaturated-zone ET was loosely correlated
to annual precipitation.

Streamflow

Total streamflow leaving the SRPW varied from a
maximum of about 611,000 acre-ft for the wettest water year
(1983) to a minimum of about 26,000 acre-ft for the driest
water year (1977) (fig. 2C). Despite the variation in stream-
flow discharge from the SRPW, the relative contributions of
surface runoff (overland sheet flow and focused surface flow
toward stream channels) and interflow (shallow subsurface
flow in the soil zone) to streamflow were, on average, simi-
lar for most years; the average total surface runoff, which
includes Hortonian (when the precipitation rate exceeds the
infiltration capacity of the soil) and Dunnian (when the soil is
fully saturated and precipitation cannot infiltrate) runoff rates,
was 173,000 acre-ft/yr, and the average interflow rate was
64,000 acre-ft/yr (fig. 2C).

Groundwater discharge to streams (baseflow) was
small relative to surface runoff and interflow, averaging
26,000 acre-ft/yr for water years 1976-2010 (fig. 2D). The
maximum and minimum annual groundwater discharge to
streams of 40,000 and 16,000 acre-ft occurred in water years
1983 and 1977, respectively. In wetter than average periods,
such as water years 1983—87, groundwater discharge to
streams was about 7 percent less than infiltrated streamflow
(fig. 2D). In contrast, during drier-than-normal periods, such
as water years 1989-93, groundwater discharge to streams was
about 29 percent less than infiltrated streamflow (figs. 24, D).
Infiltrated streamflow almost always exceeded groundwater
discharge to streams, as indicated by the mostly negative net
streambed gains and losses (fig. 2D).

Monthly Variations in Evapotranspiration and
Streamflow

The SRPHM also was used to evaluate the average
monthly components of total ET (figs. 34, B) and total
streamflow (figs. 3C, D). ET components that were evaluated
included interception evaporation, impervious-surface evapo-
ration, soil-zone ET, unsaturated-zone ET, and groundwater
ET (unsaturated-zone and groundwater ET are defined only
for the stream channels in the SRPHM). Components of total
streamflow that were evaluated included average monthly
distributions of surface runoff, interflow, and groundwater
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Figure 3. Average monthly results for simulated components of the Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed,
Sonoma County, California, water years 1976-2010: A, evapotranspiration at arithmetic scale; B, evapotranspiration at logarithmic scale;

C, streamflow at arithmetic scale; D, streamflow at logarithmic scale.
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discharge to streams. Surface runoff is overland flow resulting
from either high intensity rainfall or over-saturation of the soil
zone. In addition to surface runoff, interflow and groundwater
discharge to streams also contribute to total streamflow.

In general, the monthly results indicated strongly sea-
sonal variations in the simulated total ET, with the highest
average rates during March—May (figs. 34, B). Soil-zone ET
was the primary component of total ET, reaching an average
maximum of about 44,000 acre-ft in April (figs. 34, B). Aver-
age monthly groundwater ET reached a maximum of about
1,800 acre-ft in July and a minimum of 9 acre-ft in January.
Unsaturated-zone ET was less than groundwater ET because it
was limited by availability of moisture from infiltrated stream-
flow, whereas groundwater ET takes place as long as the
groundwater table is above the ET extinction depth. Impervi-
ous-surface and interception-storage evaporation were shown
to be small components of the water budget, with maximum
values in March and minimum values in July.

The monthly results for total streamflow also showed
strong seasonality, with the highest streamflows during
December—March (figs. 3C, D). Total surface runoff
(Hortonian and Dunnian runoff combined) was the dominant
streamflow component during November—April (figs. 3C, D).
Interflow also was an important component of total stream-
flow. Interflow was similar in magnitude to Hortonian and
Dunnian runoff in January—April because the soil zone
saturation levels were high as a result of winter precipitation;
after April, precipitation decreases cause the surface-water
runoff component of streamflow to decrease. In May, inter-
flow decreases rapidly as the soil zone becomes dry, and PET
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increases (fig. 34), allowing for groundwater discharge to
streams to become the dominant component of streamflow
from May through October. Groundwater discharge to streams
is fairly constant throughout the year (figs. 3C, D).

Groundwater Budgets

The simulated average groundwater (saturated-zone)
budgets were examined for the long-term (water years
1976-2010, referred to here as the long-term average), the
recent short-term conditions (water years 200410, referred
to here as the short-term average), a dry water year with
less-than-average precipitation (water year 2009; table 2),
and a wet year with greater-than-average precipitation (water
year 2006; table 2). The groundwater budget for the long-
term average (table 2) was used as a basis for comparison.
The short-term average budget and wet and dry years dem-
onstrated the hydrologic variability in the SRPW. Simulated
long-term average groundwater budgets also were examined
for selected subareas in the SRPW.

Basin-Wide Groundwater Budgets

The long-term average indicated that recharge from
streams (losing streams) was about 26 percent greater than
groundwater discharge to streams (baseflow; table 2). Average
groundwater-storage depletion (inflow minus outflow) was
about 3,300 acre-ft/year, indicating that about 9 percent of
pumpage was supplied by groundwater storage depletion.

Table 2. Average precipitation and simulated groundwater budgets for the long-term (water years 1976-2010), the recent short-term
(water years 2004-10), a wet year (water year 2006), and a dry year (water year 2009) for the Santa Rosa Plain hydrologic model, Santa

Rosa Plain watershed, Sonoma County, California.

Long-term average Short-term average  Dry water year Wet water year
1976-2010 water years  2004-10 water years (2009) (2006)

(acre-feet per year) (acre-feet per year) (acre-feet) (acre-feet)

Precipitation’ 525,000 491,000 355,000 723,000
INFLOWS
Boundary flows 7,200 7,200 7,300 7,000
Extra-channel recharge 41,000 41,700 21,500 69,700
Recharge from streams 32,400 32,900 28,100 38,700
Total inflow 80,600 81,800 56,900 115,400
OUTFLOWS

Pumpage 35,600 42,000 42,700 39,700
Boundary flows 7,900 7,600 7,100 8,300
Groundwater evapotranspiration (ET) 8,500 7,200 5,900 8,500
Surface leakage 6,100 5,200 3,100 8,100
Groundwater discharge to streams 25,800 24,600 18,900 31,400
Total outflow 83,900 86,600 77,700 96,000
Storage change (total inflow — total outflow) -3,300 —4,800 -20,800 19,400

"Does not include reclaimed water.
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For the short-term average, recharge from streams
was about 34 percent greater than groundwater discharge to
streams. Recharge from streams was about 2 percent greater
than simulated long-term average conditions; groundwater
discharge to streams (baseflow) was about 5 percent less
(table 2). The groundwater contribution to streamflow was
less for the short-term period because increases in extra-
channel recharge and recharge from streams were insuf-
ficient to compensate for the increase in pumpage, causing
groundwater levels to decline. Groundwater-storage depletion
was about 45 percent greater for water years 2004—10 than for
the simulated long-term average results, indicating that about
11 percent of pumpage was supplied by groundwater-storage
depletion for the short term.

Total annual inflow for the dry and wet years was
about 56,900 acre-ft and 115,400 acre-ft, respectively, and
total outflow for these years was about 77,700 acre-ft and
96,000 acre-ft, respectively (table 2). The reduction in
groundwater storage for the dry year (about 20,800 acre-ft)
was about six times that of the long-term average and more
than four times that of the short-term average conditions. For
the wet year, total extra-channel recharge and recharge from
streams were more than twice the total of the dry year and
about 48 and 45 percent greater than the long- and short-term
average periods, respectively. About 19,400 acre-ft was added
to groundwater storage during the wet water year (table 2).

The overall trend in the cumulative change in
groundwater storage and net stream leakage (the difference
between recharge from streams and groundwater discharge to
streams) for water years 1976-2010 indicated that as pumping
increases, net stream leakage increases, and groundwater stor-
age decreases (figs. 44, B). The simulated net stream leakage
varied slightly between wet and dry periods, but, overall, there
was an upward trend and a cumulative net stream leakage of
about 230,000 acre-ft for water years 19762010 (fig. 4B).

The simulated change in groundwater storage differed for
wet and dry years (fig. 4B). Simulation results indicated that
it is possible for the loss of groundwater storage in drier-than-
average years to offset the increases in recharge during wetter-
than-average years. Overall, however, there was a cumula-
tive groundwater-storage depletion of about 120,000 acre-ft
for water years 1976-2010. The drought during water years
197677 had the lowest average precipitation for the simula-
tion period (fig. 1), causing an increase in groundwater pump-
age (fig. 4) and a decrease in groundwater levels. Although
simulated pumpage for these 2 years was less than average for
the simulation period (about 35,600 acre-ft/yr), the depletion
in groundwater storage was greater than for any other year
in the period (fig. 4B). During the wet period of water years
1982-86, pumpage increased during water years 1984—-86
because of increases in irrigated acreage and population.

However, pumpage declined for water years 1982 and 1983,
and groundwater storage increased by nearly the same amount
as was removed from groundwater storage during the 197677
drought (fig. 4B). The cumulative groundwater storage gener-
ally increased for subsequent wet periods, but recharge during
those periods was insufficient for groundwater storage to
recover from pumping and reduced recharge during the dry
periods (fig. 4B).

Groundwater Budgets for Subareas

The SRPHM can be used to generate groundwater bud-
gets on a scale smaller than the entire watershed. The model
results are reported for subareas that correspond to selected
model storage units (MSUs), except for the Cotati-north and
Cotati-south MSUs, which were combined for simplicity
(fig. 5, table 3). The average groundwater budgets for long-
term conditions are given in table 3. These results could be
useful for assessing local groundwater-management strategies.

During the simulation period, the primary inflows were
extra-channel recharge and recharge from streams for the
Windsor, Santa Rosa, and Cotati subareas, but were extra-
channel recharge and boundary flows in the Wilson Grove
subarea. On average, streams were a net groundwater source
(losing stream reaches) in the Windsor, Santa Rosa, and Cotati
subareas and a net groundwater sink in the Wilson Grove sub-
area (gaining stream reaches). The primary outflow from the
Windsor, Santa Rosa, and Cotati subareas was pumping. For
the Windsor, Santa Rosa, and the Cotati subareas, groundwater
ET and recharge from streams also were important outflows.
Boundary flows and pumpage were the largest outflows for the
Wilson Grove subarea (table 3). During the long-term simula-
tion of the Windsor, Santa Rosa, and Wilson Grove subareas,
on average, groundwater storage was depleted. For the Cotati
subarea, inflows to and outflows from the groundwater-flow
system were balanced.

Flow between subareas can be induced by pumping or
influenced by natural flow patterns. Generally, flow between
subareas was small; however, the contribution to inflow from
the Santa Rosa subarea was about 10 percent of total outflow
for the Cotati subarea (table 3). Natural flow patterns in the
Cotati subarea generally were from east to west; hence, pump-
ing from public-supply and rural wells in the subarea likely
induces some flow from the Santa Rosa subarea to the Cotati
subarea. For the Wilson Grove subarea, the contribution to
inflow from the Wilson Grove mountains subarea was about
5 percent of total inflow (table 3). There are more than 50 rural
wells in the southern part of the Wilson Grove subarea; it is
likely that inflow from the Wilson Grove mountains subarea
results from a combination of natural flow patterns and
induced flow from pumping.
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Table 3. Simulated groundwater budgets for long-term average conditions for selected subareas in the Santa Rosa Plain hydrologic

model, Santa Rosa Plain watershed, Sonoma County, California.

[Abbreviation: —, not applicable]

Inflows and
outflows

Subareas

Windsor

1976-2010
water years average
(acre-feet per year)

Santa Rosa
1976-2010
water years average
(acre-feet per year)

water years average
(acre-feet per year)

Cotati Wilson Grove
1976-2010
water years average
(acre-feet per year)

1976-2010

Inflows
Extra-channel recharge 9,700 11,100 2,400 7,300
Recharge from streams 5,100 4,900 2,600 1,600
Boundary flow 2,000 — 10 5,100
Flow from Windsor — 100 — 100
Flow from Santa Rosa 100 — 1,900 100
Flow from Cotati — 800 — 100
Flow from Bennett Valley—plain 100 — — —
Flow from Wilson Grove 300 200 100 —
Flow from Mayacmas Mountains 800 — — —
Flow from Sonoma Mountains '0 300 900 —
Flow from Wilson Grove-mountains — — — 800
Total inflow 18,100 17,400 7,900 15,100
Outflows
Evapotranspiration 2,600 3,300 600 1,200
Pumpage 8,200 8,900 5,400 4,800
Boundary flow 2,900 — 10 5,000
Surface leakage 1,100 2,300 200 1,900
Groundwater discharge to streams 3,600 2,000 800 1,800
Flow to Windsor — 100 — 300
Flow to Santa Rosa 100 — 800 200
Flow to Cotati — 1,900 — 100
Flow to Wilson Grove 100 100 100 —
Flow to Bennett Valley—plain 200 — — —
Flow to Mayacmas Mountains 100 — — —
Flow to Sonoma Mountains 0 100 '0 —
Flow to Wilson Grove—mountains — — — 0
Total outflow 18,900 18,700 7,900 15,300
Total inflow — total outflow -800 -1,300 0 -200

"Value is less than 50 acre-feet.
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Spatially Distributed Streamflow and Net
Groundwater Flux

Streamflow

Simulated average annual streamflows for water years
19762010 ranged from a maximum of 310 ft¥/s at the mouth
of Mark West Creek to near zero for HRUs located on drain-
age divides (these HRUs do not receive inflows from upstream
areas; fig. 64). The highest average annual streamflows of 110
to 310 ft¥/s (79,690 to 224,766 acre-ft/yr) were simulated for
the stream segments in the lower section of Mark West Creek,
the lowermost sections of Santa Rosa Creek, and the Laguna
de Santa Rosa. Simulated maximum daily streamflows ranged
from 2.3 to 27,000 ft¥/s, and the greatest streamflows were
in the lowermost sections of Mark West Creek, Santa Rosa
Creek, and the Laguna de Santa Rosa (fig. 68). Simulated
minimum daily streamflows ranged from 0 to 4.6 ft*/s, with the
lowest streamflows in the stream tributaries (fig. 6C). Unlike
the average annual and maximum simulated streamflows,
where the maximum streamflows were in the lower reaches,
the highest minimum streamflow was in a middle segment of
Santa Rosa Creek (fig. 6C).

Net Groundwater Flux

The net groundwater flux (recharge or discharge) calcu-
lated by the SRPHM is the sum of all inflows (recharge from
the unsaturated zone and net stream seepage) and outflows
(groundwater ET and groundwater discharge to the soil zone
or land surface) at the surface of the water table (Richard G.
Niswonger, U.S. Geological Survey, written commun., August
31, 2011). The distributions of net groundwater flux for long-
term average conditions, a dry year (water year 2009), and a
wet year (water year 2006) are presented in figure 7. Positive
numbers indicate recharge and negative numbers indicate
discharge. Areas without coloration indicate zero or near zero
net groundwater flux. That is, although there could be recharge
to the saturated zone, it was balanced by groundwater ET and
surface discharge.

For long-term average conditions, about 93 percent of
net groundwater discharge was to the stream channels, and
about 72 percent of net discharge in the stream channels was
in the Santa Rosa Plain (SRP). Although the spatial distribu-
tion indicated widespread net groundwater recharge in the
extra-channel areas of the SRP (fig. 74), about 54 percent of
net recharge took place in the stream channels throughout
the SRPW. About 62 percent of the net recharge in the
stream channels was in the SRP. The long-term average
net groundwater flux (recharge) over the SRPW was about
33,200 acre-ft/yr (fig. 74).

The simulated net groundwater-flux distribution for the
dry water year indicated that 94 percent of net groundwater
discharge was in the stream channels, with about 68 percent
of this in the SRP. This discharge was about 22 percent less

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

than for simulated long-term average conditions because of
a reduction in groundwater discharge to streams from declin-
ing water levels due to the combination of reduced recharge
and increased pumping. Similar to the long-term average, the
spatial distribution of net groundwater recharge was wide-
spread in the extra-channel areas of the SRP; however, about
64 percent of the net recharge took place in the stream chan-
nels, with about 68 percent of this in the SRP. The net recharge
over the watershed was about 22,200 acre-ft, or 33 percent less
than for the simulated long-term average conditions (fig. 7B).
The simulated net groundwater-flux distribution for the
wet water year indicated that 93 percent of net groundwater
discharge was in the stream channels, with about 55 percent of
this in the SRP. Similar to the simulated long-term average and
dry year conditions, the spatial distribution of net groundwater
recharge was widespread in the extra-channel areas of the
SRP; however, about 64 percent of the quantity of net recharge
took place in the stream channels, with about 68 percent of
this in the SRP. The net recharge over the watershed was about
48,300 acre-ft, 45 percent more than for the simulated long-
term average conditions and 54 percent more than for dry-year
conditions (fig. 7C).

Effects of Pumping on the Hydrologic
System

The SRPHM was used to simulate the variability in aver-
age hydrologic conditions with and without pumping during
water years 1976-2010 (long-term) to determine the effects of
pumping on components of the hydrologic budget (table 1).
As previously stated, total storage includes storage from the
soil and the unsaturated and saturated zones. With pumping
simulated, an average of about 2,700 acre-ft/yr was added to
total storage during water years 1976-2010. This means that
about 6,000 acre-ft was added to storage in the soil and unsat-
urated zones, on average, to compensate for the 3,300 acre-ft
loss in saturated-zone (groundwater) storage (table 2). With no
pumping simulated, an average of almost 7,400 acre-ft/yr was
added to total storage (table 1). This was a result of a decrease
in pumpage from almost 36,000 acre-ft/yr to none.

Comparison of the long-term average results with and
without pumping can be made by calculating the difference
between the hydrologic-budget component with and without
pumping as a percentage of pumpage. These results indicated
that about 53 percent of the total quantity of groundwater
pumped from the SRPW was derived from a reduction in total
streamflow, about 25 percent from a reduction in total ET,
about 13 percent from a reduction in water augmenting total
storage, and about 8 percent from changes in net boundary
flows (fig. 8). Values do not add to 100 percent because of
rounding of large numbers.
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Simulated Streamflow

Pumping from wells in the vicinity of streams can have
a strong effect on streamflow. For example, a lowering of
the groundwater table in response to pumping can decrease
groundwater discharge to streams, decrease riparian ET, and
increase streamflow contributions to recharge (Barlow and
Leake, 2012). The SRPHM can be used to assess the effects of
pumping on the surface-water system. The effect of pumping
on total streamflow in the SRPW was evaluated by comparing
streamflow simulated with and without pumping. The compar-
ison used average simulated results for water years 1976-2010
(long-term average) for basin-wide simulation results (fig. 9).
The results obtained at three streamgages used for calibration
and testing—COPE (11465660, Copeland Creek at Rohnert
Park, Calif.), LAGS (11465750, Laguna de Santa Rosa near
Sebastopol), and MWCM (11466800, Mark West Creek near
Mirabel Heights)—are highlighted because they are spatially
representative of the entire surface-water system, and total
streamflow at these streamgages was among the most affected
by pumping (table 4).

Basin-Wide Streamflow

Pumping resulted in an overall decrease in streamflow
for most stream segments in the SRPW (fig. 9). Maximum dif-
ferences in average annual streamflow as a result of pumping
(calculated as the difference between simulated streamflow
without pumping minus simulated streamflow with pumping)
were 16 to 26 ft3/s and took place in the lower sections of
the Laguna de Santa Rosa and Mark West Creek (fig. 94).
Reductions in streamflow ranged from 2.1 to 15 ft*/s for the
middle sections of Mark West Creek and Santa Rosa Creek,
the upper section of Laguna de Santa Rosa, and the lower
section of Matanzas Creek. Although the absolute decreases
in streamflow were small (less than 1 ft*/s) for most loca-
tions, the percent decrease in streamflow for the with-pumping

simulation was more than 10 percent for many locations,
particularly for streams in Bennett Valley and the Santa Rosa
Plain (fig. 9B). For example, the difference in average stream-
flow of 1.1 to 1.5 ft¥/s at the Copeland Creek gage was a
decrease in streamflow of more than 16 percent.

Simulated results showed that the streamflow was
reduced with time and that the relative change in total
streamflow generally increased with time, corresponding
to a general trend of increased pumpage. The long-term
average reduction in total streamflow was about 8 percent
(from about 249,000 acre-ft/yr without pumping to about
230,000 acre-ft/yr with pumping, table 1). Average pumpage
was about 35,600 acre-ft/yr for this period.

Comparison of average annual total streamflow with
and without pumping indicated that the relative reduction
in total streamflow was greater for the drier years because
groundwater discharge to streams was reduced with pumping
and was a greater percentage of total streamflow during those
years. There were reductions in total streamflow of more than
16 percent during water years 1977, 1990, 2007, and 2009, all
of which were relatively dry years (fig. 104).

The comparison of average monthly streamflow for
simulations with and without pumping indicated that there
were greater relative changes in streamflow during the summer
months (fig. 10B), when groundwater discharge to streams was
reduced by pumping. An increase in pumpage during the sum-
mer months resulted in lower groundwater levels that caused
a reduction in groundwater discharge to streams and increased
recharge from streams (more losing stream reaches). The
runoff and interflow components of total streamflow during
the summer months were not affected by pumping. Compari-
son of August streamflows indicated that the reduction in the
average total streamflow in response to pumping was about
600 acre-ft/yr (fig. 10C). Although the effect of pumping on
August streamflow was pronounced, the annual variability
in streamflow for scenarios with and without pumping was
caused primarily by variability in precipitation rather than in
pumpage.
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streamflow without pumping.
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Streamflow at Selected Gages

In general, pumping had the greatest effect on simulated
streamflow of the Laguna de Santa Rosa, the lower-most sec-
tions of the Mark West Creek, and Santa Rosa Creek subbasins
(fig. 94). Therefore, simulated results with and without
pumping are presented for the COPE, LAGS, and MWCM
gages.

At all three gages, the greatest relative reductions in
total streamflow were during the months of July, August, and
September (figs. 114, 124, 134). Annual variability in the
average simulated August streamflow for the three gages is
shown in figures 11B, 12B, 13B. The upward trend in August
streamflow during water years 1990-98 for the LAGS and
MWCM streamgages, both with and without pumping,
likely was a combined result of the introduction of reclaimed
water for agricultural irrigation (which started in 1990) and
greater-than-average precipitation that caused the water table
to rise and groundwater discharge to streams to increase
(fig. 12B, 13B). After water year 1998, drier-than-average
conditions predominated; after water year 2001, application of
reclaimed water for irrigation decreased, causing groundwater
discharge to streams to decrease. The downward shift in the
flow-duration curves for the three gages for the simulation
with pumping compared with the simulation without pumping
indicated a reduction in all flows, but the most pronounced
relative change in streamflow was for flows less than 10 ft¥/s
(figs. 11C, 12C, 13C).

At the COPE gage, the largest absolute reduction in
average monthly streamflow from pumping was 145 acre-ft
in January (fig. 114). The largest relative reduction in average
monthly streamflow (about 80 percent) was in August,
although the absolute reduction in streamflow (from about
10 acre-ft/yr without pumping to about 2 acre-ft/yr with pump-
ing) was small (table 4, fig. 114). The average annual stream-
flow at the COPE gage was reduced by about 13 percent, from
6,000 to 5,200 acre-ft/yr (table 4). Pumping resulted in zero
flows (flows less than 0.01 ft3/s) about 25 percent of the time
(fig. 11C). Peak streamflows occurred about 0.5 percent of the
time and were relatively unaffected by pumping (fig. 11C).

At the LAGS gage, the largest absolute reduction in
average monthly streamflow from pumping was 1,354 acre-ft
in February (fig. 124). The largest relative reduction in aver-
age monthly streamflow (about 62 percent) was in August,
although the absolute reduction in streamflow (from about
290 acre-ft/yr without pumping to about 110 acre-ft/yr
with pumping) was small (table 4, fig. 124). The average
annual streamflow at the LAGS gage was reduced by about
10 percent, from about 72,300 acre-ft/yr to 65,000 acre-ft/
yr (table 4). For the simulation with pumping, streamflow
less than 0.01 ft*/s occurred approximately 15 percent of the
time at the LAGS gages, whereas streamflow was greater
than 0.01 ft*/s for the simulation without pumping more than
99 percent of the time (fig. 12C). Peak streamflows occurred
about 0.5 percent of the time and were relatively unaffected by

pumping (fig. 12C).

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

At the MWCM gage, largest absolute reduction in aver-
age monthly streamflow from pumping was 2,992 acre-ft
in January (fig. 134). The largest relative reduction in aver-
age monthly streamflow (about 53 percent) was in August,
although the absolute reduction in streamflow (from about
1,100 acre-ft/yr without pumping to about 520 acre-ft/yr with
pumping) comparatively was small (table 4, fig. 134). The
average annual streamflow at the MWCM gage was reduced
by about 8 percent, from about 239,000 acre-ft/yr to about
220,000 acre-ft/yr (table 4). The simulations showed no
streamflows less than 0.01 ft*/s (fig. 13C). Peak streamflows
occurred about 0.5 percent of the time and were relatively
unaffected by pumping (fig. 13C).

Simulated Groundwater-Budget Components

The SRPHM was used to estimate the effects of pump-
ing on selected groundwater-budget components (figs. 14-16).
The differences in figures 14C, 15C, and 16C were calculated
by subtracting the component simulated without pumping
from the component simulated with pumping. Therefore, nega-
tive differences indicated a reduction with pumping. For stor-
age change, the differences greater than zero indicated greater
groundwater storage change with pumping than without
pumping. The results indicated that, overall, pumping primar-
ily was associated with a decrease in groundwater discharge to
streams (baseflow; fig. 14) and groundwater ET (fig. 15), and
from a loss in groundwater storage (fig. 16). The inter-annual
variations and multi-year trends are discussed along with a
summary of the monthly variations.

Annual Variations

A decrease in groundwater levels, in response to
pumping, caused a reduction in groundwater discharge to
the streams (figs. 14B, (), a reduction in groundwater ET
(figs. 15B, (), an increase in storage depletion (figs. 168, C),
and an increase in recharge from streams (stream leakage
into the groundwater system from losing-stream reaches;
figs. 17B, C). The reduction in groundwater discharge to
streams with pumping for water years 1976-2010 ranged
from about 3,300 acre-ft/yr to about 12,000 acre-ft/yr,
and averaged about 8,600 acre-ft/yr (figs. 14B, C). For
groundwater ET, the annual reduction with pumping ranged
from about 3,500 acre-ft to about 8,000 acre-ft, and averaged
about 6,000 acre-ft (figs. 15B, C). The cumulative reductions
in groundwater discharge to streams and groundwater ET
associated with pumping were about 300,000 acre-ft (fig. 14C)
and 211,000 acre-ft (fig. 15C), respectively. The cumulative
reduction in groundwater storage in response to pumping was
about 204,000 acre-ft (fig. 16C); this included the reduction
in storage of about 120,000 acre-ft with pumping and the
storage accretion of about 84,000 acre-ft without pumping.
The cumulative increase in recharge from streams was about
189,000 acre-ft (fig. 17C).
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Figure 11.

years 1976-2010, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, average monthly

streamflow; B, average August streamflow; C, flow-duration curve for daily mean discharge.
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Comparison of streamflow simulated with and without pumping at the Copeland Creek at Rohnert Park (COPE) gage, water
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Figure 13. Comparison of streamflow simulated with and without pumping at gage Mark West Creek near Mirabel Heights (MWCM),
water years 1976-2010, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, average monthly
streamflow; B, average August streamflow; C, flow-duration curve for daily mean discharge.
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Figure 17. Values for components of the Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California
for water years 1976-2010: A, annual precipitation and groundwater pumpage; B, annual total recharge, extra-channel recharge, and

recharge from streams simulated with and without pumping; C, annual and cumulative differences in total recharge, extra-channel
recharge, and recharge from streams simulated with and without pumping.
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The inter-annual variation in storage change with and
without pumping generally followed the variation in precipita-
tion (figs. 164, B). After water year 1998, the multi-year trend
in storage change with pumping was inverse to that of pump-
age (fig. 16B). For most years during the simulation period,
more groundwater was depleted from storage with pumping
(more negative values) than without pumping (fig. 16B8). There
were some years (water years 1982, 1983, 1993, 1995, 1998,
2005, 2006, and 2010), however, when groundwater storage
increased more with pumping than without pumping. These
years followed dry periods, when a decline in water levels
with pumping created more storage capacity than without
pumping, thereby allowing greater recharge during subsequent
wet years.

Simulated recharge, including extra-channel and recharge
from streams, was compared for simulations with and without
pumping. Recharge in this context differs from net recharge
described in the “Net Flux” section of this chapter in that it
is not reduced by outflows at the surface of the water table.
Extra-channel recharge was the greatest component of total
recharge, and the simulated results indicated that total recharge
and extra-channel recharge primarily varied with annual
precipitation (figs. 174, B). Average extra-channel recharge
was about 1,500 acre-ft/yr greater with pumping than with-
out pumping (fig. 17C). Extra-channel recharge was slightly
greater without pumping for water years 19761978, 1988,
1991, and 2009 (fig. 17B). All these water years, except water
year 1978, had less-than-average precipitation. Water year
1978 was preceded by a 2-year drought, and recharge from
increased precipitation in water year 1978 was insufficient to
compensate for the prior decline in water levels.

The difference between recharge from streams with and
without pumping ranged from 1,300 acre-ft for water year
1976 to about 8,800 acre-ft for water year 2010, and aver-
aged about 5,400 acre-ft/yr more with pumping than without
pumping for water years 1976-2010 (fig. 178, 17C). The
generally upward multi-year trend for both pumpage and the
difference in recharge from streams with and without pump-
ing (figs. 174, 17C) reflect that recharge from streams is
induced by pumping. The cumulative difference in recharge
from streams indicated that pumping increased recharge from
streams by about 190,000 acre-ft (fig. 17C).

Monthly Variations

The monthly variation in precipitation and pumpage
affected groundwater discharge to streams, groundwater
ET, the amount of water in storage, and the components of
recharge (fig. 18). As mentioned previously, total stream-
flow was primarily composed of groundwater discharge to
streams in the summer months, and the relative reduction from
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pumpage was greater in summer than in the winter months
(fig. 10B). Although a greater percentage of groundwater dis-
charge to streams was reduced by pumping during the summer
months (fig. 10B), the absolute reduction in groundwater dis-
charge to streams with pumping was greater during the winter
months (January, February, and March; fig. 18B). Pumping
caused an average decrease in groundwater discharge to
streams of about 900 acre-feet per month (acre-ft/mo) during
the winter months compared with about 530 acre-ft/mo during
the summer months (July, August, and September; figs. 18B).
Groundwater discharge to streams with pumping was greater
in the winter months than in the summer months because
groundwater levels were higher in the winter months.

Results for simulated groundwater ET indicated the great-
est effect of pumping was during the summer months, when
monthly reductions in ET averaged about 1,200 acre-ft/mo,
compared with about 400 acre-ft/mo during the winter months
(figs. 18C). The higher ET in summer primarily reflected
higher PET compared with the winter months. Although the
absolute reduction in groundwater ET was less during the
winter months, a greater percentage of ET was reduced with
pumping during these months.

As would be expected, the amount of groundwater in
storage increased during the winter and decreased during
the summer (fig. 18D). Comparison of the average monthly
results for storage change with and without pumping indicated
that during the winter months, there was a greater increase
in storage with pumping than without pumping (figs. 18D)
due to greater recharge and more available storage capacity
from summer and fall pumping. During the summer months,
storage was more depleted with pumping than without
pumping (fig. 18D). Pumping resulted in an average increase
in groundwater storage of about 1,000 acre-ft/mo during the
winter months compared with an average decrease of about
2,800 acre-ft/mo during the summer months (figs. 18D).

Simulated results indicated that pumping affected
recharge from streams the greatest during the winter months,
causing an average increase of about 850 acre-ft/mo compared
with an average of about 100 acre-ft/mo during the summer
months. (fig. 18E). The greater recharge from streams in
the winter months likely was the result of higher precipita-
tion and streamflow for these months in conjunction with a
general lowering of the water table associated with pump-
ing (figs. 184, D), which creates more losing stream reaches
than were present without pumping. The peak recharge
from streams occurred in January, while the peak for the
extra-channel recharge occurred in March with and without
pumping (fig. 18E), indicating that more time was required
for extra-channel recharge to reach the water table than for
recharge from streams.
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Simulated Groundwater Flow Between Model
Layers

Comparison of the SRPHM results with and without
pumping can be used to assess the effect of pumping on flow
between model layers in the SRPHM. These results can quan-
tify, for example, the amount of downward vertical flow from
shallow depths that was induced by deeper pumping, which
could reduce groundwater discharge to streams by pumping
near streams or reduce the production capacity of wells if
water levels drop into or below shallow perforated intervals.
Figure 19 shows average annual pumpage in model layers 2—8
and groundwater flow from model layer 1 to underlying layers
with and without pumping. The general trend for downward
vertical flow between the layers was flat without pumping and
showed little inter-annual variation, indicating that changes in
climatic conditions had little effect on flow between layer 1
and underlying layers and that the low-conductivity of layer 2
effectively impeded flow between layer 1 and the underlying
layers. An upward trend with pumping indicated that, as
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pumping in layers 2—8 increased, downward vertical flow
from layer 1 to the underlying layers increased (fig. 19). With
pumping, inter-annual variation in quantities of flow from
layer 1 to underlying layers generally followed inter-annual
variation and multi-year trend in pumpage, with some attenu-
ation (fig. 19). The flow from layer 1 to underlying layers with
pumping averaged about 11,400 acre-ft/yr and ranged from
about 7,000 acre-ft in water year 1976 to about 15,200 acre-ft
in water year 2004. In comparison, the flow from layer 1

to the underlying layers without pumping averaged about
1,700 acre-ft/yr and ranged from 1,600 acre-ft for water year
1977 to about 2,000 acre-ft in water year 1983.
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Chapter F. Santa Rosa Plain
Hydrologic Model Scenarios

By Joseph A. Hevesi and Linda R. Woolfenden

Introduction

The climate has been changing in California at a rapid
pace for at least a decade (2000—10) in comparison to the
previous 50 years (Flint and Flint, 2012). An important objec-
tive for developing the Santa Rosa Plain hydrologic model
(SRPHM) was to simulate the response of the hydrologic
system to potential changes in climate. Climate change could
result in long-term changes in precipitation and temperature,
which, in turn, would affect water demand, potential evapo-
transpiration (PET), and runoff patterns. The net effect can be
a change in demand for groundwater; therefore, the SRPHM
was used to assess the potential combined hydrologic effects
of projected pumping and climate change. This was done by
comparing simulations that included different climate change
scenarios used in future climate projections to a simulated
historical-climate baseline period. The historical-climate base
line period was water years 1981-2010. This 30-year period
was selected to match the 30-year periods used to analyze the
simulated future-climate results.

The hydrologic effects of climate change were evalu-
ated by comparing SRPHM-simulated annual and monthly
water-budget results for the future-climate scenarios without
pumping to those for the historical-climate baseline period.
In addition, simulated water-budget components and ground-
water levels for the future-climate scenarios for three 30-year
periods (water years 2011-40, 2041-70, and 2070-99) were
compared with results for the historical-climate baseline
period.

The SRPHM was applied to evaluate the potential effects
of four potential future-climate scenarios on the Santa Rosa
Plain watershed (SRPW) hydrologic system; these scenarios
are discussed in the next section of this chapter. The model
was run continuously from water year 2005 through water
year 2099 for the future-climate scenarios. Water years
2005—10 were used as a “spin-up” period for the future-
climate simulations and are not included in the analysis of
results. In addition, the estimates of projected public-supply,
agricultural, and domestic pumpage were combined with the
future-climate scenarios to simulate possible future hydrologic
conditions during water years 2011-40.
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Future-Climate Scenarios

Global-climate models (GCMs) incorporate projec-
tions of greenhouse-gas emissions to simulate changes in
climate-manifested properties, such as air temperature and
precipitation (Flint and Flint, 2012). The results from four
GCM scenarios, in the form of projected air temperature and
precipitation records, were used to develop alternate 100-year
projections of future climate. These scenarios included poten-
tial trends in climate as well as climate variability and cycles
superimposed on the long-term climate changes. The future-
climate scenarios used in this study were 100-year projections
of daily precipitation and daily maximum and minimum air
temperature simulated by two GCMs.

Selection of Scenarios

On the basis of previous studies and background informa-
tion presented in Flint and Flint (2012), four future-climate
scenarios, developed by using two GCMs and two green-
house-gas emission scenarios, were selected for use in this
study. The two GCMs are (1) the National Oceanic and
Atmospheric Administration (NOAA) Geophysical Fluid
Dynamics Laboratory (GFDL) GCM and (2) the Parallel
Circulation Model (PCM) GCM (Flint and Flint, 2012). The
two greenhouse gas-emission scenarios are (1) A2, a medium-
high emission scenario, and (2) B1, a low-emission scenario
(Flint and Flint, 2012). The combination of GCMs and carbon
dioxide (CO,) emission scenarios provided the following
four future-climate scenarios: (1) the GFDL A2 scenario
(referred to as GA2), (2) the GFDL B1 scenario (referred to
as GB1), (3) the PCM A2 scenario (referred to as PA2), and
(4) the PCM B scenario (referred to as PB1). For additional
information regarding the GCMs and the greenhouse gas emis-
sion scenarios, see Flint and Flint (2012).

Downscaling and Bias Correction to Study Area

Results for the GA2, GB1, PA2, and PB1 future-climate
scenarios, consisting of daily precipitation and maximum and
minimum daily air temperature, are available on a 2-degree
spatial scale, which is approximately 250-kilometers (km)
in northern California (Flint and Flint, 2012). Results on
the 2-degree spatial scale generally do not provide a good
representation of climate conditions on the more local scale of
watersheds, such as the SRPW. Downscaling of GCM results
to the watershed scale was done to represent local-scale vari-
ability in climate better, which was especially important in an
area like the SRPW, where topography and proximity to the
coast strongly affect climate. Downscaling refers to statisti-
cal techniques that convert model output with coarse spatial
scales (hundreds of kilometers or miles) to much finer scales
(hundreds of meters or feet; Flint and Flint, 2012).
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The methodology presented by Flint and Flint (2012)
was used to downscale daily precipitation and maximum and
minimum daily air temperature from the 2-degree GCM output
to the 660-foot (ft) grid scale of the SRPHM; the downscaling
was completed in three steps. The first step consisted of using
the constructed analogs method of Hidalgo and others (2008)
to downscale the GCM output to a 12-km grid scale for the
United States. The second step consisted of downscaling from
the 12-km grid to a 270-meter (m) grid by using a spatial
gradient and inverse-distance-squared interpolation model
developed by Nalder and Wein (1998), allowing for the incor-
poration of monthly Parameter Regression on Independent
Slopes Model (PRISM) data (Daly and others, 2004) at a 4-km
grid scale in order to represent local-scale variability in cli-
mate better relative to topography (Flint and Flint, 2012). The
third step in the downscaling process consisted of mapping
the results for the 270-m (886-ft) grid to the 660-ft grid of the
SRPHM by using inverse-distance-squared interpolation.

The GCM results were not calibrated to match the cur-
rent climate. Rather, the results from GCMs needed to be
adjusted, or “bias-corrected,” so that the projected future trend
in climate begins with conditions representative of the current
climate for the area of interest (Flint and Flint, 2012). The bias
correction was done following the methodology presented in
Flint and Flint (2012), where the monthly PRISM grids were
used with the 1950-2000 baseline-climate output available for
the GCMs. The bias correction was done as part of the down-
scaling procedure using the intermediate, 4-km grid scale of
the PRISM grids and required adjustment of the 12-km GCM
output so that baseline GCM results matched the mean and
standard deviation of the historical data (Flint and Flint, 2012).
For each climate scenario, the combined downscaling and
bias-correction processing of the GCM output resulted in a
unique continuous daily time series of precipitation and maxi-
mum and minimum air temperatures for water years 2005-99
mapped to each hydrologic response unit (HRU) of the
SRPHM. Downscaling and bias-correction processes may add
uncertainty in the future-climate scenarios; therefore, applica-
tion of the SRPHM using these future-climate scenarios is
useful for evaluating long-term trends, annual variability and
cycles, seasonal variability, and daily variability rather than
the magnitude of hydrologic response. A summary of climate
inputs to the SRPHM for this period is given in table 1.

Future-Climate Precipitation

The time series of total annual precipitation for the
future-climate scenarios, spatially averaged over the area
of the SRPW, showed many characteristics similar to the
historical-climate baseline (water years 1981 to 2010) for all
four scenarios, but also showed some differences that could
have important consequences for the SRPW (fig. 1). The
GA2 future-climate scenario was characterized by a relatively
flat trend in precipitation followed by a trend of decreasing
precipitation from water years 2062-95, as indicated by the
10-year moving average (fig. 14). The 10-year moving aver-
age for scenario GA2 also was drier than any 10-year average
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in the historical-climate baseline as well as the other future-
climate scenarios. Of the four future-climate scenarios, the
GAZ2 had the lowest 95-year average precipitation (table 1)
and was drier than the historical-climate baseline of water
years 19812010 (table 1).

For the previous and upcoming discussions, the 10-year
moving average used in this work is calculated as described
by Manning (1987). Some know this as an “endpoint” moving
average or a “simple” moving average.

The GBI future-climate scenario displayed a weak trend
of decreasing precipitation, as indicated by the 10-year mov-
ing average (fig. 1B). There was, however, a period of high
precipitation from water years 2018-22 (fig. 1B). Despite this
period of higher precipitation, the 95-year average precipita-
tion rate for the GB1 scenario was less than the average pre-
cipitation for the baseline period, similar to the GA2 scenario
(table 1). Annual precipitation for the GB1 scenario was more
variable than the historical-climate baseline, especially during
the early part of the 95-year period (fig. 1B), as indicated by
a higher standard deviation for the 95-year simulation period
and for the first two 30-year periods (table 1).

The PA2 and PB1 future-climate scenarios also showed
increased variability in precipitation compared with the
historical-climate baseline (fig. 1; table 1). The 95-year
average annual precipitation for the PA2 scenario was the
same as the historical-climate baseline; however, the scenario
had a greater standard deviation (table 1), indicating greater
variability. The 10-year moving average indicated a weak
upward trend in annual precipitation after water year 2075
(fig. 1C). The PB1 scenario was the wettest and showed the
greatest variability in annual precipitation of the four future-
climate scenarios, with a mean of 41.8 inches (in.) and a stan-
dard deviation of 15.9 in. compared with a mean of 38.9 in.
and standard deviation of 11.8 in. for historical-climate base-
line (table 1; fig. 1D).

Future Maximum Daily Air Temperature

Maximum daily air temperature showed a distinct trend
of increasing temperatures for all future-climate scenarios in
response to the projected greenhouse-gas emissions included
in the GCMs (fig. 2). The GA2 scenario showed the great-
est increase in maximum daily air temperature (fig. 24 and
table 1). The PB1 scenario showed the weakest trend of
increasing air temperatures (fig. 2D and table 1). All future-
climate scenarios began with a distinct shift of about 2—4
degrees Fahrenheit (°F) increased temperature relative to the
historical-climate baseline, as indicated by the 10-year moving
averages (fig. 2). The temperatures shifted upward because
the future-climate scenarios were not calibrated to match
actual climate records during the spin-up period, water years
2005-10, when the historical-climate baseline and the future-
climate scenarios overlap. As discussed earlier in this chapter,
the bias correction was done for the water years 1950-2000
baseline period, which is prior to the period of overlap shown
in figure 2.
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Table 1. Summary of precipitation and air temperature for future-climate scenarios, Santa Rosa Plain watershed, Sonoma County,
California, for water years 2005-99; 2011-40; 2041-70; and 2070-99.

[Abbreviations: acre-ft; acre-foot; acre-ft/yr; acre-foot per year; deg F, degree Fahrenheit; GCM, global-climate model; in., inch; in./yr, inch per year; na, not
available]

Historical-climate

Scenario baseline GA2 GB1 PA2 PB1
GCM model na GFDL GFDL PCM PCM
Greenhouse emission scenario na A2 B1 A2 B1
Climate period (water years) 1981-2010 2005-99 2005-99 2005-99 2005-99
Precipitation

Average (in./yr) 38.9 34.6 36.5 38.9 41.8

Maximum annual (in.) 57.1 64.9 87.7 86.2 87.8

Minimum annual (in.) 15.2 8.6 7.5 8.0 13.0

Standard deviation (in.) 11.8 12.1 14.4 143 15.9
Maximum daily air temperature

Average (deg F) 70.3 75.5 74.5 75.2 74.3

Maximum annual average (deg F) 72.9 81.0 77.6 80.1 71.5

Minimum annual average (deg F) 67.6 70.3 71.3 71.2 69.9

Standard deviation (deg F) 1.4 2.5 1.6 1.9 1.4
Minimum daily air temperature

Average (deg F) 45.4 47.8 46.6 46.4 454

Maximum annual average (deg F) 47.5 53.6 50.1 50.0 48.0

Minimum annual average (deg F) 43.5 43.5 429 41.9 42.4

Standard deviation (deg F) 1.2 2.6 1.5 1.8 1.1
Average daily air temperature

Average (deg F) 57.9 61.6 60.5 60.8 59.9

Maximum annual average (deg F) 60.0 67.3 63.9 65.0 62.7

Minimum annual average (deg F) 55.5 57.1 57.3 56.6 56.8

Standard deviation (deg F) 1.1 2.5 1.5 1.8 1.2
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Table 1. Summary of precipitation and air temperature for future-climate scenarios, Santa Rosa Plain watershed, Sonoma County,
California, for water years 2005-99; 2011-40; 2041-70; and 2070-99.—Continued

[Abbreviations: acre-ft; acre-foot; acre-ft/yr; acre-foot per year; deg F, degree Fahrenheit; GCM, global-climate model; in., inch; in./yr, inch per year; na, not
available]

Historical-climate

Scenario baseline GA2 GB1 PA2 PB1
GCM model na GFDL GFDL PCM PCM
Greenhouse emission scenario na A2 B1 A2 B1
Climate period (water years) 1981-2010 2011-40 2011-40 2011-40 2011-40
Precipitation

Average (in./yr) 38.9 38.0 40.4 38.4 46.3

Maximum annual (in.) 57.1 61.4 87.7 60.1 87.8

Minimum annual (in.) 15.2 17.3 18.9 15.0 13.3

Standard deviation (in.) 11.8 11.2 18.8 11.9 17.6
Maximum daily air temperature

Average (deg F) 70.3 73.6 73.7 73.5 73.4

Maximum annual average (deg F) 72.9 76.5 76.1 76.4 76.1

Minimum annual average (deg F) 67.6 71.7 71.3 71.2 69.9

Standard deviation (deg F) 1.4 1.1 1.3 1.3 1.2
Minimum daily air temperature

Average (deg F) 45.4 45.8 45.7 44.8 44.7

Maximum annual average (deg F) 47.5 49.2 49.3 46.6 46.2

Minimum annual average (deg F) 43.5 43.5 42.9 41.9 42.4

Standard deviation (deg F) 1.2 1.1 1.5 1.1 0.9
Average daily air temperature

Average (deg F) 57.9 59.7 59.7 59.1 59.1

Maximum annual average (deg F) 60.0 62.8 62.2 61.5 61.1

Minimum annual average (deg F) 55.5 57.6 573 56.6 56.8

Standard deviation (deg F) 1.1 1.0 1.3 1.1 1.0
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Table 1. Summary of precipitation and air temperature for future-climate scenarios, Santa Rosa Plain watershed, Sonoma County,
California, for water years 2005-99; 2011-40; 2041-70; and 2070-99.—Continued

[Abbreviations: acre-ft; acre-foot; acre-ft/yr; acre-foot per year; deg F, degree Fahrenheit; GCM, global-climate model; in., inch; in./yr, inch per year; na, not
available]

Historical-climate

Scenario baseline GA2 GB1 PA2 PB1
GCM model na GFDL GFDL PCM PCM
Greenhouse emission scenario na A2 B1 A2 B1
Climate period (water years) 1981-2010 2041-70 2041-70 2041-70 2041-70
Precipitation

Average (in./yr) 38.9 36.3 37.3 38.3 40.2

Maximum annual (in.) 57.1 64.9 62.7 69.5 78.5

Minimum annual (in.) 15.2 19.0 10.9 8.0 13.0

Standard deviation (in.) 11.8 11.3 12.7 14.5 15.8
Maximum daily air temperature

Average (deg F) 70.3 75.3 74.8 75.2 74.3

Maximum annual average (deg F) 72.9 77.1 76.7 77.2 76.5

Minimum annual average (deg F) 67.6 72.3 72.2 72.9 72.4

Standard deviation (deg F) 1.4 1.2 1.1 1.1 1.0
Minimum daily air temperature

Average (deg F) 45.4 47.6 46.9 46.4 453

Maximum annual average (deg F) 47.5 49.6 49.4 47.6 48.0

Minimum annual average (deg F) 43.5 45.0 45.0 44.7 42.8

Standard deviation (deg F) 1.2 1.3 1.0 0.8 1.0
Average daily air temperature

Average (deg F) 57.9 61.4 60.9 60.8 59.8

Maximum annual average (deg F) 60.0 63.3 62.9 62.3 62.1

Minimum annual average (deg F) 55.5 58.7 59.0 59.1 58.2

Standard deviation (deg F) 1.1 1.2 0.9 0.8 0.8
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Table 1. Summary of precipitation and air temperature for future-climate scenarios, Santa Rosa Plain watershed, Sonoma County,
California, for water years 2005-99; 2011-40; 2041-70; and 2070-99.

[Abbreviations: acre-ft; acre-foot; acre-ft/yr; acre-foot per year; deg F, degree Fahrenheit; GCM, global-climate model; in., inch; in./yr, inch per year; na, not
available]

Historical-climate

Scenario baseline GA2 GB1 PA2 PB1
GCM model na GFDL GFDL PCM PCM
Greenhouse emission scenario na A2 B1 A2 B1
Climate period (water years) 1981-2010 2070-99 2070-99 2070-99 2070-99
Precipitation

Average (in./yr) 38.9 30.0 322 40.0 41.4

Maximum annual (in.) 57.1 60.8 56.4 86.2 78.5

Minimum annual (in.) 15.2 8.6 7.5 16.3 13.6

Standard deviation (in.) 11.8 12.4 11.4 16.8 16.3
Maximum daily air temperature

Average (deg F) 70.3 78.4 75.6 77.2 75.6

Maximum annual average (deg F) 72.9 80.5 77.6 80.1 77.5

Minimum annual average (deg F) 67.6 76.2 73.4 75.1 73.7

Standard deviation (deg F) 1.4 1.3 1.2 1.1 1.1
Minimum daily air temperature

Average (deg F) 45.4 50.7 47.6 48.5 46.4

Maximum annual average (deg F) 47.5 535 50.1 50.0 47.9

Minimum annual average (deg F) 43.5 48.0 46.0 46.8 44.8

Standard deviation (deg F) 1.2 14 1.0 1.0 0.8
Average daily air temperature

Average (deg F) 57.9 64.6 61.6 62.9 61.0

Maximum annual average (deg F) 60.0 66.7 63.9 65.0 62.7

Minimum annual average (deg F) 55.5 62.5 59.7 61.1 59.5

Standard deviation (deg F) 1.1 1.3 1.1 1.0 0.8
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Figure 1. Water year precipitation for the historical-climate baseline and the following future-climate scenarios for the Santa Rosa
Plain Watershed, Sonoma County, California: A, GA2; B, GB1; C, PA2; D, PB1.
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Figure 2. Maximum daily air temperatures for historical-climate baseline and the following future-climate scenarios, Santa Rosa Plain
watershed, Sonoma County, California: A, GA2; B, GB1; C, PA2; D, PB1.



Model Application: Future-Climate Scenarios without Pumping

Future Minimum Daily Air Temperature

Minimum daily air temperature also showed a trend of
increasing temperatures for all future-climate scenarios in
response to the projected greenhouse-gas emissions simulated
by the GCMs (fig. 3); however, the 95-year averages were
in agreement with the historical-climate baseline average
(table 1). There was a small, but distinct, shift of temperature
relative to historical-climate baseline (fig. 3).

Future Average Air Temperature

Comparison of the 10-year moving average of mean daily
air temperature in all four future-climate scenarios indicated
a trend of increasing air temperature (fig. 4). This trend was
clearest in the GA2 scenario compared with the others. Over-
all, the GA2 climate was the warmest future-climate scenario;
however, it also had the greatest standard deviation (fig. 4,
table 1). The PB1 future-climate scenario was the coolest
scenario and had the lowest standard deviation (table 1). Simi-
lar to the maximum daily air temperature, all future-climate
scenarios begin with a distinct shift of about 1-2 °F increased
average temperature relative to the historical-climate baseline

(fig. 4).

Model Application: Future-Climate
Scenarios without Pumping

Initially, the future-climate scenarios were used in the
SRPHM without including pumping, in order to evaluate the
hydrologic response of the SRPW to changes and variability
in climate only. The simulation results for the future-climate
scenarios without pumping were compared with the simula-
tion results for the historical-climate baseline period without
pumping. The historical-climate baseline period (water years
1981-2010) was used in comparison to three 30-year periods
(water years 2011-40, 2041-70, and 2070-99) from the
future-climate scenarios (table 1).

Annual Results

The annual time series of simulated total streamflow,
total recharge, groundwater discharge to streams, and ground-
water evapotranspiration (ET) for water years 2011-99 were
analyzed for the four future-climate scenarios. The charac-
teristics of the time series for the historical-climate baseline
were compared with those for the future-climate scenarios to
evaluate changes in the hydrologic system in response to the
future-climate scenarios. The comparisons indicated similari-
ties as well as differences in the hydrologic responses, but
overall, the application of each future-climate scenario showed
a unique hydrologic response.
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Average Annual Streamflow

A visual comparison of the simulated results for the
future-climate scenarios without pumping to the simulated
results for the historical-climate baseline period without pump-
ing indicated the average annual total streamflows (referred
to as annual streamflows) for all future-climate scenarios
varied more than during the historical-climate baseline period
(fig. 5). Overall, annual streamflows were well correlated with
annual precipitation for all future-climate scenarios (figs. 1, 5).
Relatively low annual streamflows (less than 100,000 acre-ft)
occurred with greater frequency in all the future-climate
scenarios compared with the historical-climate baseline period
(fig. 5). All future-climate scenarios had at least 1 year with
very high annual streamflows (greater than 700,000 acre-ft),
whereas the maximum annual streamflows for the historical-
climate baseline period was 620,000 acre-ft.

The annual streamflows for the simulations using the
GA2, GBI, PA2, and PB1 scenarios showed differences com-
pared with the historical-climate baseline period. Compared
with the other three scenarios, the results for the GA2 scenario
had the lowest average precipitation and had a drier-than aver-
age period during water years 2075 through 2096 (fig. 1). As
a result, the SRPHM simulated a relatively greater number of
annual streamflows less than 100,000 acre-ft, particularly dur-
ing this later period (fig. 54).

The simulation using the GB1 scenario began with a
period (water years 2014—19) that had more annual stream-
flows greater than 400,000 acre-ft compared with the
historical-climate baseline period (fig. 5B). During water
years 2030-60, annual streamflows were comparable to the
historical-climate baseline period (fig. 5B). After water year
2060, the GB1 scenario was drier than the historical-climate
baseline period and had a 10-year moving average close to
200,000 acre-ft/yr for annual streamflows (fig. 5B).

The simulation using the PA2 scenario showed stream-
flows similar to that for the historical-climate baseline period
during water years 2011-80. After water year 2080, there were
more annual streamflows exceeding 400,000 acre-ft. This was
particularly evident in water year 2081, which had a stream-
flow of about 890,000 acre-ft, compared with the baseline
annual flow of about 250,000 acre-ft and a maximum flow of
about 630,000 acre-ft.

The simulation using the PB1 scenario had three water
years with annual streamflows greater than 700,000 acre-ft,
which were greater than the streamflows for any year during
the historical-climate baseline period. The first two high
streamflow water years were during a period that was wetter
than the baseline period (water years 2013—36), and the third
high streamflow water year (2070) was during a dry period
(water years 2057-76). Although the results for the PB1
scenario had high streamflows for these three water years,
many periods showed less variability in annual streamflows
compared with the historical-climate baseline period as well as
the other three future-climate scenarios (figs. 54-D).



194 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

54
A r - r r r 1 r ¢t [ ¢t [ [ [ [T ] ®
< |~ | —@— Historical climate e Historical climate 10-year moving average * l’
= 52 | —@— GA2 future-climate scenario == GA2 future-climate scenario 10-year moving average
p=}
LR T\ N ™
252 \9| b
o g— S 50
°>) L = *h
© <
55< 48 #
@ @©
[%]
2> I o0
L @ u
255, } ne.
©
= E= /\
+ !
= 44#‘ ®
g ¢
42 x
B S S S A A A A B
| —@— Historical climate e Historical climate 10-year moving average

52 | —®— GB1 future-climate scenario GB1 future-climate scenario 10-year moving average

50

. '
s A AT ﬁ»f'ﬂ#ﬁ"%‘lv“
gr R a u/“# iz

42 x
54

P
r g
i)

Water-year average
minimum daily air temperature,

—

in degrees Fahrenheit

]

—@— Historical climate — Historical climate 10-year moving average
52 —|—®— PA2future-climate scenario PA2 future-climate scenario 10-year moving average

50

48

46

in degrees Fahrenheit

L,
[ 4

Water-year average
minimum daily air temperature,

i ?
) \— e

. g ¢
L .

42
54
b N N I
59 |—| —@— Historical climate = Historical climate 10-year moving average
—@— PBI1 future-climate scenario PB1 future-climate scenario 10-year moving average
50
43

[®—¢

% 7f\
N :
42 X “

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 2075 2080 2085 2090 2095 2100
Water year

in degrees Fahrenheit

Water-year average
minimum daily air temperature,

Figure 3. Minimum daily air temperatures for the historical-climate baseline and the following future-climate scenarios, Santa Rosa
Plain watershed, Sonoma County, California: A, GA2; B, GB1; C, PA2; D, PB1.
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climate scenarios, Santa Rosa Plain watershed, Sonoma County, California.



196 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

800
A —@— Historical climate e Historical climate 10-year moving average
700 |—| —®@— GA2future-climate scenario === GA2 future-climate scenario 10-year moving average j

e
* °

I 1101 N VLTI N LT, A PR N I
i\‘u x\z’i/kx Vi s 2l lal 1M

o SN ARA IR e ¥ )L

Lo
i )

Average annual total streamflow,
in thousands of acre-feet

&
BC
=]

0
B % [T T [ T T T T T T T T T T T ]
800 —@— Historical climate — Historical climate 10-year moving average ||
\ —@— GB1 future-climate scenario == GB1 future-climate scenario 10-year moving average
700 ‘
600 ? !

| !
ﬁ.‘mt\z"/

\%mer\
S aEa)
A w’.wvxuﬁﬁyu

c Or—T 7T 1T T T 1T T 1T T T T T T T T ]

800 |— —@— Historical climate —— Historical climate 10-year moving average
—@— PA2 future-climate scenario PA2 future-climate scenario 10-year moving average

—e

300 K

200 4/JI
100

?
N

F——0
——e
—

)

oy
I
I
!

Average annual total streamflow,
in thousands of acre-feet

s

?k%
[ o=

700
600

’\ .
zz ﬂ T
i

| ——
—e
| @

> —T—@
[—®
SEan
| o
s

?

R

rel U1 i
300 ™ ;

0 |
jy WY

_P—re

in thousands of acre-feet

Average annual total streamflow,

I

I
I
PUL)&IL‘)‘

|
G
—=
2

TR

B3

0
D 1,000 T T T I T T T T T T T T T T T
900 —@— Historical climate = Historical climate 10-year moving average ®
—@— PB1 future-climate scenario PB1 future-climate scenario 10-year moving average
800
700

Py
4

T
ARRIA 8 ) | !
I A N | /
I\f‘\f QU ITA lqé\_ﬂ\% °
£y

300 _K

600 ?
500 »4%
400
|
‘

in thousands of acre-feet

I
!
.

Average annual total streamflow,

Z\L‘ : VO &N
i TH e

R TR T

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 2075 2080 2085 2090 2095 2100
Water year

B

Figure 5. Average annual total streamflows and 10-year moving average of streamflows, simulated without pumping for water years
1976-2099, by using the historical-climate baseline and the following future-climate scenarios, Santa Rosa Plain hydrologic model,
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Model Application: Future-Climate Scenarios without Pumping

Average Annual Recharge

Similar to annual streamflows, the average annual
recharge, which includes extra-channel recharge and recharge
from streams (referred to as annual recharge), was correlated
to annual precipitation for all four future-climate scenarios
(figs. 1, 6). In general, however, the variability in annual
recharge for the future-climate scenarios was similar to
that of the historical-climate baseline period (fig. 6). Simu-
lated results for all four future-climate scenarios showed an
increased number of water years with annual recharge less
than 30,000 acre-ft due to the combination of lower precipita-
tion and higher air temperatures compared with the historical-
baseline period.

The GA2 scenario had very dry conditions after water
year 2075 (fig. 14), and annual recharge was often less than
30,000 acre-ft; after water year 2085, the 10-year moving
average was less than 40,000 acre-ft (fig. 64). In the simulated
results for the GA2 scenario, a downward trend in the 10-year
moving average recharge after water year 2062 was correlated
with a trend of increasing air temperature during the same time
(fig. 4), along with a corresponding increase in PET.

Similar to the simulated results for the GA2 scenario, the
simulated results for the GB1 scenario often had low annual
recharge; however, compared with the other scenarios, the
GBI scenario results also often had annual recharge greater
than 70,000 acre-ft, including a maximum recharge near
120,000 acre-ft for water year 2014 (fig. 6B). The 10-year
moving average for recharge in the GB1 scenario results
showed a slightly downward trend, particularly after water
year 2055, when there was a general shift to annual recharge
of about 50,000 acre-ft.

The simulated results for the PA2 scenario had the
most variability in annual recharge; however, the 10-year
moving average showed less variability than the other sce-
narios (fig. 6C). The simulated results for the PB1 scenario
was the only scenario that had annual recharge greater than
100,000 acre-ft for three water years (fig. 6D). The 10-year
moving average for recharge did not show a downward trend
in the PA2 and PBI1 scenarios results because increases in PET
were offset by the greater precipitation in these scenarios.

Average Annual Groundwater Discharge to
Streams

Groundwater discharge to streams (baseflow) is one com-
ponent of total discharge, which also includes groundwater
ET, surface leakage, boundary flows, and pumpage. The pat-
tern of inter-annual variability and multi-year trends in aver-
age annual total groundwater discharge to streams (referred to
as annual discharge to streams), generally, was similar to the
variability and trends in average annual recharge (figs. 6, 7).
Annual discharge to streams was more sensitive to variations
and trends in future climates than annual recharge, however.
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The annual discharge to streams declined more rapidly
than annual recharge in the simulated results for the GA2 sce-
nario (figs. 64, 74). Furthermore, during water years 2080-99
in the GA2 scenario results (fig. 74) and water years 2076-96
in the GB1 scenario results (fig. 7B), annual discharge to
streams was low compared with the historical-climate baseline
period. Only the 10-year moving average in the PA2 scenario
results was similar to the baseline 10-year moving average
(fig. 7C). In the simulated results for the PB1 scenario, there
were periods with more (water years 2022—-58 and water years
2086-99) and less (water years 2074—82) annual discharge to
streams compared with the historical-climate baseline period
(fig. 7D). In the PB1 scenario results, fluctuations in the
10-year moving average of annual discharge to streams were
more pronounced than those for total recharge (figs. 6D, 7D)
because of the temporal lag associated with extra-channel
recharge moving through the unsaturated zone to the water
table.

Average Annual Groundwater
Evapotranspiration

Average annual groundwater ET (referred to as annual
groundwater ET) is another component of groundwater
discharge. In all four future-climate scenarios, the increase in
air temperature corresponded to increased PET. Groundwater
ET can increase with PET during wet periods when the water
table is higher; however, groundwater ET can decrease, even
though PET increases, when the availability of groundwater
is limited by less-than-average precipitation. The annual
groundwater ET generally was higher in all future-climate
scenarios compared with the historical-climate baseline period
(fig. 8). The simulated results for all four future-climate
scenarios had a maximum annual groundwater ET greater
than 19,500 acre-ft, which was greater than the maximum for
the historical-climate baseline period (fig. 8). Furthermore,
for all four future-climate scenarios, the simulated results
showed some similarity among multi-year cycles of annual
groundwater discharge to streams and of annual groundwater
ET (figs. 7, 8).

Annual groundwater ET in the GA2 scenario results fol-
lowed a trend that reflected increasing temperatures; how-
ever, annual groundwater ET decreased during water years
2086-96 (fig. 84) because a decrease in recharge (fig. 64)
during this period lowered the water table to below the ET
extinction depth. In the GBI scenario results, SRPHM simula-
tions showed higher annual groundwater ET for water years
2015-60 compared with the historical-climate baseline period
because of higher air temperatures and greater precipitation
for that period. For water years 2061-99, the 10-year moving
average of annual groundwater ET in the GB1 scenario results
varied above and below the maximum 10-year moving aver-
age of annual groundwater ET for the historical-climate base-
line period (16,000 acre-ft; fig. 8B). At the beginning of the
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future-climate period, annual groundwater ET in the PA2 sce-
nario results was similar to that of the historic baseline; then, it
steadily increased as PET and precipitation increased (fig. 8C).
Results for the PB1 scenario indicated that precipitation had

a greater influence on groundwater ET than did PET, because
this scenario generally had greater precipitation (fig. 1D), but
less increased PET, which is correlated to the average air tem-
perature (fig. 4), compared with the other future-climate sce-
narios and the historical-climate baseline period. In addition,
annual groundwater ET increased in the PB1 scenario results
during water years 2011-57 and decreased during water years
2058-82 (fig. 8D). The decrease was a result of a decrease

in annual recharge during this period (fig. 6D), which caused
water levels to be below the ET extinction depth.

Monthly Results, Water Years 1981-2099

Changes in the values of water-budget components simu-
lated by applying the future-climate scenarios in the model
also were evaluated by comparing average monthly results
from three different 30-year periods (water years 201140,
2041-70, and 2070-99) to those from the historical-climate
baseline simulation. Like the annual comparisons, the average
monthly results of four selected water-budget components
were compared: (1) streamflow, (2) recharge, (3) groundwater
discharge to streams, and (4) groundwater ET.

Similar to the results from annual comparisons, these
monthly water-budget components were influenced strongly
by precipitation (fig. 9); however, the future-climate scenarios
also were characterized by noticeable differences in the
monthly distribution of precipitation relative to the historical-
climate baseline period and among the 30-year periods in the
scenarios. For reference, although the exact month varied
among the historical-climate baseline and all future-climate
scenarios, precipitation showed a low during the summer that
gradually increased to a winter high. Despite a similar pat-
tern, the future-climate scenarios generally had relatively less
precipitation in December and relatively more precipitation in
February compared with the historical-climate baseline period

(fig. 9).

Average Monthly Streamflow

The SRPHM simulated average monthly total stream-
flows showed clear shifts in the temporal distribution of
total streamflows relative to the historical-climate baseline
(figs. 10, 11). For all four future-climate scenarios, there were
decreases in December streamflows and increases in February
streamflows during at least two of the three 30-year periods
examined that paralleled the reduced precipitation in Decem-
ber and increased precipitation in February (fig. 9). Simulated
average monthly streamflows for the months of May through
July in all four future-climate scenarios were low—Iess than
10,000 acre-ft—compared with the historical-climate baseline
period (fig. 114-D).

Overall, the SRPHM simulations showed that variability
in the future climate could affect the SRPW hydrologic system
substantially. Results from the GA2 scenario showed the
greatest decrease in low flows relative to the historical-climate
baseline period (fig. 104, 114). Except during the spring and
summer, results for the GBI scenario generally bracketed
flows in the historical-climate baseline period (figs. 108, 11B).
The most consistent difference, relative to the historical-
climate baseline streamflows, was in the PA2 scenario
results, which had decreased streamflows in December and
increased streamflows in February for all three 30-year periods
(figs. 10C, 11C). In contrast to the other three scenarios, for
these same months the PB1 scenario results were similar to
the historical-climate baseline (figs. 10D, 11D). Results from
the PB1 scenario indicated the greatest overall difference in
streamflows relative to the historical-climate baseline was in
February during water years 201140 and in January during
water years 2041-99 (fig. 10D).

Average Monthly Recharge

In all future-climate scenarios, the distribution of simu-
lated average monthly recharge was generally similar to that
of the historical-climate baseline simulation, where there was
maximum recharge in March and minimum recharge from
August through October (fig. 12). There were decreases in
total recharge, relative to the historical-climate baseline, for all
months during water years 2070-99 in the results for the GA2
and GBI scenarios (figs. 124, B). The consistent decreases in
average monthly recharge were caused by the increases in air
temperature and the corresponding increase in simulated PET
during the latter part of the 100-year future-climate scenarios
(fig. 4). In addition, in the GA2 and GB1 scenarios, PET
increased in conjunction with decreased precipitation during
water years 2070-99 (table 1), resulting in the greatest relative
decrease for each month. Overall, results for the PA2 scenario
showed the least amount of change in the amount and timing
of total recharge relative to the historical-climate baseline
(fig. 12C). In the PB1 scenario, there was a great increase in
total recharge, relative to the historical-climate baseline, from
February through May during water years 201140 (fig. 12D).
The increased recharge in the PB1 scenario results corre-
sponded to a period of higher-than-average monthly precipita-
tion during water years 201140 (fig. 9).

Average Monthly Groundwater Discharge to
Streams

The comparison of simulated average monthly
groundwater discharge to streams with the historical-climate
baseline (fig. 13) showed changes in the monthly distributions
that were similar to the results for annual recharge (fig. 12).
For all future-climate scenarios and the historical-climate
baseline, the greatest groundwater discharge to streams was in
March. The most notable change from the historical-climate
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baseline period was in the results for the GA2 and GB1 sce-
narios during water years 2070-99, when there was a pro-
nounced decrease in groundwater discharge to streams for all
months (figs. 134, B). Groundwater discharge to streams was
most like the historical-climate baseline in the PA2 climate
scenario results (fig. 13C). For water years 201140, the PB1
scenario results differed noticeably from the historical-climate
baseline by showing a large increase in groundwater discharge
to streams during February, March, and April (fig. 13D).

Average Monthly Groundwater
Evapotranspiration

The comparison of simulated average monthly results for
simulated groundwater ET with the historical-climate baseline
showed that for all future-climate scenarios, groundwater ET
was higher for most months (fig. 14). This increase correlated
to increasing air temperatures in the future-climate scenarios,
which resulted in higher PET. For all the future-climate
scenarios, the months of May, June, and July had the greatest
increase in groundwater ET relative to the historical-climate
baseline period.

Simulations using the GA2 and GB1 scenarios showed
that, for water years 2011-40 and 2041-70, groundwater ET
was higher from April through September than it was in the
historical-climate baseline period (figs. 144, B). For water
years 2070-99, groundwater ET was less than the historical-
climate baseline period during July and August (figs. 144, B)
as a result of a decrease in recharge (figs. 124, B) that caused
water levels to decline below the ET extinction depths.

In contrast to the results from the simulations for the
GA2 and GBI scenarios, those for the PA2 and PB1 scenarios
showed that for all 30-year periods for April through Septem-
ber groundwater ET was higher than for the historical-climate
baseline period (figs. 14C, D). This increase resulted from an
increase in recharge for these scenarios (figs. 12C, D).

Effects of Future-Climate on the Spatial
Distribution of Recharge

Differences in the rate and location of recharge resulted
from differences in the rate and distribution of precipita-
tion among the future-climate scenarios in conjunction with
differences in temperature, and associated PET, relative
to historical-climate baseline. The differences in rates are
discussed in detail in the “Average Annual Recharge” section
of this chapter (fig. 6), but generalities in these differences
are reviewed here. The spatial distribution of average annual
simulated total recharge for the four future-climate scenarios,
using the three 30-year averaging periods used in the previous
analyses, were compared with the 30-year average recharge

for the historical-climate baseline, both without pumping. The
comparisons were done by calculating the areal difference,

by model cell, between the average 30-year recharge for the
future-climate scenarios and the historical-climate baseline
period (future-climate recharge minus historical-climate
baseline recharge). Hence, negative numbers in figures 15, 16,
and 17 indicate a decrease in recharge and positive numbers
indicate an increase for the future-climate scenarios. Recharge
can be more sensitive to the distribution and timing of pre-
cipitation than to the increased PET from higher temperatures,
resulting in greater recharge in some areas of the SRPW for
the future-climate scenarios than for the historical-climate
baseline period.

For water years 201140, the differences between
average annual simulated recharge distribution for the four
future-climate scenarios and the historical-climate baseline
varied spatially among the scenarios (fig. 15). In general,
recharge increased in the northeastern part of the SRPW
(fig. 15). Conversely, recharge decreased in the western and
southeastern parts of the SRPW in the results for the GA2 and
PAC scenarios, in the southwestern and southeastern parts of
the SRPW in the GB1 scenario results, and in the southwestern
part of the SRPW in the PB1 scenario results (fig. 15). On a
local scale, differences in recharge (both negative and posi-
tive) were greater in response to changes in runoff and inter-
flow along cascades, which route both surface and subsurface
flow across land areas. In the stream channels, decreased
groundwater levels caused more recharge from streams and
less groundwater discharge to streams. Extra-channel recharge
increased the most compared with historical-climate condi-
tions in the PB1 scenario results (fig. 15D).

Comparison of recharge simulated without pumping
for water years 2041-70 with the historical-climate base-
line recharge indicated an overall decrease in recharge in
the results for all four future-climate scenarios (fig. 6 and
figs. 164—D). Recharge decreased the most along the south-
western part of the SRPW and in isolated upland areas,
primarily where inflows from cascades were most affected by
climatic differences.

Comparison of recharge simulated without pumping
for water years 2070-99 with the historical-climate baseline
recharge indicated that the greatest relative decreases in basin-
wide recharge in the results for the GA2 and GB1 scenarios
were along the southwestern part of the SRPW (figs. 174, B).
Even with the substantial decreases in basin-wide recharge in
the results for the GA2 and GB1 scenarios, there were areas of
increased recharge as a result of changes in the spatial distri-
bution of precipitation and air temperature and of decreasing
groundwater levels, which decreased the likelihood of rejected
recharge. In the results for the PA2 and PB1 scenarios, there
were large areas of increased recharge in the central and
northern parts of the SRPW (figs. 17C, D).
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Figure 14. Comparison of 30-year monthly average groundwater evapotranspiration simulated without pumping for the following
future-climate scenarios, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, GA2; B, GB1;
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Figure 16. Difference between 30-year average recharge simulated without pumping for water years 2041-70 and 30-year average
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Figure 17. Difference between 30-year average recharge simulated without pumping for water years 2070-99 historical-climate
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Effects of Future Climate on the Spatial
Distribution of Streamflow

For simplicity, to assess the effects of future climate
on the spatial distribution of streamflow, 30-year windows
from two of the future-climate extremes were examined. The
simulated streamflow for water years 2070-99 in the GA2
scenario and 2011-40 in the PB1 scenario were compared
with simulated streamflow in the 30-year historical-climate
baseline period (figs. 5, 18). Comparisons were made using
average annual streamflow and average monthly streamflow
for February, May, and August. The GA2 scenario was drier
and the PB1 scenario was wetter than the other scenarios for
water years 2011-99 (table 1).

The average streamflow for the historical-climate
baseline period indicated that for the main stream channels,
average streamflow generally was greater than 40 ft3/s, while
average streamflow in most tributaries was comparatively
low, ranging from about 5 ft¥/s to less than 1 ft¥/s (fig. 184).
Simulated average monthly streamflow was highest for Feb-
ruary and lowest for August, with many streams going dry
in August (figs. 18B, D). Simulated streamflow for August
indicated sections of streams where the upstream flows were
higher than the downstream flows because the streams were
losing and recharging the groundwater system (figs. 18B, D).
For example, the highest average August streamflow was
2-5 ft3/s (about 1,450-3,600 acre-ft/yr), simulated upstream
from the Matanzas Creek at Santa Rosa (MATC) streamgage,
whereas streamflow downstream from this streamgage was
only 0.5-1 ft¥/s (about 360-720 acre-ft/yr; fig. 18D). Average

streamflow in May was comparatively high in the main stream

channels, averaging 10—15 ft¥/s at the Mark West Creek near
Mirabel Heights (MWCM) streamgage and 20-50 ft*/s at the
SRCW and Laguna de Santa Rosa near Sebastopol (LAGS)
streamgages; however, streamflows were comparatively low
in the smaller tributaries. For example, streamflows at the
Copeland Creek at Rohnert Park (COPE) streamgage were
only 1-2 ft¥/s (fig. 18C).

As previously stated, the GA2 future-climate scenario
was the driest overall (table 1). Specifically, the GA2 sce-
nario was driest during water years 2070-99, with an aver-
age precipitation rate of 30 inches per year (in/yr) (table
1). Average simulated streamflow for water years 2070-99
using the GA2 scenario indicated a reduction in the annual
and monthly streamflows relative to simulated streamflow
for the historical-climate baseline simulation (figs. 5, 19).
Average annual streamflow throughout the central part of
the Laguna de Santa Rosa ranged from 40 to 80 ft*/s (about
29,000-58,000 acre-ft/yr) compared with an average annual
streamflow of 80-160 ft*/s (about 58,000—116,000 acre-ft/yr)
for the historical-climate baseline period (figs. 184, 194).
Streamflow for February in the Laguna de Santa Rosa,
upstream from the LAGS streamgage, ranged from 160 to
320 ft¥/s (about 116,000-232,000 acre-ft/yr) and was similar
to the streamflow in the historical-climate baseline period
(figs. 18B, 19B). Streamflow for May in the Laguna de Santa
Rosa ranged from 2 to 5 ft*/s (about 1,500-3,600 acre-ft/yr)

compared with an average monthly rate of 20-50 ft*/s (about
14,000-36,000 acre-ft/yr) for the historical-climate baseline
period (figs. 18C, 19C). Streamflow for August in the Laguna
de Santa Rosa was less than 1 ft¥/s (about 700 acre-ft/yr) for
water years 2070-99 compared with an average monthly rate
of 2-5 ft*/s (about 1,500-3,600 acre-ft/yr) for the historical-
climate baseline period (figs. 18D, 19D). Many of the stream
segments that maintained minimum streamflows during

May and August in the historical-climate baseline simula-
tion became dry during May and August in the GA2 scenario
results during water years 2070-99 (figs. 19C, D).

The PBI1 future-climate scenario was the wettest sce-
nario overall (table 1). Specifically, the PB1 scenario had
high precipitation rates during water years 201140 with an
average precipitation rate of 46.3 in/yr (table 1). In the PB1
scenario, the high precipitation during water years 201140
resulted in increased streamflow relative to the historical-
climate baseline period (figs. 5, 20). Average annual stream-
flow for the middle upper Mark West Creek ranged from 80
to 160 ft¥/s (58,000—116,000 acre-ft/yr) compared with an
average annual rate of 40-80 ft*/s (29,000-58,000 acre-ft/yr)
during the historical-climate baseline period (figs. 184, 204).
The most pronounced change was the increase in stream-
flow during February in the PB1 scenario results; average
monthly streamflow increased to at least 321 ft¥/s (about
232,000 acre-ft/yr) for the middle sections of Mark West
Creek, Santa Rosa Creek, and the Laguna de Santa Rosa
compared with average streamflow of 161-320 ft¥/s (about
117,000-232,000 acre-ft/yr) during the historical-climate
baseline period (figs. 188, 20B). May streamflow decreased
relative to the historical-climate baseline in the PB1 sce-
nario (figs. 18C, 20C), whereas August streamflow increased
for Mark West Creek, but decreased in smaller tributaries
(figs. 18D, 20D). These differences reflected a shift of the
runoff and interflow components of streamflow to January and
February because the most precipitation fell in these months in
the PB1 scenario, whereas precipitation was distributed more
evenly from December through March during the historical-
climate period (fig. 9).

Model Application: Future-Climate
Scenarios with Projected Pumpage

Estimated future pumpage was included with the future-
climate scenarios to assess the hydrologic response to the
combination of these stresses. The future-climate simulations
with pumping were used to develop the groundwater budget
for water years 2011-40. Estimates of groundwater pumpage,
which is composed of public-supply and rural (domestic and
agricultural combined) pumpage, were projected through
2040. Comparisons were made to the historical-climate base-
line simulation with pumpage to evaluate changes in selected
components of the groundwater budget. For simplicity,
reclaimed water, which was applied to agricultural irrigation
as added precipitation in the historical-baseline period, was
not used for the future-climate scenarios.
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Figure 18. 30-year average streamflow simulated without pumping for historical-climate baseline conditions (water years 1981-2010),
Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, annual; B, February; C, May; D, August
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Figure 19. 30-year average streamflow simulated without pumping for water years 2070-99 in the GA2 future-climate scenario, Santa

Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, annual; B, February; C, May; D, August.
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Groundwater Pumpage

Groundwater use in the SRPW is predominantly for
public supply and rural uses. Public-supply pumpage was
estimated by Sonoma County Water Agency (Marcus Trotta,
Sonoma County Water Agency, written commun., July 24,
2012). Domestic pumpage for water years 2011-40 was
estimated on the basis of a projected 12-percent increase in
the number of households in unincorporated areas of Sonoma
County (Association of Bay Area Governments, 2013). This
was prorated over the 30-year period to be about 0.4 percent
per year. The monthly pumpage for a given water year was
determined by multiplying the pumpage for each month in
the preceding water year by a factor of 1.004. Note that this
simplified calculation resulted in a total growth of 12.7 percent
because of monthly compounding. Public-supply and domestic
pumpage were assumed not to be influenced by climate, and
the same estimates were used for all future-climate scenarios.

Estimates of agricultural pumpage were developed for
the four future-climate scenarios using the 2008 land-use map
(Appendix 1, fig. 2E) and the methods discussed in Appendix 1
of this report. The spatial distribution of irrigated crop types
was the same as the 2008 land-use map, held constant
throughout the 30-year future climate scenarios; therefore,
variations in irrigation estimates were in response only to the
variability and trends in the future-climate scenarios, not to the
changes in land use.

The 30-year projection of agricultural pumping indicated
an increase in pumpage relative to historical-climate baseline
period for all future-climate scenarios (fig. 21). There was a
trend of increasing agricultural pumping in the GA2 and GB1
future-climate scenarios in response to the trends of increas-
ing air temperature and lower precipitation, which, in turn,
resulted in higher PET, drier soils, and greater crop-water
demand. In contrast, although agricultural pumpage generally
increased from the historical baseline period in the PA2 and
PB1 scenarios, it showed little change with time.

Simulated Groundwater Results for the Future-
Climate Scenarios, Water Years 2011-40

The SRPHM was used to analyze groundwater conditions
for the four future-climate scenarios relative to the historical-
climate baseline period (water years 1981-2010). This analy-
sis is presented in three sections: (1) a discussion of selected
average annual surface-water components and groundwater
budgets for the historical-climate baseline period and pro-
jected average annual groundwater budgets for the four future-
climate scenarios; (2) a discussion of how variations in pump-
age and precipitation affect net stream leakage (the difference
between recharge from streams and groundwater discharge to
streams), groundwater ET, and groundwater-storage change
for the four future-climate scenarios compared with the histor-
ical-climate baseline period; and (3) a discussion of changes
in groundwater levels in model layer 1 between spring 2010

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

(using pumping for the historical-climate baseline period) and
spring 2040 (using projected pumping). The simulated average
annual surface-water components and groundwater budgets for
the historical-climate baseline period and the four future-cli-
mate scenarios are presented in table 2. The temporal variation
in pumpage and precipitation; the cumulative net stream leak-
age, groundwater ET, and groundwater-storage change for the
historical-climate baseline period; and the four future-climate
scenarios for 201140 are shown in figure 22.

Selected Surface-Water Components and
Groundwater Budgets

In order to analyze changes in selected simulated average
surface-water components and simulated average groundwater
budgets for water years 2010-2040, including groundwater
pumpage, for the four future-climate scenarios, the average
annual conditions for the historical-climate baseline period
and the four future-climate scenarios were calculated (table 2).
Total streamflow for the GA2 and PA2 scenarios during water
years 2010-2040 was about 9 and 8 percent, respectively, less
than for the historical-climate baseline period. For the wetter
GB1 and PB1 scenarios, total streamflow was about 9 and
32 percent, respectively, greater than the historical-climate
baseline period. Runoff, which is the largest component of
total streamflow, was directly related to the amount of pre-
cipitation; hence, less precipitation resulted in less runoff.
Interflow was higher for all four scenarios; however, it was not
sufficient to offset the reduced runoff in the GA2 and PA2 sce-
narios. Net stream leakage reduced total streamflow because,
overall, there were more losing stream reaches than gaining
stream reaches.

In general, the groundwater-inflow budgets simulated
for the future-climate scenarios were similar to those for of
baseline period (table 2). In the GA2, GB1, and PA2 scenarios,
extra-channel recharge was about 1-9 percent less than in the
historical-climate baseline period, but was about 17 percent
greater than historical-climate baseline period in the PB1
scenario. Although the average precipitation for the GA2,
GBI, and PA2 future-climate scenarios was about equal to the
historical-climate baseline period (table 1), the higher average
and maximum temperatures for these three future-climate sce-
narios (table 1) resulted in increased ET of infiltrating precipi-
tation in the soil zone, which resulted in reduced extra-channel
recharge. Net boundary flows changed from a small outflow
(800 acre-ft/yr) for the historical-climate baseline period to
a small inflow (200—1,000 acre-ft/yr) for the four scenarios.
Net stream leakage into the groundwater system for all four
scenarios was about 75—141 percent greater than the historical-
climate baseline period (table 2). In summary, except for the
PBI scenario, increased pumpage and reduced extra-channel
recharge resulted in lower groundwater levels, thereby slightly
increasing boundary inflows and greatly increasing net stream
leakage to the groundwater system.
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Figure 21. Estimated agricultural pumpage for the historical-climate baseline period during water years 1981-2010 and the following
future-climate scenarios, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, GA2; B, GB1;
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Table 2. Average annual results for selected surface-water components and simulated groundwater budgets for the 1981-2010
historical-climate period, and projected average annual results for 201140 for future-climate scenarios GA2, GB1, PA2, and PB1, Santa
Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California.

[Precipitation for the historical-climate baseline includes reclaimed water; total streamflow is the sum of runoff and interflow minus net stream leakage]

Historical-climate

baseline GA2 GB1 PA2 PB1
Selected surface-water 1981-2010 2011-40 2011-40 2011-40 2011-40
components water years, water years, water years, water years, water years,

(acre-feet (acre-feet (acre-feet (acre-feet (acre-feet

per year) per year) per year) per year) per year)

Precipitation 543,000 530,000 559,000 538,000 641,000
Total streamflow 238,000 217,000 256,000 219,000 314,000
Runoff 178,000 164,000 192,000 165,000 299,000
Interflow 66,200 67,400 78,000 68,900 96,000
Net stream leakage 6,400 14,800 14,600 15,400 11,200

Groundwater inflows
Boundary flows 7,200 7,500 7,500 7,500 7,300
Extra-channel recharge 43,500 40,900 43,200 39,400 50,900
Recharge from streams 32,800 35,900 36,300 36,300 36,700
Total inflow 83,500 84,300 87,000 83,200 94,900
Groundwater outflows

Pumping 36,500 47,300 47,600 45,900 46,300
Boundary Flows 8,000 6,500 6,600 6,500 7,100
Groundwater evapotranspiration (ET) 8,300 7,000 7,200 6,700 8,400
Surface leakage 6,300 3,400 3,800 3,400 5,400
Groundwater discharge to streams 26,400 21,100 21,700 20,900 25,500
Total outflow 85,500 85,300 86,900 83,400 92,700

Storage change (total inflow—total outflow) -2,000 —1,000 100 -200 2,200
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In contrast to inflows, except for the specified pumpage,
groundwater outflows simulated for all four future-climate
scenarios generally were lower than the historical-climate
baseline period (table 2), indicating groundwater pumping
reduced other outflows from the groundwater system. Specifi-
cally, increased groundwater pumping was partially offset by
the increase in recharge from streams and net boundary flow
and the decrease in groundwater discharge to streams and
groundwater ET (table 2). Increased pumpage lowered the
water table, thereby reducing the simulated groundwater ET,
surface leakage, and groundwater discharge to streams. Simu-
lated groundwater ET was 13—19 percent less in the GA2,
GBI, and PA2 future-climate scenarios and 1 percent greater
in the PB1 scenario, and surface leakage (groundwater that
leaves the groundwater system into either the soil zone or land
surface) was 14-46 percent less, in the four future-climate
scenarios compared with the historical-climate baseline
period (table 2). Similarly, simulated groundwater discharge
to streams, or baseflow, in the four scenarios was about 3-21
percent less than it was in the historical-climate baseline
period (table 2). Note that groundwater discharge to streams
decreased for the wettest future-climate scenario (PB1) where
the wetter conditions did not mitigate the reduction in ground-
water discharge to streams associated with increased pump-
age because most of the precipitation fell during the winter
months, when demand was low.

The groundwater budgets showed that, on aver-
age, increased groundwater pumping was partially offset
by increases in recharge from streams and decreases in
groundwater discharge to streams, net boundary flows,
and groundwater ET (table 2). However, the reduction in
groundwater storage was less for the GA2 and PA2 scenarios
and there was storage accretion for the GB1 and PB1 scenarios
compared with the historical-climate baseline period. In the
GA2 scenario, the reduction in groundwater storage was about
half of that of the historical-climate baseline period of about
2,000 acre-ft/yr; in the GB1 scenario, there was an accretion
in groundwater storage of about 100 acre-ft/yr; and in the
PA2 scenario, there was a reduction in groundwater storage
of about 200 acre-ft/yr. The primary reason for this difference
in groundwater storage, compared with the historic-baseline
period, was the higher net stream leakage into the aquifer sys-
tem, or streamflow depletion, which partially offsets the higher
pumpage for the future-climate scenarios. In contrast, in the
PBI scenario, higher extra-channel recharge from increased
precipitation mitigated the effects of pumping, so groundwa-
ter storage was increased in this scenario compared with the
historical-climate baseline period.

In summary, the primary reason for the difference in
average groundwater storage change between the historical-
climate baseline period and the future-climate scenarios
is the sum of the outflows, less the pumpages, were lower
than for the historical-climate baseline period. Although, in
general, the total recharge was slightly greater than or about
the same for the future-climate scenarios, the outflows other
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than pumpage ranged from about 5 to 23 percent lower than
for the historical-climate baseline period. The lower water
table from the higher pumpage in the future-climate scenarios
resulted in the reduction of groundwater discharge to streams,
groundwater ET, and surface leakage, and created more losing
stream reaches with greater potential for infiltration of avail-
able streamflow. For the GA2 and PA2 scenarios the potential
for infiltration of streamflow was limited by runoff values that
were lower than for the historical-climate baseline period and
the GB1 and PB1 scenarios.

In general, the average precipitation and air temperatures
for the future-climate scenarios from 2011-2040 are some-
what different than the historical-baseline climate (table 1).
However, the differences are greater as time progresses after
water year 2040, particularly lower precipitation for the GA2,
GBI, and PA2 scenarios and greater air temperature for all
the scenarios (table 1). Greater agricultural pumpage resulting
from the changing climate coupled with increasing population
will result in greater total groundwater pumpage. This higher
pumpage may result in a further lowering of the water table,
resulting in greater losses of groundwater storage than was
simulated for 2011-2040. There may be a time after water year
2040 when surface-water resources can no longer offset the
effects of drier conditions and higher pumpage, and the reduc-
tion of groundwater storage may happen at a more rapid rate.

Annual Variations in Future-Climate Scenarios

The values and rates of change for cumulative
groundwater-budget components in the future-climate scenar-
ios differed considerably from the historical-climate baseline
conditions (fig. 22). Overall, rates of groundwater ET were
greater during the historical-climate baseline period than dur-
ing all four future-climate scenarios. In contrast, rates of net
stream leakage increased sharply from the historical-climate
baseline period in all the future-climate scenarios. As a result,
the cumulative volume of net stream leakage was greater than
that of groundwater ET at the end of the 30-year simulation
for all four future-climate scenarios (fig. 22).

Variability in the patterns of cumulative groundwater-
storage change in the four future-climate scenarios reflected
variability in the projected precipitation for each scenario.
The rates of groundwater ET for all the future-climate sce-
narios were lower than the historic-climate baseline rates,
such that cumulative net stream leakage outpaced ET earlier
in the simulations of the GA2, GBI, and PA2 scenarios than
in the PB1 scenario (fig. 22) because wetter conditions in
the PB1 scenario resulted in higher groundwater levels that
caused increased groundwater ET and groundwater discharge
to streams. In contrast, the GA2, GB1, and PA2 scenarios
were relatively dry, resulting in lower groundwater levels
and decreased groundwater discharge to streams; therefore,
cumulative net stream leakage was greater with time in
these three scenarios compared with the wetter PB1 scenario
(fig. 22).



224 Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

In the GA2 scenario, which had the lowest average
precipitation (table 1), the cumulative groundwater-storage
change decreased from the historical-climate baseline period
(fig. 224). In the GBI scenario, cumulative groundwater-
storage change was similar to that of the historical-climate
baseline period in that the declines and increases generally
were balanced; however, overall, groundwater-storage change
was less in the GB1 scenario (fig. 22B). Similar to the GB1
scenario, the cumulative groundwater-storage change for the
PA2 scenario was less, overall, than during the historical-
baseline period. The decline during water years 2011-27, and
subsequent increase due to wetter-than-average conditions
after water year 2027 (figs. 1C, 22C), balanced groundwater-
storage change in the PA2 scenario. In the PB1 scenario,
which had the highest average precipitation, there was an
increase in groundwater storage (fig. 22D).

Although the changes in average annual groundwater
storage were small, as discussed in the “Selected Surface-
Water Components and Groundwater Budgets” section, it
should be noted that there were periods where there were
large decreases in groundwater storage. The largest cumula-
tive storage loss for the GA2 scenario (76,000 acre-ft) was
during water years 2021-2025, for an average loss of about
15,200 acre-ft/yr. The largest cumulative storage loss for the
GBI scenario (136,000 acre-ft) was during 2019-2029, for an
average loss of about 12,400 acre-ft/yr. The largest cumulative
storage loss for the PA2 scenario (110,000 acre-ft) was dur-
ing 2012-2024, for an average loss of about 8,500 acre-ft/yr.
The largest cumulative storage loss for the PB1 scenario
(103,000 acre-ft) was during water years 2024-2035, for an
average loss of about 8,600 acre-ft/yr.

Water-Level Change

The spatial distribution of the change in groundwater
levels between spring 2010 and spring 2040 provides a visual
example of the change in groundwater levels in model layer 1,
which generally correlates with the change in groundwater
storage. Negative numbers in figure 23 indicate that simulated
hydraulic heads in model layer 1 were lower in water year
2040 than in water year 2010, and positive numbers indicate
the opposite. Groundwater levels in the GA2, GB1, and PA2
future-climate scenarios generally declined (figs. 234-C),
resulting in a reduction in baseflow, an increase in losing
stream reaches, and a reduction in riparian ET. In the PB1
scenario, an increase in water levels throughout most of the
SRPW (fig. 23D) was mitigated by the increase in riparian ET
in some stream channels that reduced the leakage from these
streams. This is illustrated by the attenuated increase in water
levels in the vicinity of these stream channels in figure 23D.

Overall, simulated hydraulic heads were between 5 and
25 ft lower in spring 2040 than in spring 2010 in the GA2,
GBI, and PA2 future-climate scenarios (figs. 234—C). The

groundwater-level declines in these three scenarios generally
were less in the vicinity of the major drainages than in the
extra-channel areas. In the SRPHM, streams are simulated as
head-dependent boundaries that minimize the decline in heads
from both gaining and losing reaches; however, because the
net stream leakage into the groundwater system increased
from the historical-climate baseline period in all future-climate
scenarios (fig. 22), stream-aquifer interaction was the primary
component mitigating the decline in groundwater levels.

Simulated hydraulic heads were as much as 10 ft higher
in spring 2040 than in spring 2010 in the GA2, GB1, and
PA2 scenarios in the Santa Rosa area, in the vicinity of some
streams throughout the SRP, and in the vicinity of the southern
boundary of the SRPW (figs. 234—C). In water year 2040,
about 66 percent of the SRPW showed a decrease in simu-
lated hydraulic heads of 1 ft or more in the GA2 scenario,
about 53 percent in the GBI scenario, about 56 percent in the
PA2 scenario, and about 24 percent in the PB1 scenario. In
water year 2040, about 14 percent of the SRPW showed an
increase in simulated hydraulic heads of 1 ft or more in the
GA2 and GBI scenarios, about 13 percent in the PA2 scenario,
and about 46 percent in the PB1 scenario. The SRPHM simu-
lations showed that the groundwater-level decline was more
widespread in the GA2 scenario than in the other scenarios.
Because of the warmer temperatures, the GA2 agricultural
component of rural pumpage for spring 2040 was about 6, 57,
and 40 percent greater than in the GBI, PA2, and PBI, respec-
tively, which could have contributed to the groundwater-level
decline over a larger area in this scenario (fig. 234).

The greatest (more than 25 ft) decline in simulated
hydraulic heads between spring 2010 and spring 2040 was
in the Mayacmas and Sonoma Mountains in all four future-
climate scenarios. Recharge occurred in these areas during
the historical-climate baseline period; however, in the future-
climate scenarios, average recharge declined to zero over
much of these areas for water years 2011-40. Ironically, the
greatest increase in simulated hydraulic heads also was in the
Mayacmas Mountains, particularly where the basement com-
plex crops out (figs. 234-D).

The higher precipitation, and, hence, greater recharge, in
the PB1 scenario lessened the effect of pumpage on simulated
hydraulic heads. Because of higher average annual precipita-
tion in the PB1 scenario compared with the historical-climate
baseline and other scenarios, the PB1 scenario had a much
smaller average decline in groundwater levels in the south-
western part of the SRPW (fig. 23D). In fact, simulated
hydraulic heads in a large part of the SRP, including the
extra-channel areas and in the vicinity of the streams, were
1 to 10 ft higher in spring 2040 (fig. 23D) than in spring 2010.
Conversely, groundwater levels in the parts of the upland areas
were at least 25 ft lower in spring 2040; however, the extent
of this decline was less than for the other three future-climate
scenarios.
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Model Application: Future-Climate Scenarios with Projected Pumpage
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Figure 23. Differences in simulated hydraulic heads in model layer 1 between spring 2010 and spring 2040 for the following future-
climate scenarios, Santa Rosa Plain hydrologic model, Santa Rosa Plain watershed, Sonoma County, California: A, GA2; B, GB1; C, PA2;

D, PB1.
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Chapter G. Summary,
Model Limitations, and
Conclusions

By Joseph A. Hevesi and Linda R. Woolfenden

This report, which documents the development and
application of the SRPHM, comprises seven chapters, includ-
ing this one. Chapter A summarizes the purpose and scope of
the study, provides a description of the study area, presents an
overview of previous work, and presents an overview of the
SRPW conceptual and numerical models. Chapter B provides
a detailed description of the development of the watershed-
model component of the SRPHM. Chapter C provides a
detailed description of the development of the groundwater-
model component of the SRPHM. Chapter D presents the
calibration of the SRPHM. Chapter E presents the simulation
results from the SRPHM. Chapter F presents the simulated
results of four possible future climate scenarios and projected
pumping. Chapter G (this chapter) presents the summary,
model limitations, and conclusions of the report. Appendix 1
describes the development, example input and output, and
application of a crop water-demand model (CWDM) that was
used to estimate agricultural pumpage.

Summary

The Santa Rosa Plain hydrologic model (SRPHM)
was developed to help better understand the hydrology of
the Santa Rosa Plain watershed (SRPW) and to provide
a new method for evaluating the hydrologic response of
the SRPW to different management and climate-change
scenarios (chapter A, figs. 1 and 2). The SRPHM uses the
coupled surface-water—groundwater flow modeling program
(GSFLOW; Markstrom and others, 2008), which consists of
two integrated model components: (1) a watershed-component
model developed using Precipitation Runoff Modeling System
(PRMS), and (2) a groundwater-component model developed
using Modular Groundwater Flow Model (MODFLOW-
NWT). The watershed-component model is used to simulate
the hydrology of the land surface, vegetation, and soil zone.
The groundwater-component model is used to simulate the
properties and processes of the subsurface, including the
unsaturated zone, saturated zone, the major streams, and the
interaction between surface water and groundwater.
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Model Description

The watershed-component model consists of 16,741
hydrologic response units (HRUs); each HRU is a cell within
a grid of square cells, each 660 foot (ft) by 660 ft (10 acre) in
size, discretized to match the grid of the underlying ground-
water-component model. The grid-based HRUs are con-
nected by using a network of cascades and stream segments.
Surface-water runoff and interflow are routed by the cascades
to the stream segments; the stream segments route streamflow
to ten outflow points on the boundary of the SRPHM, and
Mark West Creek, at the confluence with the Russian River
(chapter A, fig. 2), is the main outflow point.

The watershed-component model distributes the daily-
climate input used in the transient GSFLOW simulation to all
the HRUs, accounting for spatial variability in precipitation
and air temperature. The spatially distributed climate input
was developed by using precipitation and air-temperature
records from a regional network of climate stations centered
on the area of the SRPW, including eight climate stations in
the SRPW. The average monthly precipitation and the maxi-
mum and minimum monthly air temperatures for 1971-2000
were used to spatially distribute the climate inputs (Daly and
others, 2004). The resulting climate data set consists of a time
series of daily precipitation and maximum and minimum daily
air temperatures for water years 1918 through 2010. Because
of the uncertainty in the estimated climate data prior to water
year 1948, records for water years 1948 through 2010 of
daily precipitation, estimated from 36 climate stations, and
maximum and minimum air temperatures, estimated from
16 climate stations, were used as input to the model.

The groundwater-component model consists of 8 layers
on a finite-difference grid of 168 rows and 157 columns, and
uniform, square model cells with a dimension of 660 ft on
each side (chapters A, D). All model layers are convertible and
can switch between confined and unconfined flow conditions;
however, generally only the top layer is unconfined. Hydraulic
conductivity is spatially defined by hydrogeologic units.
Hydrogeologic units were defined by stratigraphic units and
textural properties and were the basis for distributing horizon-
tal hydraulic conductivity, vertical anisotropy, specific storage,
and specific yield values to the cells in the model grid. Lateral-
boundary conditions, which govern the interaction between
the SRPW and adjacent areas, include no-flow and head-
dependent flow boundaries. Major faults and two unidentified
minor faults are simulated in the model as partial barriers to
groundwater flow. The SRPW was divided into model storage
units (MSUs) to aid in the calibration of the aquifer properties
and boundary conditions.
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Sources of inflow to the groundwater system include
extra-channel recharge, recharge from streams, infiltration
of treated wastewater, and subsurface inflow from adjacent
basins. Groundwater outflow from the SRPW includes pump-
ing, groundwater discharge to streams, riparian evapotrans-
piration (ET), groundwater discharge to the unsaturated zone
or land surface, and subsurface flow to adjacent groundwa-
ter basins. Reported municipal pumpage were used in the
SRPHM. Agricultural pumpage was estimated by using the
calibrated watershed-component model and a daily CWDM
(Appendix I). Domestic pumpage was estimated on the basis
of population data for the non-urban areas and a per-capita
consumptive-use factor of 0.19 acre-foot per year (acre-ft/yr;
California Department of Water Resources, 1994). Recharge
from streams, groundwater discharge to streams, extra-channel
recharge, boundary flows, and ET were calculated by the
SRPHM as part of this study.

Model Calibration

Initial calibration of the SRPHM was done in decoupled
mode where the watershed and groundwater-components were
calibrated separately. Once calibrated, the components were
then coupled and recalibrated.

Calibration of the SRPHM using coupled-GSFLOW
simulations for transient conditions during water years
1975-2010 was completed by using an iterative trial-and-error
approach of adjusting model parameters to achieve a reason-
able fit between (1) simulated and measured streamflow, and
(2) simulated hydraulic heads and measured groundwater
levels. The calibration process for the SRPHM included
adjusting the initial estimates of the land-surface proper-
ties, soil-zone properties, stream-channel properties, aquifer
properties, general-head boundary heads and conductances,
and fault characteristics. The SRPHM was calibrated by using
measured groundwater levels at 83 wells and published spring
2007 groundwater-level contours as calibration targets. The
watershed-component model was calibrated by using monthly
streamflow records at 12 streamgages in the SRPW as calibra-
tion targets. In addition, transmissivity estimates for six wells
were used to constrain horizontal hydraulic conductivity for
selected model layers. Model parameters controlling simulated
streamflow were manually adjusted until a reasonable fit was
obtained.

The SRPHM simulated monthly streamflow best at the
Mark West Creek near Mirabel Heights, Mark West Creek near
Windsor, Santa Rosa Creek at Santa Rosa, and Santa Rosa
Creek at Willowside road streamgages. Simulated streamflow
at the Laguna de Santa Rosa near Cotati, Brush Creek at Santa
Rosa, and Colgan Creek near Santa Rosa gages had a poorer
fit to the measured data (chapter D, table 11).
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The normalized root mean square error (NRMSE) for the
match between simulated heads and measured groundwater
levels was within 10 percent, indicating that the overall fit
of the groundwater-component model to measured data was
reasonable (chapter D). The normalized root-mean-square
error was within 10 percent for the Cotati-N MSU and slightly
greater than 10 percent for the Rincon-Kenwood, Wilson
Grove, and Santa Rosa MSUs, which were acceptable for the
intended use of this model (chapter D, table 13).

Model Results

The SRPHM was used to derive components of the
hydrologic budget for water years 19762010 (chapter E).
Figure 1 summarizes the simulated inflows and outflows of the
coupled surface-water and groundwater systems. Although the
simulation period was water years 1975-2010, the first year
(water year 1975) was considered a “spin-up” period to allow
the transient model to stabilize with respect to the specified
initial conditions; therefore, those results were omitted in the
evaluation of the model results.

Precipitation was the largest inflow to the SRPW, averag-
ing about 531,000 acre-feet per year (acre-ft/yr) for water
years 1976-2010. The largest outflows, on average, from the
SRPW were total streamflow, at about 230,000 acre-ft/yr, and
total ET, at about 262,000 acre-ft/yr. Pumpage was about an
order of magnitude less, averaging about 35,600 acre-ft/yr
(fig. 1). During water years 1976-2010, an average of about
2,700 acre-ft/yr was added to total storage. Total storage
calculated by GSFLOW is the sum of surface, soil-zone,
unsaturated-zone, and groundwater storage. Unsaturated-zone
and groundwater storage losses averaged 10,000 acre-ft/yr,
and surface and soil-zone storage gained 12,700 acre-ft/yr
(fig. 1). Simulation results indicated that about 54 percent of
the total quantity of groundwater pumped from the SRPW was
provided by a reduction in total streamflow, about 24 percent
from a reduction in total ET, about 14 percent from a reduction
in total storage, and about 8 percent from changes in boundary
flows.

The SRPHM also was used to estimate groundwater bud-
gets for the SRPW. For water years 19762010, average extra-
channel recharge and recharge from streams accounted for
51 and 40 percent, respectively, of total groundwater inflow.
Pumpage and groundwater discharge to streams were the
major outflows on average, accounting for 42 and 31 percent,
respectively, of total outflow. Net stream leakage was about
6,600 acre-ft/yr, indicating that, overall, streams were a source
of water to the groundwater system. Groundwater-storage
depletion was about 3,300 acre-ft/yr on average (fig. 1).
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Figure 1. Diagram showing average water budget for water years 1976-2010, Santa Rosa Plain hydrologic model, Santa Rosa Plain
watershed, Sonoma County, California.
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The groundwater budget for short-term (water years
2004-10) average conditions were evaluated to focus on the
effects of the most recent estimates of rural-pumpage. Results
indicated that pumpage was about 18 percent greater than the
long-term average, and about 45 percent more groundwater
was removed from storage compared with the long-term aver-
age results.

Model results for a dry water year (water year 2009)
indicated that extra-channel recharge was about 48 percent
less than for the long-term average, while pumpage was about
20 percent greater. Groundwater discharge to streams and ET
were about 27 and 30 percent, respectively, less than for the
long-term average results. About 20,800 acre-ft was removed
from groundwater storage in water year 2009.

For a wet water year (water year 2006), extra-channel
recharge was about 70 percent greater than for the long-term
average. Groundwater discharge to streams and surface leak-
age were about 22 and 33 percent, respectively, greater than
the long-term average results. About 19,400 acre-ft was added
to groundwater storage in water year 2006.

The SRPHM was used to estimate groundwater budgets
for selected subareas and to estimate flow from layer 1 to
underlying layers. The largest inflow for the Windsor, Santa
Rosa, and Wilson Grove subareas was extra-channel recharge,
whereas the largest inflow to the Cotati subarea was recharge
from streams. The largest outflow for the Windsor, Santa Rosa,
and Cotati subareas was pumping. For the Wilson Grove sub-
area, pumping and boundary flows were the largest outflows.
Groundwater storage was reduced in the Windsor, Santa Rosa,
Wilson Grove, and Cotati subareas. Pumping induced an aver-
age of nearly 10,000 acre-ft/yr of groundwater flow from layer
1 to underlying layers in the Windsor, Santa Rosa, and Cotati
subareas.

The distribution of net flux across the water table for
long-term average conditions for water years 1976-2010, dry-
year conditions for water year 2009, and wet-year conditions
for water year 2006 indicated that the highest recharge rates
were in stream channels with permeable streambeds. The long-
term average net recharge was about 33,000 acre-ft/yr. For the
dry-water year in 2009, the net recharge was about 33 percent
less than the long-term average results. For the wet-water year
in 2006, net recharge was about 45 percent greater than for the
long-term average results.

Model Application

The calibrated SRPHM was used to assess the effects of
climate change and variability as estimated using four pos-
sible future-climate scenarios on the SRPW water resources
over 30-year periods during water years 2011-99 (chapter F).
The simulations were done for water years 2005-99, includ-
ing a 5-year model “spin-up” period. Climate change was
represented by using future-climate scenarios consisting of
daily precipitation and maximum and minimum daily air
temperature simulated by global-climate models (GCMs) for
water years 2000-2100. On the basis of previous studies and
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background information presented in Flint and Flint (2012),
four different climate scenarios, developed by using two
GCMs and two greenhouse gas (carbon dioxide) emission
scenarios, were selected for application with the SRPHM. The
results from the GCMs were downscaled and bias-corrected
to the SRPW by using methods described in Flint and Flint
(2012). These climate scenarios are referred to as the GA2,
GBI, PA2, and PB1 scenarios. The application of four differ-
ent future-climate scenarios was done to represent uncertainty
in the future-climate simulations.

To evaluate the effect of climate alone on the SRPW
hydrologic system, the SRPHM was applied using the four
future-climate scenarios without pumping for water years
2005-99. The time series of annual simulation results for
water years 2011-99 were compared with results for water
years 1981-2010 (historical-climate baseline period) by using
the historical-climate baseline simulation without pumping.
Comparison of simulation results between future-climate sce-
narios and the historic-climate baseline also was done by using
average monthly results for 30-year periods.

Results from the SRPHM for the four future-climate sce-
narios without pumping were analyzed to assess the effects of
the changes and variability in climate on total streamflow, total
recharge, groundwater discharge to streams, and groundwater
ET. The frequency of very low total streamflow (less than
100,000 acre-ft) increased for all four scenarios relative to
the baseline period. The annual variability in total stream-
flow in the GA2 scenario, which was the driest and warmest,
overall, was similar to that of the historical climate; however,
the minimum total streamflow was more frequent than it was
in the historical climate. All future-climate scenarios had at
least one year with very high annual streamflow (greater than
700,000 acre-ft), whereas the maximum annual streamflow for
the historical-baseline climate period was 620,000 acre-ft.

Results for all four future-climate scenarios showed an
increase in the number of water years with annual recharge
less than 30,000 acre-ft; this was due to a combination of
lower precipitation (GA2 and GBI scenarios) or higher
air temperatures (all four scenarios), or both, than for the
historical-baseline climate period. The GA2 and GB1 sce-
narios had periods of low recharge relative to the baseline
period, where the 10-year moving average recharge was less
than 50,000 acre-ft/yr. The PA2 scenario had the most variabil-
ity in annual recharge; however, the 10-year moving average
showed less variability than the other scenarios. The PB1 sce-
nario had periods where the average recharge was high relative
to the historical-baseline climate period, including a very wet
period (10-year moving average greater than 70,000 acre-ft/yr)
during water years 2022-30.

Groundwater discharge to streams showed more sensitiv-
ity to multi-year trends and inter-annual variations in future
climates than recharge. The inter-annual variability in ground-
water discharge to streams in all four future-climate scenarios
was similar to the variability of the historical-climate baseline
period. Results for the GA2 scenario had the lowest average
and absolute values for groundwater discharge to streams



for water years 2080-99 compared with results for all years
for the other future-climate scenarios and historical-climate
baseline. This reflected the low precipitation and high air
temperatures of the GA2 scenario for that period. The PB1
scenario was characterized by a wet period from water years
2022-30 and had the highest groundwater discharge to streams
during this period compared with the other scenarios and the
historical-climate baseline period. The PA2 scenario had the
least overall variability in groundwater discharge to streams.
The GBI was similar to the GA2 scenario by showing an
overall downward trend for groundwater discharge to streams.

Groundwater ET showed the most sensitivity to increas-
ing air temperatures in all four future-climate scenarios.
Results for all four scenarios showed an increase in
groundwater ET compared with the historical-climate baseline
period. Results for the GA2 and PA2 scenarios indicated
a trend of increasing groundwater ET during water years
2011-80; however, the trend turned downward in the GA2
scenario after water year 2080 because of very dry conditions.
Results for all four scenarios showed that the minimum annual
groundwater ET was much greater than the minimum for the
historical-climate baseline period.

The SRPHM also was applied by using the four future-
climate scenarios with projections of future pumpage for water
years 2011-40. Agricultural pumpage was estimated by using
the characteristics of the climate scenarios in combination with
the calibrated watershed-component model and CWDM. The
CWDM was applied by using the crop distributions defined by
the 2008 land-use map. Public-supply pumpage was projected
on the basis of estimates provided by water purveyors in the
SRPW through 2040. Domestic pumpage was projected for
water years 201140 on the basis of a measured increase in
pumpage in unincorporated areas of Sonoma County.

Results from the SRPHM with pumping for water years
201140 were compared with the historical-climate baseline
period of water years 1981-2010 to determine the effect of
projected pumpage and future climate on the groundwater-
flow system in the SRPW for a typical 30-yr water-manage-
ment plan timeframe. Pumpage ranged from about 22 percent
more in the PA2 scenario to about 26 percent more in the GB1
scenario compared with the historical-climate baseline period.
In the GA2, GBI, and PA2 future-climate scenarios, extra-
channel recharge was less than was simulated in the historical-
climate baseline period, while in the comparatively wetter
PBI1 scenario, extra-channel recharge was more. Recharge
from streams to the groundwater system was greater than the
historical-climate baseline average in all four future-climate
scenarios. The results also indicated an overall reduction in
groundwater discharge to streams in all four future-climate
scenarios. Groundwater storage was reduced in the GA2 and
PA2 scenarios, but by much less than it was during the his-
torical-climate baseline period. In the GB1 and PB1 scenario,
groundwater storage increased.
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The values of cumulative groundwater-budget compo-
nents in the future-climate scenarios differed considerably
from the cumulative change during historical-climate baseline
conditions. Overall, cumulative groundwater ET volumes
were greater during the historical-climate baseline period,
and cumulative net stream leakage was greater during all four
future-climate scenarios. As a result, the cumulative volume
of net stream leakage was greater than that of groundwater ET
at the end of the 30-year simulation for all four future-climate
scenarios. The overall cumulative groundwater storage change
for the GA2, GB1, and PA2 scenarios was about the same as,
or less than, the decrease in cumulative groundwater storage
during historical-climate baseline period. In the PB1 scenario,
there was an overall increase in groundwater storage.

The difference in simulated hydraulic heads in model
layer 1 between spring 2010 and spring 2040 indicated that,
on average, simulated groundwater levels were between 5 and
25 ft lower in spring 2040 in the GA2, GBI, and PA2 future-
climate scenarios (chapter F, fig. 234A—C). The groundwater-
level declines in these three scenarios generally were less in
the vicinity of the major drainages than in the extra-channel
areas. The decline was most pronounced in the comparatively
drier GA2 scenario, where the simulated groundwater levels
decreased over a larger area in the SRP than in the other
three scenarios. Simulated groundwater levels in a large
part of the SRP, including the extra-channel areas and in the
vicinity of the streams, were 1 to 10 ft higher in spring 2040
(chapter F, fig. 23D) than in spring 2010 in the PB1 scenario.
The greatest decrease in heads (greater than 25 ft) was in the
uplands in all four future-climate scenarios.

Model Limitations

Though the development of the SRPHM used some of the
latest modeling methods available at the time of the study, the
use of numerical models to simulation hydrologic systems still
has inherent limitations. Limitations of the modeling software,
data limitations, assumptions made during model develop-
ment, conceptual model error (Bredehoeft, 2005), and results
of model calibration and sensitivity analysis are all factors that
constrain the appropriate use of hydrologic models, including
the SRPHM. Differences between simulated and actual hydro-
logic conditions arise from a number of sources and are known
collectively as model error (Walter and Whealan, 2005).

One component of model error relates to discretization.
For example, the MODFLOW and PRMS spatial discretiza-
tions are 660 by 660 ft. The conditions in the grid division
(groundwater level, groundwater flow, ET rate, and soil mois-
ture), thus, are reduced to one average value for the entire cell
or HRU. Therefore, the model may not be suitable for many
local-scale or local-headwater problems or issues without
additional spatial refinement.
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Similarly, temporal simplifications were needed to
develop tractable models used for this work. Models were
constructed using daily time increments; therefore, partial-day
(“continuous” or “storm-mode”) simulations of individual
storm events were not in the scope of this work. Actual flood
peaks in the SRPW caused by intense rainfall on the partial-
day timescale are not reflected on the daily timestep by this
modeling.

A model is a highly idealized approximation of the actual
system that is based on average and estimated conditions.

The capability of the SRPHM to reliably reproduce hydro-
logic responses is related to the accuracy of the input data and
conceptual model and is inversely related to the magnitude of
the proposed changes in the hydrologic stress being applied
to the model as well as to the length of the simulation period.
There were important data limitations for the study area that
affected the estimates of pumpage used in the model. Pumpage
data were available only for the public-supply wells; agri-
cultural and domestic pumpage rates were not reported and,
therefore, were estimated by using a CWDM (4ppendix 1) for
agricultural and census data with an assumed consumption
rate (Nishikawa and others, 2013) for domestic pumpage. In
addition, the lack of information on the locations of agricul-
tural and domestic wells added uncertainty to the distribution
of pumpage, potentially resulting in excess or insufficient
pumpage in some locations. Given the general lack of infor-
mation, agricultural and domestic pumpage were combined
and defined as rural pumpage. There is uncertainty associated
with the assumptions made in the estimation of rural pumping,
and in adjustments made during model calibration. These fac-
tors are likely to contribute to the inaccuracy of the simulated
heads compared with the measured groundwater levels for
some observation wells.

The complexity of the hydrogeologic system was repre-
sented by a hydrologic-framework model developed based on
lithologic information from drillers’ logs from the many wells
in the SRPW. There were few, if any, borehole-geophysical
data with which to better understand the hydrogeology. These
data would contribute to a better estimation of hydrologic
properties.

Streamflow and groundwater-level data are needed to
accurately calibrate the SRPHM. Although streamflow data
were available for various periods of record for the 12 gaging
stations used in model calibration, continuous long-term
records would improve the accuracy of both the watershed and
groundwater components of the SRPHM. Depth-dependent
groundwater-level data are necessary to accurately constrain
the groundwater-component model. Although there are many
wells in the SRPW, there are only three multiple-completion
well sites, and they are all in the same area. Unfortunately,
these also have comparatively short-term groundwater-level
records. Three well pairs in other parts of the SRPW that were
perforated at a shallow depth and a deeper depth with longer-
term records were used for model calibration; however, a more
complete distribution of multiple-completion well sites would
improve the accuracy of the model.
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Although there are many wells at higher elevations in
the mountains, most of these wells are located along drain-
ages. The lithology from these wells was extrapolated over
large areas lacking data; thus, the hydrogeology in these
areas is uncertain. In addition, temporal groundwater-level
data were not available in the mountains (except in Bennett
Valley); therefore, the model was not as well calibrated in
the mountains, and conclusions should be limited to general
groundwater-flow directions and relative magnitudes.

As simplifications to the model, lakes were not simulated
and the Laguna de Santa Rosa was simulated as a stream
rather than as a floodplain, because, for the majority of the
time, the Laguna de Santa Rosa has characteristics more like
a stream channel rather than a large water body. Although the
surface-water groundwater interactions along the main channel
were correctly represented the majority of the time by using
this approach, flooding in the Laguna de Santa Rosa was not
represented by the model; therefore, model uncertainty in this
region is greater during periods of flooding.

An important source of uncertainty in the SRPHM water-
shed-component model was that associated with the spatially
distributed daily precipitation input. The average monthly
spatial interpolation of daily inputs for the SRPHM provided a
reasonable representation of the average monthly distribution
of precipitation, but potentially did not accurately represent
the true distribution of precipitation for a given storm or for
a given month. Although the precipitation data used in the
SRPHM honored the available records for climate stations in
the SRPW, many data gaps existed in the available records,
and many locations in the SRPW were not well represented.

Irrigation was included as an inflow to the SRPHM by
adding estimates of daily irrigation to the precipitation-input
time series developed for each HRU (irrigation was zero for
non-irrigated HRUs). Although this method accounted for spa-
tial and temporal variations in crop types and climate-related
crop water demand, it did not account for changes in irrigation
practices (for example, changing from spray irrigation to drip
irrigation). It also was assumed that recharge from irrigation
in excess of crop requirements was negligible, which is a
potential source of error that could lead to underestimates of
pumping and recharge. Landscape irrigation in urban areas and
water application for other purposes, such as frost protection,
were not included as inflows.

Application of the SRPHM using future-climate scenar-
ios included additional limitations. The GCM results are not
intended as forecasts of climate, but rather as representations
of the characteristics of potential future climates, including
long-term trends, annual variability and cycles, seasonal vari-
ability, and daily variability. The future-climate scenarios are
useful for evaluating potential hydrologic responses to climate
variability and long-term climate trends, but cannot be used
to predict actual climate conditions for a specific future time.
The spatial distribution of precipitation and air temperature in
the SRPW was estimated as part of the downscaling and bias-
correction processes, and is an additional source of uncertainty
in the future climate simulations.



Estimates of future agricultural irrigation, used to define
agricultural pumping for water years 2005 through 2040 for
each future-climate scenario, were associated with a great
degree of uncertainty and were developed using many simpli-
fying assumptions. An important assumption used to estimate
future agricultural irrigation was that the distribution of irri-
gated crops defined for water year 2008 can be applied validly
to water years 2005 through 2040, and that groundwater
continues to be used as the primary source of irrigation water
for crops.

Other changes in the characteristics of land cover
were not addressed in the future-climate scenarios as well.
The percentage of impervious cover, as defined for calendar
year 2001, was used directly as input for the 19762010
calibration simulation and also was applied to the future-
climate simulations for water years 2005-99. As with the
historical-climate baseline simulation, urban-area landscape
irrigation and associated return flows were not included in the
application of the SRPHM using the future-climate scenarios.
In addition, other return flows, such as septic-tank effluent and
leaking water pipes, were assumed to be negligible.

Potential evapotranspiration (PET) was simulated by
using the Jensen-Haise method (Markstrom and others, 2008).
Changes in air temperature projected by the future climate
scenarios have a direct effect on PET; the trend of increasing
air temperature caused by greenhouse-gas forcing resulted in
a corresponding increase in PET for all four future climate
scenarios considered in this study. However, the Jensen Haise
method does not account for changes in humidity and other
factors, such as changes in atmospheric turbidity, that also can
occur with climate change. Decreases in PET related to cloud
cover are empirically represented in the PET simulation during
periods of precipitation, but increases in cloud cover during
periods without precipitation are not represented by the PET
simulation; therefore, the effect of increasing cloud cover on
PET potential is not well represented in the future-climate
scenarios. These combined factors increase the uncertainty of
simulated PET in the future-climate scenarios.

Conclusions

The SRPHM was developed for the SRPW and synthe-
sized the current data and understanding of the hydrologic
system. It provides a tool to assess potential effects of future-
climate change and to evaluate the relative effectiveness of
alternative water-management strategies. Development of
the model also has been useful for identifying key data gaps.
When applied carefully, the SRPHM can be useful for simulat-
ing hydrologic responses to various changes in hydrologic
stresses to the groundwater and surface-water flow systems.
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Model results for water years 19762010 using historical
climate data, reported municipal pumpage, and estimates
of rural pumpage indicated that only a small percentage of
groundwater was removed from groundwater storage relative
to the total volume of groundwater stored and the long-term
average recharge rate. However, noticeable shifts in the bal-
ance between natural recharge, changes in groundwater stor-
age, streamflow, and pumpage were simulated by the SRPHM.
For example, large decreases in groundwater storage and
streamflow resulted from drier-than-average periods. The loss
of groundwater storage during dry periods was largely offset
by increased recharge during wetter-than-average periods.
Increased pumping lowered groundwater levels, causing
increased recharge and reduced groundwater ET along stream
channels, which partially mitigated the loss of groundwater
storage, but the lower groundwater levels resulted in decreased
baseflow, especially during late spring and summer.

Application of the SRPHM to determine the effects of
projected pumping and four future-climate scenarios for water
years 2011-40 simulated an increase in recharge from streams
and a reduction in groundwater discharge to streams. The sim-
ulation also showed that the number of losing stream reaches
increased, while the number of gaining reaches decreased.
In the wettest scenario, the projected pumpage was offset by
greater extra-channel recharge compared with the other three
scenarios, resulting in an increase in hydraulic heads over a
comparatively large area of the SRP. In the driest scenario,
projected pumping resulted in head declines over a wider area.
Compared with the baseline period, the reduction in ground-
water ET, baseflow, and boundary flows out of the SRPW for
water years 201140 mitigated the reduction in extra-channel
recharge, resulting in less groundwater-storage depletion.
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Appendix 1.

Supplemental Information: Documentation of the Crop Water

Demand Model Used to Estimate Agricultural Irrigation

By Joseph A. Hevesi

Introduction

Groundwater is the primary source of water for irrigating
crops in the Santa Rosa Plain watershed (SRPW). Although
agricultural pumpage was a large component of the water
budget for the period of this study (water years 1975-2010), it
was unreported in the SRPW; Kadir and McGuire (1987) esti-
mated agricultural pumpage for 1974-84, however. To develop
estimates of agricultural pumpage for this study, watershed-
component model simulations (decoupled precipitation runoff
modeling system, or PRMS-only, simulations made by using
the groundwater and surface-water flow model, or GSFLOW;
Markstrom and others, 2008) were used in conjunction with
a daily crop water-demand model (CWDM) to estimate the
unmet crop water demand. This unmet demand is equal to
the crop demand after accounting for effective precipitation
and reclaimed-water application (Hevesi and others, 2011).
The CWDM uses a root-zone water balance approach similar
to previous studies by Brush and others (2004), Schmid and
Hanson (2009), California Department of Water Resources
(CDWR; 2013a), and California Department of Water
Resources (2013b). The CWDM differs from the approach
used in these studies in that it assumes that the source of all
water for crop transpiration is rainfall and irrigation. For
simplification, transpiration of groundwater from the saturated
zone was excluded from the CWDM.

In the CWDM application used in this study, it was
assumed that all of the unmet crop water demand was satis-
fied by irrigation supplied by groundwater pumpage. This is
a reasonable assumption because diversions of surface water
for irrigation are negligible in the SRPW (Donald Seymour,
Sonoma County Water Agency, written commun., 2010). In
addition, all pumpage was assumed to meet unmet demand
with no losses. In other words, the CWDM assumes 100-per-
cent irrigation efficiency. In general, these assumptions tend to
underestimate pumpage.

The CWDM calculated monthly estimates of the unmet
demand for all irrigated hydrologic response units (HRUs).
This unmet demand was assigned to agricultural wells linked
to the HRUs. The primary output from the CWDM was the
average monthly pumping rate for each agricultural well. The
secondary output generated by the CWDM was daily irrigation
for each irrigated HRU.

Calculations

The CWDM calculated the unmet crop water demand
(on a daily basis) for each HRU on the basis of (1) crop
type; (2) crop coefficients (representing factors such as grow-
ing season and crop water demand); (3) available potential
evapotranspiration (APET), calculated as potential evapotrans-
piration (PET) minus evapotranspiration (ET); and (4) soil
moisture. The simulated soil moisture accounts for anteced-
ent conditions as well as rapidly draining soils. Precipitation
increases soil moisture, resulting in a reduced crop water
deficit, but a permeable soil drains relatively quickly, which
increases the unmet crop water demand. Conditions resulting
in high crop water demand include (1) high APET, (2) low soil
moisture, and (3) a high crop-coefficient value (values close to
1.0 usually represent the peak of the growing season). Condi-
tions resulting in a low crop water demand include (1) low
APET, (2) high soil moisture, and (3) crop-coefficient value
of zero or close to zero (periods outside of the crop growing
season).

The CWDM calculations were done on a daily basis for
all irrigated HRUs. The first step was to calculate the APET:

APET = PET - ET, (1)

where

PET and ET  are the potential and actual ET (in inches),
respectively, for HRU i.

In the SRPHM, these values were calculated in the PRMS-

only simulation. In other words, the energy available for

transpiration in the CWDM takes into account the ET that has

already occurred. In the second step of the CWDM, the change

in soil moisture (DSM) was calculated for all HRUs:

DSM.=SM,.— SMold, 2)
where
SM,  is the soil moisture (in inches) for the
current day for HRU 7, and
SMold is the soil moisture for the previous day

(in inches) for HRU i.
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The third step calculated the potential crop water demand
(PCWD):

PCWD, = APET, - DSM, 3)

If the value of the PCWD was negative (for example, this
can result if an increase in the HRU soil moisture caused by
precipitation, surface-water inflow, or both were greater than
APET), then PCWD was set to zero. If the SM was less than
it was the previous day (as a result of a combination of ET
and deep percolation), the PCWD would be greater than the
APET value, assuming that a target soil moisture was being
maintained for irrigated crops. It was assumed that all of

the applied water was used by crops, and no water remained
to add to the soil moisture the next day. This assumed that
the crops were irrigated every day. For example, for rapidly
draining soils (sandy soils), the PCWD value would tend to
be greater than for poorly draining soils (clay-rich soils). The
fourth step was an adjustment of the PCWD based on the crop
coefficient:

ACWD,=CC, * PCWD, 4)
where
ACWD, is the adjusted crop water demand for HRU i,
and
cc, is the crop coefficient for crop type j and
month k.

The crop coefficients were equivalent to the crop coefficients
generally used in crop water-demand calculations (Brush and
others, 2004; California Irrigation Management Information
System (CIMIS), 2005; Schmid and Hanson, 2009) and were
used to represent crop water demand on the basis of growing
season and crop type.

In the fifth step, the ACWD was further adjusted by
using an additional crop coefficient that defined the maximum
soil moisture, SMmax, as a function of the estimated soil
field capacity and crop type. If the soil moisture was greater
than the defined maximum soil moisture, the final crop water
demand, CWD,, was set to zero:

CWD,=ACWD,

If SM, > SMmax., CWD, = 0

SMmax,= FC, * SMC,(5)

where
FC is the estimated soil field capacity for HRU i
(in inches), and
sSMcC is the monthly soil moisture crop coefficient

ik
’ for crop type j and month k.
The final crop water demand (CWD) defined the amount of

irrigation (in inches) applied to each HRU.
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Factors Affecting the Crop Water
Demand Model

There are several important factors affecting the CWDM
and its estimates. The CWDM did not account for changing
crop types and crop distributions. The CWDM used a con-
stant spatial distribution of irrigated crop types as defined by
a single land-use map representing the year 1974, 1979, 1986,
1999, or 2008.

Antecedent conditions affecting crop water demand
were accounted for in three different ways. First, equation 1
reduced the crop water demand on the basis of the amount of
ET. If there was precipitation on or prior to the day for which
crop water demand was calculated, the soil was wetter, ET
was higher, and this decreased the crop water demand because
the residual PET was less. Second, equation 3 caused a further
decrease in the crop water demand if there was an increase in
soil moisture compared to the previous day. Third, equation
5 set the crop water demand to zero if the soil moisture was
greater than the upper limit defined by the field capacity (FC),
which generally was the case if the preceding period experi-
enced significant precipitation.

The CWDM accounts for deep percolation as well as
ET from the soil profile in the calculation of the crop water
demand. For irrigated HRUs with rapidly draining soils, the
DSM value can be negative, which, in turn, increases PCWD.
In other words, for two HRUs with identical crop types, PET,
and ET, the HRU with the more permeable soil would be
likely to have a greater decrease in the soil water content (if no
precipitation has occurred), which results in greater crop water
demand.

Santa Rosa Plain Crop Water-Demand
Model Setup

For the Santa Rosa Plain hydrologic model (SRPHM),
the CWDM was used to estimate the unmet crop water
demand and, ultimately, to develop estimates of agricultural
pumpage. For these estimates, the watershed-component
(referred to here as PRMS) model provided daily inputs to the
CWDM. This was done for irrigated HRUs only, which were
identified on the basis of land-use maps. Although the CWDM
could be modified to apply to other studies, the description in
this appendix is specific to the SRPHM.

For each simulation period, adjustments were made to the
PRMS parameters to represent better the differences in vegeta-
tion types defined by the land-use period being simulated.

The PRMS simulation provided daily inputs of PET, ET, and
soil moisture to the CWDM. Additional inputs to the CWDM
included the crop type defined for each HRU and monthly
crop coefficients for each crop type to represent factors such
as growing season and crop water use. The CWDM calculated



the unmet daily crop water demand for each HRU on the basis
of (1) the crop type, (2) the monthly crop coefficients specified
for the crop type, (3) the residual PET (calculated as PRMS-
simulated PET minus PRMS-simulated ET), and (4) PRMS-
simulated soil moisture.

The CWDM was applied separately to five different
simulation periods spanning water years 1975-2010; each
period was associated with a unique land-use map that was
representative of the crop distribution during that period. The
most prevalent crop type and land use were assigned to each
HRU; HRUs with mostly non-irrigated land uses or crop types
were defined as non-irrigated HRUs. The CWDM was applied
separately to each of the five land-use periods, and the results
were combined into a continuous time series of daily irrigation
and monthly agricultural pumpage.

Inputs

The CWDM inputs consisted of four groups: (1) HRU
properties, (2) daily water-balance components, (3) monthly
coefficients, and (4) the assignment of an agricultural well to
each HRU. The CWDM inputs defining the HRU properties
were developed from land-use and soils maps. Daily water-
balance components were developed as outputs from the
PRMS simulations. The monthly coefficients were included as
part of the CWDM control file, which also defined the simula-
tion period and the names of input and output files. Initial
values for the monthly crop coefficients were estimated and
then adjusted as part of the CWDM calibration. There are two
types of input files: the control file and the input-data files. The
control file defined the CWDM simulation period; the input
file named the four input-data groups and all output file names

(fig. 1-1).

Hydrologic Response Unit Properties

Two HRU properties were used as input by the CWDM:
(1) crop type and (2) estimated FC. The crop type was defined
by using four land-use maps from the California Depart-
ment of Water Resources (CDWR; 1974, 1979, 1986, 1999)
and a more recent land-use map provided by the Sonoma
County Water Agency (Sonoma County Water Agency, written
commun., 2008). These land-use maps were used to define
five irrigation periods. The irrigation periods defined from
the CDWR land-use maps for 1974 and 1979 were used for
calibrating the crop coefficients by comparison of the CWDM
total estimated water-year irrigation to published estimates
from Kadir and McGuire (1987). As indicated in figure 1-2,
the various crop types defined by the five land-use maps
were grouped into seven generalized crop types used by the
CWDM: (1) orchard, (2) field crop, (3) grain, (4) pasture,
(5) truck crop, (6) vineyards, and (7) turf. The most prevalent
crop type within each HRU was identified; a value of zero
was assigned to non-irrigated HRUs. If an HRU was less
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than 50 percent irrigated, the crop type was assigned a value
of 0. The total irrigated crop area for the SRPW ranged from
6,700 acres in 1974 to 24,140 acres in 2008. Pasture and vine-
yards were the most prevalent irrigated crop types for all five
land-use maps.

The FC (fig. 1-3) was estimated for each land-use period
by using Natural Resources Conservation Service, Soil
Survey Geographic (SSURGO) soils data (U.S. Department
of Agriculture, 2007) and estimated average crop root depths
for the seven crop types. Specifically, the available water-
capacity (AWC) values in the SSURGO database were used
to define field capacities according to their relative saturation
(volumetric water contents). The AWC values were multiplied
by the estimated root depth (in inches) for each crop type to
calculate the FC for each HRU and each land-use period. The
calculated FC values were the same values used to define the
soil_moist_max parameter in PRMS (see chapters B and D).
The estimated root depths were based on published values
(Brush and others, 2004; Schmid and Hanson, 2009) and
ranged from 1 to 10 feet (ft). The calculated FC values for
HRUs with irrigated crops ranged from about 0.5 to 11 inches
(in.; fig. 1-3).

Daily Water-Balance Components

The PRMS model was used to simulate daily water-
balance components (PET, ET, and SM) that were used as
input to the CWDM for all irrigated and non-irrigated HRUs.
In addition to the PRMS-simulated components, the daily pre-
cipitation input used for the PRMS simulation was included as
input for the CWDM.

For the PRMS model, reclaimed wastewater was added
to the spatially distributed daily precipitation input for those
HRUs where reclaimed water was used for irrigation. The
modified or “effective” precipitation input that included the
reclaimed wastewater used for irrigation was developed as a
pre-processing step (see chapter B) and, then, was used in the
PRMS-only simulations to generate the inputs for the CWDM.
The inclusion of reclaimed water resulted in greater soil-
moisture values simulated by PRMS for those HRUs where
reclaimed wastewater was applied, which, in turn, resulted in
a decrease in the simulated crop water demand compared to
results obtained by using the unmodified precipitation input.
This decreased demand was assumed to be realistic, and the
“effective” precipitation was used as input.

Monthly Coefficients

Two different monthly coefficients are assigned to each
crop type: (1) monthly crop coefficients (CC) and (2) monthly
soil-moisture coefficients (SMC). The CCs are used to esti-
mate crop water demand by using combined energy and water
balance methods (Brush and others, 2004; California Irrigation
Management Information System, 2005). The SMCs were
used to account for the effect of differences in soil properties
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PRMS_irrg09.ctl: SRP5c-28s-ir74n_Daily7277 post-processing (04/27/2013)
23 0 IPARAM, IOPT (0 = create temp file, 1 = use existing temp file, 2 = use existing monthly file

0 0.0 ITEST_IRRG (1 = ON, VTEST_IRRG (test value, inches/day)

0 10.0 ITEST_PPT (1 = on), VIEST PPT (test value for PPT, in/day)
1 0.0 ITEST RW (1 = on), VTEST RW (test value for RW, in/day)

0 0.0 ITEST_SMDEL (1 = on), VTEST SMDEL (test value for delta soil moisture, in/day)
0 29.0 0.2 0.2 Ifreeze (1 = on), frztemp, frzl, frz2

16741 NHRU (number of HRUs)

srp5c_METinput_ 6910.daily

srp5c_PRCP_6910.daily

SRP5c_28s_ir74a_Daily7277.out.nhru PRMSinputfilel (input file = PRMS animation output file)
SRP5c_28s_ir74a_Daily7277.out.nssr PRMSinputfile2 (input file = PRMS animation output file)
SRP5c_28s_ir74a_Daily7277.out.date PRMSinputfile3 (input file = PRMS animation output file)
1 number of input files for reclaimed water

SRP_Reclaimed Data_6.prn RWMONTHLYINPUT (I) : Monthly reclaimed water input
SRP_Reclaimed Cells_ l.prn RWCELLINPUTS (I) : Recalimed water GIS inputs

IrrCells Masterl6.prn WELLINPUTFILE

AgWells_AllYears.tab WELLOUTPUTFILE

SRP2_MFcell.asc MFCgridfile (MF cell id)

wid74.asc AG well id (from Linda, updated)

SRP2_hruid9n.asc HRUgridfile (HRUids from PRMS)

cid74.asc CIDgridfile (FMP 2005 Crop ID (from Linda), non-irrigated = 0)
cid74awc.asc AWCgridfile (field capacity soil moistures, from SSURGO)
cid74_table.prn IPZONEFILE

cid74_zones.asc IRZgridfile (irrigation zones)

agwellid2.asc Agwellgridfile (output file for ag well locations)

SRP5c-28s-ir74n_Daily7277.out
SRP5c-28s-ir74n_7277.monthly
SRP5c-28s-ir74n_7277.daily
SRP5c-28s-ir74n_7277.16454.daily
16454
SRP5c-28s-ir74n_7277.summaryl
SRP5c-28s-ir74n_7277.irrigation
SRP5c-28s-ir74n_7277.irrig2

1 FLAG for units (1 = ft”3/day)
SRP5c-28s-ir74n_7277.pumpl
SRP5c-28s-ir74n_7277.pump2
SRP5c-28s-ir74n_7277.data
SRP5c-28s_debug.lst

1
srp5c_PRCP 0210 _ir08h 0808.daily

8 NCROPS

cid c¢idf1(01) cidfl(02) cidf1(03) cidfl(04) cidfl(05) cidf1l(06) cidfl(07) cidf1(08) cidf1(09) cidfl(10) cidfl(11l) cidfl(12) model n

0 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 native vegetation
1 0.250 0.250 0.350 0.450 0.450 0.450 0.450 0.350 0.350 0.350 0.250 0.250 Orchards

2 0.050 0.050 0.550 0.950 0.950 0.950 1.050 0.950 0.450 0.150 0.100 0.050 Field Crop

3 1.200 1.200 1.200 1.200 1.000 0.500 0.300 0.200 0.100 0.100 0.400 0.800 Grains

4 1.000 1.000 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.000 1.000 Pasture

5 0.200 0.200 0.600 1.500 1.500 1.500 1.500 1.500 1.000 0.200 0.100 0.100 Truck Crop

6 0.150 0.150 0.300 0.400 0.400 0.400 0.400 0.300 0.200 0.200 0.150 0.150 Vineyard

7 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 Turf Grass

cid c¢idf2(01) cidf2(02) cidf2(03) cidf2(04) cidf2(05) cidf2(06) cidf2(07) cidf2(08) cidf2(09) cidf2(10) cidf2(11l) cidf2(12) model n

0 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 0.899 native vegetatation
1 0.150 0.450 0.850 0.950 1.050 1.050 1.050 0.950 0.850 0.650 0.450 0.150 Orchards

2 0.050 0.050 0.150 0.350 0.650 0.950 1.050 0.950 0.450 0.150 0.100 0.050 Field Crop

3 0.400 0.750 1.050 1.100 1.050 1.000 0.600 0.350 0.150 0.050 0.050 0.350 Grains

4 0.350 0.550 0.750 0.850 0.900 0.900 0.900 0.850 0.750 0.600 0.450 0.350 Pasture

5 0.100 0.100 0.200 0.600 1.050 1.150 1.050 0.750 0.500 0.200 0.100 0.100 Truck Crop

6 0.050 0.150 0.450 0.750 0.800 0.850 0.900 0.850 0.800 0.550 0.300 0.050 Vineyard

7 0.550 0.650 0.750 0.850 0.900 0.900 0.850 0.800 0.750 0.650 0.600 0.550 Turf Grass

Figure 1-1. Example input file: CWDM control file, Santa Rosa Plain watershed, Sonoma County, California.
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1971 10 1

1977 9 30

72

74 74 74 74 74 74
N SP YR MO  Filename N
1 -34 1971 10 irrgl971_10_28s74n.cfd 1
2 -33 1971 11 irrgl971_11 28s74n.cfd 2
3 -32 1971 12 irrgl971_12_28s74n.cfd 3
4 -31 1972 1 irrgl972_01_28s74n.cfd 4
5 -30 1972 2 irrgl972_02_28s74n.cfd 5
6 -29 1972 3 irrgl972_03_28s74n.cfd 6
7 -28 1972 4 irrgl972_04_28s74n.cfd 7
8  -27 1972 5  irrgl972 05 28s74n.cfd 8
9 -26 1972 6 irrgl972_06_28s74n.cfd 9
10 -25 1972 7 irrgl972_07_28s74n.cfd 10
11 -24 1972 8 irrgl972_08_28s74n.cfd 11
12 -23 1972 9 irrgl972_09_28s74n.cfd 12
13 -22 1972 10 irrgl972_10_28s74n.cfd 13
14 -21 1972 11 irrgl972_11 28s74n.cfd 14
15 -20 1972 12 irrgl972_12_28s74n.cfd 15
16 -19 1973 1 irrgl973 01 _28s74n.cfd 16
17 -18 1973 2 irrgl973_02_28s74n.cfd 17
18 -17 1973 3 irrgl973 03 28s74n.cfd 18
19 -16 1973 4 irrgl973_04_28s74n.cfd 19
20 -15 1973 5 irrgl973 05 28s74n.cfd 20
21 -14 1973 6 irrgl973 06_28s74n.cfd 21
22 -13 1973 7 irrgl973_07_28s74n.cfd 22
23 -12 1973 8 irrgl973_08_28s74n.cfd 23
24 -11 1973 9 irrgl973_09 _28s74n.cfd 24
25 -10 1973 10 irrgl973_10_28s74n.cfd 25
26 -9 1973 11  irrg1973_11 28s74n.cfd 26
27 -8 1973 12  irrg1973_12 28s74n.cfd 27
28 -7 1974 1 irrgl974_01 28s74n.cfd 28
29 -6 1974 2 irrgl974_02_28s74n.cfd 29
30 -5 1974 3 irrgl974_03_28s74n.cfd 30
31 -4 1974 4 irrgl974_04_28s74n.cfd 31
32 -3 1974 5 irrgl974_05_28s74n.cfd 32
33 -2 1974 6 irrgl974_06_28s74n.cfd 33
34 -1 1974 7 irrgl974_07_28s74n.cfd 34
35 0 1974 8 irrgl974_08_28s74n.cfd 35
36 1 1974 9 irrgl974_09 28s74n.cfd 36
37 2 1974 10 irrgl974_10_28s74n.cfd 37
38 3 1974 11 irrgl974_11 28s74n.cfd 38
39 4 1974 12 irrgl974_12_28s74n.cfd 39
40 5 1975 1 irrgl975_01_28s74n.cfd 40
41 6 1975 2 irrgl975_02_28s74n.cfd 41
42 7 1975 3 irrgl975_03_28s74n.cfd 42
43 8 1975 4 irrgl975_04_28s74n.cfd 43
44 9 1975 5 irrgl975_05_28s74n.cfd 44
45 10 1975 6 irrgl975_06_28s74n.cfd 45
46 11 1975 7 irrgl975 07 _28s74n.cfd 46
47 12 1975 8 irrgl975_08_28s74n.cfd 47
48 13 1975 9 irrgl975_09 28s74n.cfd 48
49 14 1975 10 irrgl975_10_28s74n.cfd 49
50 15 1975 11 irrgl975_11 28s74n.cfd 50
51 16 1975 12 irrgl975_12_28s74n.cfd 51
52 17 1976 1 irrgl976_01_28s74n.cfd 52
53 18 1976 2 irrgl976_02_28s74n.cfd 53
54 19 1976 3 irrgl976_03_28s74n.cfd 54
55 20 1976 4 irrgl976_04_28s74n.cfd 55
56 21 1976 5 irrgl976 05 28s74n.cfd 56
57 22 1976 6 irrgl976_06_28s74n.cfd 57
58 23 1976 7 irrgl976_07_28s74n.cfd 58
59 24 1976 8 irrgl976_08_28s74n.cfd 59
60 25 1976 9 irrgl976_09 28s74n.cfd 60
61 26 1976 10 irrgl976_10_28s74n.cfd 61
62 27 1976 11 irrgl976_11 28s74n.cfd 62
63 28 1976 12 irrgl976_12_28s74n.cfd 63
64 29 1977 1 irrgl977_01_28s74n.cfd 64
65 30 1977 2 irrgl977_02_28s74n.cfd 65
66 31 1977 3 irrgl977_03_28s74n.cfd 66
67 32 1977 4 irrgl977_04_28s74n.cfd 67
68 33 1977 5 irrgl977_05_28s74n.cfd 68
69 34 1977 6 irrgl977_06_28s74n.cfd 69
70 35 1977 17 irrgl977_07_28s74n.cfd 70
71 36 1977 8 irrgl977_08_28s74n.cfd 71
72 37 1977 9 irrgl977_09_28s74n.cfd 72

irrg7277_28s74n.cfd

1.0
ncols 157

nrows 168

xllcorner 6306015.9139317
yllcorner 1871533.6861569
cellsize 660.0
NODATA_value -9999.0

-9999.0

Figure 1-1. —Continued
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122°50' 122°40' 122°50' 122°40'
38| 3|
30 B 30’ 4
38°| 3|
20 b 20 7
1974 Irrigated crop types (6,700 total acres) 1979 Irrigated crop types (9,410 total acres)
I Orchard (350) [ Grains (6) Il Truck crop (120) B Turf grass (260) I Orchard (560) [ Grains (100) Il Truck crop (160) W Turf grass (260)
[ Field crop (520) ] Pasture (3,790) B Vineyard (4,020)

[ Field crop (310) [J Pasture (2,470) B Vineyard (3,130)
122°40°

122°50°
T

EXPLANATION

—— Santa Rosa Plain watershed and
hydrologic-model boundary

— Stream or creek

38° |

30"
IP Miles

0 5

I ST SO S S
e e e e e N
0 5 10 Kilometers

! !

|
2w

1986 Irrigated crop types (6,700 total acres)
I Grains (4) Il Truck crop (460) [ Turf grass (220)

Il Orchard (390)
[ Pasture (5,560) I Vineyard (4,600)

[ Field crop (55)
Figure 1-2. Generalized crop types used as input for the crop water-demand model, Santa Rosa Plain watershed, Sonoma County,
California, based on land-use maps for A, 1974; B, 1979; C, 1986; D, 1999; and £, 2008.
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122°40'
T
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38| 3|
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yZ|

2008 Irrigated crop types (24,140 total acres)

1999 Irrigated crop types (18,780 total acres)
Il Orchard (1,190) B Truck crop (670) B Turf grass (20)

B Orchard (520) [ Grains (480) W Truck crop (290) [ Turf grass (450)
[ Field crop (280) ] Pasture (5,280) WM Vineyard (11,480) [ Pasture (9,240) W Vineyard (13,020)
EXPLANATION
0 5 10 Miles .
S S MR J —— Santa Rosa Plain watershed and — Stream or creek
0 5 10 Kilometers hydrologic-model boundary

Figure 1-2. —Continued
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122°50' 122°40' 122°50' 122°40'
38| 38°|
30 7 30° 7
38| 38°|
20 b 20 b
1974 Soil field capacity, in inches, irrigated crop areas 1979 Soil field capacity, in inches, irrigated crop areas
W 05t 16t02 31to4 M 6.1t08 H 05to1 16t02 31to4 M 6.1t8
W 1.1t015 21t03 41t06 M 81to11 W 1.1t015 21t03 41t06 M 81to11
122°50' 122°40°
EXPLANATION
—— Santa Rosa Plain watershed and
hydrologic-model boundary
38° | — Stream or creek
30 7
5 10 Miles
1 1 A‘ - 'l . A‘ 1 1 |

0
s
0 5 10 Kilometers

|
P

1986 Soil field capacity, in inches, irrigated crop areas
1.6t02 31to4 M 6.1to8

W 05to1
21t03 41t06 M 81to11

M 1.1to15

Figure 1-3. Calculated field-capacity values used as input for the crop water-demand model, Santa Rosa Plain watershed, Sonoma
County, California, based on Natural Resources Conservation Service, Soil Survey Geographic (SSURGO) soils data, reported crop root

depths, and land-use maps for A, 1974; B, 1979; C, 1986; D, 1999; and E, 2008.
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122°40'
T

38° |
3

38|
P

1999 Soil field capacity, in inches, irrigated crop areas

2008 Soil field capacity, in inches, irrigated crop areas

W 05t 1.6t02 31to4 W 6.1to8
M 1.1t 15 21t03 41t06 M 8.1to11

EXPLANATION

B 05to] 16t02 31to4 M 61to8
W 1to15 21103 41t06 M 8.1to11
(? ? IPMiIes
I V‘V V‘ T ‘[ V‘V T V‘[ L L L
0 5 10 Kilometers
Figure 1-3. —Continued

on transpiration and to set a lower limit for soil moisture.
Specifically, if the soil moisture was greater than the SMC,
then the crop water demand was set to zero (equation 5), and
no irrigation was needed because the soil-saturation level was
sufficient to meet the demand.

Initial estimates of monthly crop coefficients were made
on the basis of reported values (Pittenger and Shaw, 2003;
Faunt, 2009; Schmid and Hanson, 2009; Chris Delaney,
Sonoma County Water Agency, written commun., 2010).
Because these values were estimates and varied widely with
planting conditions, crop variety, and location, the monthly
crop coefficients were adjusted for each crop type as part of
the CWDM calibration. The initial and calibrated CC values
are given in table 1-1.

The SMCs for each crop type and month were given an
initial value of 1.0. These values were adjusted (by crop type)
as part of the calibration. Calibrated SMC values are given in
table 1-2. Note that it was assumed that the SMC values varied
according to crop type and month and did not vary according
to soil type. For simplification, it was assumed that crops were
planted in suitable soils. Both sets of monthly coefficients
were included as input parameters in the CWDM control file

(fig. 1-1).

—— Santa Rosa Plain watershed and
hydrologic-model boundary

— Stream or creek

Agricultural-Well Assignment

The CWDM simulated unmet crop water demand for
all irrigated HRUs and, then, calculated (1) average monthly
demand and (2) the total estimated monthly agricultural pump-
age, in cubic-feet per day (ft*/d), for all agricultural wells. The
pumpage was assigned to agricultural wells, and each irrigated
HRU was linked to one well. A single well can be linked to
multiple HRUs. The agricultural well parameters identified
the connections between irrigated HRUs and wells for each
irrigation period (fig. 1-4). In the example input file shown in
figure 1-4, the first well (WID 1) irrigated seven HRUs, all
with a crop-type value of 6 (vineyard), in the 1974 irrigation
period (see “Time Series of Application and Results” section
in this appendix). The location of the well was indicated by
the WellRow and WellCol parameters, and the location of the
seven HRUs was indicated by the /rrRow and IrrCol param-
eters. In this example, the configuration of irrigated HRUs and
the corresponding crop-type value remained constant for the
first three irrigation periods (1974, 1979, and 1986). For the
1999 irrigation period, only four HRUs were irrigated by WID
1. For the 2008 irrigation period, seven HRUs, again, were
irrigated.
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Table 1-1. Monthly crop coefficients for seven crop types used as input for the calibrated crop water-demand model (CWDM), Santa
Rosa Plain watershed, Sonoma County, California.

[Abbreviations: Apr, April; Aug, August; CVHM, Central Valley hydrologic model (Faunt, 2009); CWDM, crop water demand model; Dec, December; Feb,
February; FMP, farm process (Schmid and Hanson, 2009); Jan, January; Jul, July; Jun, June; Mar, March; Nov, November; Oct, October; Sep, September;
SEBAL, surface energy balance algorithm for land (Chris Delaney, Sonoma County Water Agency, written commun., 2010); UCCE, University of California
Cooperative Extension (Pittenger and Shaw, 2003); —, none]

Crop CWDM/ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

type reference

Orchards CWDM 0.150 0.450 0.850 0.950 1.050 1.050 1.050 0.950 0.850 0.650 0.450 0.150
Orchards FMP 0.105 0.520 0.586 0.722 0.856 0.910 0910 0.910 0910 0.826 0.060 0.060
Orchards SEBAL — 0.320 1.170 0.760 0.930 0.760 1.500 0.680 0.780 0.550 — —

Field crop CWDM 0.050 0.050 0.150 0.350 0.650 0.950 1.050 0.950 0.450 0.150 0.100 0.050
Field crop FMP 0.027 0.027 0.027 0.066 0.369 0.909 1.090 0.876 0.027 0.027 0.027 0.027
Field crop CVHM 0.100 0.100 0.100 0.100 0.390 0.900 1.100 0.900 0.100 0.100 0.100 0.100
Grains CWDM 0.400 0.750 1.050 1.100 1.050 1.000 0.600 0.350 0.150 0.050 0.050 0.350
Grains FMP 0.533 1.017 1.170 1.170 0.900 0.010 0.001 0.001 0.001 0.001 0.001 0.232
Grains CVHM 0.970 1.200 1.200 1.200 0.500 0.000 0.000 0.000 0.000 0.000 0.220 0.350
Pasture CWDM 0.350 0.550 0.750 0.850 0.900 0.900 0.900 0.850 0.750 0.600 0.450 0.350
Pasture FMP 0.975 0.975 0.975 0.975 0.975 0.975 0.975 0.975 0.975 0.975 0.975 0.945
Pasture SEBAL — 0.380 0.985 0.880 0.975 0.840 1.100 0.780 0.775 0.605 — —

Pasture CVHM 0.600 0.750 0.950 1.100 1.100 1.100 1.100 1.100 1.100 0.750 0.280 0.280
Truck crop CWDM 0.100 0.100 0.200 0.600 1.050 1.150 1.050 0.750 0.500 0.200 0.100 0.100
Truck crop  FMP 0.065 0.065 0.254 0.581 0.952 1.041 0.736 0.065 0.065 0.065 0.065 0.065

Truck crop CVHM 1.100  0.700  0.150  0.400 0.780  1.100  1.100  0.700  0.170  0.400  0.790  1.090
Vineyard CWDM 0.050  0.150 0.450 0.750 0.800 0.850 0.900 0.850 0.800 0.550 0300  0.050

Vineyard FMP 0.060 0250 0.264 0.458 0.704 0.800 0.800 0.800 0.800 0.694 0.250  0.060
Vineyard SEBAL — 0315 0960 0.695 0770  0.680 1.290  0.750  0.945  0.540 — —

Vineyard CVHM 0.100  0.100 0.280 0.450 0.650 0.800 0.800 0.800 0.800 0.750  0.600  0.390
Turf CWDM 0.550  0.650 0.750 0.850 0900 0900 0.850 0.800 0.750  0.650  0.600  0.550
Turf UCCE 0.580 0.590 0.755 0.880 0.870 0.780 0.825 0.785 0.680 0.645 0.635 0.575

Table 1-2. Monthly soil moisture crop coefficients for seven crop types used as input for the calibrated crop water-demand model,
Santa Rosa Plain watershed, Sonoma County, California.

[Abbreviations: Apr, April; Aug, August; Dec, December; Feb, February; Jan, January; Jul, July; Jun, June; Mar, March; Nov, November; Oct, October; Sep,
September]

Crop type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Orchards 0.250 0.250 0.350 0.450 0.450 0.450 0.450 0.350 0.350 0.350 0.250 0.250
Field crop 0.050 0.050 0.550 0.950 0.950 0.950 1.050 0.950 0.450 0.150 0.100 0.050
Grains 1.200 1.200 1.200 1.200 1.000 0.500 0.300 0.200 0.100 0.100 0.400 0.800
Pasture 1.000 1.000 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.000 1.000
Truck crop 0.200 0.200 0.600 1.500 1.500 1.500 1.500 1.500 1.000 0.200 0.100 0.100
Vineyard 0.150 0.150 0.300 0.400 0.400 0.400 0.400 0.300 0.200 0.200 0.150 0.150
Turf 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500
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seq00 FIDseq X_SP402FT Y_SP402FT MFCELL WID Well No WellRow WellCol IrrRow IrrCol CropID Year seq01 flag
1 1 6328785.913930 1974163.686160 1919 1 Agl 15 36 13 35 6 1974

2 2 6328785.913930 1973503.686160 2076 1 Agl 15 36 14 35 6 1974 2
3 3 6329445.913930 1973503.686160 2077 1 Agl 15 36 14 36 [3 1974 3
5 5 6329445.913930 1972843.686160 2234 1 Agl 15 36 15 36 [3 1974 4
12 12 6329445.913930 1972183.686160 2391 1 Agl 15 36 16 36 6 1974 5
18 18 6328785.913930 1971523.686160 2547 1 Agl 15 36 17 35 6 1974 6
19 19 6329445.913930 1971523.686160 2548 1 Agl 15 36 17 36 6 1974 7
684 14 6328785.913930 1974163.686160 1919 1 Agl 15 36 13 35 [3 1979 8
685 15 6328785.913930 1973503.686160 2076 1 Agl 15 36 14 35 6 1979 9
686 16 6329445.913930 1973503.686160 2077 1 Agl 15 36 14 36 [3 1979 10
688 18 6329445.913930 1972843.686160 2234 1 Agl 15 36 15 36 6 1979 11
697 27 6329445.913930 1972183.686160 2391 1 Agl 15 36 16 36 [3 1979 12
706 36 6328785.913930 1971523.686160 2547 1 Agl 15 36 17 35 6 1979 13
707 37 6329445.913930 1971523.686160 2548 1 Agl 15 36 17 36 [3 1979 14
1626 16 6328785.913930 1974823.686160 1762 1 Agl 15 36 12 35 [3 1986 15
1627 17 6328785.913930 1974163.686160 1919 1 Agl 15 36 13 35 [3 1986 16
1628 18 6329445.913930 1974163.686160 1920 1 Agl 15 36 13 36 [3 1986 17
1629 19 6328785.913930 1973503.686160 2076 1 Agl 15 36 14 35 6 1986 18
1630 20 6329445.913930 1973503.686160 2077 1 Agl 15 36 14 36 [3 1986 19
1631 21 6330105.913930 1973503.686160 2078 1 Agl 15 36 14 37 6 1986 20
1633 23 6329445.913930 1972843.686160 2234 1 Agl 15 36 15 36 6 1986 21
2812 20 6328785.913930 1974163.686160 1919 1 Agl 15 36 13 35 6 1999 22
2813 21 6328785.913930 1973503.686160 2076 1 Agl 15 36 14 35 6 1999 23
2814 22 6329445.913930 1973503.686160 2077 1 Agl 15 36 14 36 6 1999 24
2818 26 6329445.913930 1972843.686160 2234 1 Agl 15 36 15 36 6 1999 25
4722 52 6328785.913930 1974163.686160 1919 1 Agl 15 36 13 35 6 2008 26
4725 55 6328785.913930 1973503.686160 2076 1 Agl 15 36 14 35 6 2008 27
4726 56 6329445.913930 1973503.686160 2077 1 Agl 15 36 14 36 6 2008 28
4727 57 6330105.913930 1973503.686160 2078 1 Agl 15 36 14 37 6 2008 29
4728 58 6330765.913930 1973503.686160 2079 1 Agl 15 36 14 38 [3 2008 30
4734 64 6329445.913930 1972843.686160 2234 1 Agl 15 36 15 36 6 2008 31
4735 65 6330105.913930 1972843.686160 2235 1 Agl 15 36 15 37 6 2008 32
6 6 6319545.913930 1972183.686160 2376 2 Ag2 16 23 16 21 6 1974 33
7 7 6320205.913930 1972183.686160 2377 2 Ag2 16 23 16 22 6 1974 34
8 8 6320865.913930 1972183.686160 2378 2 Ag2 16 23 16 23 6 1974 35
689 19 6319545.913930 1972183.686160 2376 2 Ag2 16 23 16 21 6 1979 36
690 20 6320205.913930 1972183.686160 2377 2 Ag2 16 23 16 22 6 1979 37
691 21 6320865.913930 1972183.686160 2378 2 Ag2 16 23 16 23 6 1979 38
1632 22 6319545.913930 1972843.686160 2219 2 Ag2 16 23 15 21 6 1986 39
1634 24 6319545.913930 1972183.686160 2376 2 Ag2 16 23 16 21 6 1986 40
1635 25 6320205.913930 1972183.686160 2377 2 Ag2 16 23 16 22 6 1986 41
1636 26 6320865.913930 1972183.686160 2378 2 Ag2 16 23 16 23 6 1986 42
2819 27 6320205.913930 1972183.686160 2377 2 Ag2 16 23 16 22 6 1999 43
2820 28 6320865.913930 1972183.686160 2378 2 Ag2 16 23 16 23 6 1999 44
4737 67 6320205.913930 1972183.686160 2377 2 Ag2 16 23 16 22 6 2008 45
4738 68 6320865.913930 1972183.686160 2378 2 Ag2 16 23 16 23 6 2008 46
16 16 6324165.913930 1971523.686160 2540 3 Ag3 17 28 17 28 4 1974 47
701 31 6324165.913930 1971523.686160 2540 3 Ag3 17 28 17 28 4 1979 48
4749 79 6324165.913930 1971523.686160 2540 3 Ag3 17 28 17 28 6 2008 49
4 4 6327465.913930 1972843.686160 2231 4 Ag4d 17 34 15 33 6 1974 50
9 9 6326805.913930 1972183.686160 2387 4 Ag4d 17 34 16 32 6 1974 51
10 10 6327465.913930 1972183.686160 2388 4 Ag4d 17 34 16 33 6 1974 52
11 11 6328125.913930 1972183.686160 2389 4 Ag4d 17 34 16 34 6 1974 53
17 17 6328125.913930 1971523.686160 2546 4 Ag4d 17 34 17 34 6 1974 54
687 17 6327465.913930 1972843.686160 2231 4 Ag4d 17 34 15 33 6 1979 55
694 24 6326805.913930 1972183.686160 2387 4 Ag4d 17 34 16 32 [3 1979 56
695 25 6327465.913930 1972183.686160 2388 4 Ag4d 17 34 16 33 6 1979 57
696 26 6328125.913930 1972183.686160 2389 4 Ag4 17 34 16 34 6 1979 58
705 35 6328125.913930 1971523.686160 2546 4 Ag4d 17 34 17 34 [3 1979 59
1637 27 6326145.913930 1972183.686160 2386 4 Ag4 17 34 16 31 [3 1986 60
1638 28 6326805.913930 1972183.686160 2387 4 Ag4 17 34 16 32 [3 1986 61
1639 29 6327465.913930 1972183.686160 2388 4 Ag4 17 34 16 33 [3 1986 62
1640 30 6328125.913930 1972183.686160 2389 4 Ag4 17 34 16 34 6 1986 63
1644 34 6328125.913930 1971523.686160 2546 4 Ag4 17 34 17 34 6 1986 64
2817 25 6327465.913930 1972843.686160 2231 4 Ag4d 17 34 15 33 6 1999 65
2824 32 6326145.913930 1972183.686160 2386 4 Ag4d 17 34 16 31 6 1999 66
2825 33 6326805.913930 1972183.686160 2387 4 Ag4d 17 34 16 32 [3 1999 67
2826 34 6327465.913930 1972183.686160 2388 4 Ag4 17 34 16 33 [3 1999 68
2827 35 6328125.913930 1972183.686160 2389 4 Ag4 17 34 16 34 6 1999 69
2834 42 6328125.913930 1971523.686160 2546 4 Ag4 17 34 17 34 6 1999 70
4733 63 6327465.913930 1972843.686160 2231 4 Ag4 17 34 15 33 6 2008 71
4741 71 6326145.913930 1972183.686160 2386 4 Ag4 17 34 16 31 [3 2008 72
4742 72 6326805.913930 1972183.686160 2387 4 Ag4 17 34 16 32 [3 2008 73
4743 73 6327465.913930 1972183.686160 2388 4 Ag4 17 34 16 33 [3 2008 74
4744 74 6328125.913930 1972183.686160 2389 4 Ag4 17 34 16 34 [3 2008 75
4752 82 6328125.913930 1971523.686160 2546 4 Ag4 17 34 17 34 [3 2008 76
13 13 6319545.913930 1971523.686160 2533 5 AgS5 18 22 17 21 [3 1974 77
14 14 6320205.913930 1971523.686160 2534 5 Ag5 18 22 17 22 6 1974 78
15 15 6320865.913930 1971523.686160 2535 5 Ag5 18 22 17 23 6 1974 79
20 20 6319545.913930 1970863.686160 2690 5 Ag5 18 22 18 21 6 1974 80
21 21 6320205.913930 1970863.686160 2691 5 Ag5 18 22 18 22 6 1974 81
22 22 6320865.913930 1970863.686160 2692 5 Ag5 18 22 18 23 6 1974 82
28 28 6320205.913930 1970203.686160 2848 5 Ag5 18 22 19 22 6 1974 83
698 28 6319545.913930 1971523.686160 2533 5 Ag5 18 22 17 21 6 1979 84
699 29 6320205.913930 1971523.686160 2534 5 Ag5 18 22 17 22 6 1979 85
700 30 6320865.913930 1971523.686160 2535 5 Ag5 18 22 17 23 6 1979 86
708 38 6319545.913930 1970863.686160 2690 5 Ag5 18 22 18 21 6 1979 87
709 39 6320205.913930 1970863.686160 2691 5 Ag5 18 22 18 22 6 1979 88
710 40 6320865.913930 1970863.686160 2692 5 Ag5 18 22 18 23 6 1979 89
720 50 6320205.913930 1970203.686160 2848 5 Ag5 18 22 19 22 6 1979 90
1642 32 6319545.913930 1971523.686160 2533 5 Ag5 18 22 17 21 6 1986 91
1646 36 6319545.913930 1970863.686160 2690 5 Ag5 18 22 18 21 6 1986 92
1647 37 6320205.913930 1970863.686160 2691 5 Ag5 18 22 18 22 6 1986 93
1648 38 6320865.913930 1970863.686160 2692 5 Ag5 18 22 18 23 6 1986 94
1657 a7 6320205.913930 1970203.686160 2848 5 Ag5 18 22 19 22 6 1986 95
1667 57 6320205.913930 1969543.686160 3005 5 Ag5 18 22 20 22 6 1986 96
2831 39 6319545.913930 1971523.686160 2533 5 Ag5 18 22 17 21 6 1999 97
2838 46 6320205.913930 1970863.686160 2691 5 Ag5 18 22 18 22 6 1999 98

Figure 1-4. Example input file: agricultural-well parameters, Santa Rosa Plain crop water-demand model, Santa Rosa Plain watershed,
Sonoma County, California.
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Output Files

The CWDM generated several output files. The primary
output file was the simulated monthly pumpage for all agricul-
tural wells for the period of the simulation (fig. 1-5). All wells
for all land-use periods were included in the output; however,
if a well was inactive during the simulated irrigation period,
the monthly pumpage was set to zero.

Additional output files included monthly irrigation for
all crop types (fig. 1-6), daily irrigation for all crop types
(fig. 1-7), the “effective” daily precipitation input used by the
SRPHM, daily water-budget results (including irrigation) for
specified HRUs (fig. 1-7), and two-dimensional arrays (grids)
of annual and monthly irrigation.

Calibration

The CWDM was calibrated by using previous estimates
of irrigation for the SRPW (Kadir and McGuire, 1987). Kadir
and McGuire (1987) estimated annual agricultural pumpage
for water years 1974—84 by calculating crop water demand
(based on land use and crop water demand) and subtracting the
part of the demand supplied by the small amount of surface-
water deliveries.

Water year 1974 was used for the model-initialization
(or “spin up”) period and was excluded from the calibration
period. Calibration was done qualitatively by trial-and-error
adjustment of monthly CCs and SMCs until a satisfactory
fit was obtained between estimated and simulated irrigation
values. Comparison of the time series of total water-year
simulated and estimated irrigation indicated a reasonable
match (fig. 1-8). The CWDM-simulated irrigation indicated
greater year-to-year variability than the estimates by Kadir and
McGuire (1987), with a minimum of 9,100 acre-feet per year
(acre-ft/yr) simulated for water year 1975 and a maximum of
18,000 acre-ft/yr simulated for water year 1984 by the CWDM
(fig. 1-8). The 10-year average irrigation rate simulated by the
CWDM was 13,500 acre-ft/yr, compared to 14,500 acre-ft/yr
estimated by Kadir and McGuire (1987).

Simulation of Groundwater and Surface-Water Resources for the Santa Rosa Plain Watershed

Sample Results

The CWDM daily simulation results for HRU 16,454
provided a sample of the effect of antecedent conditions on
simulated crop water demand (in this case, the crop type
is vineyard) for water years 1975 and 1976 (fig. 1-9). As
mentioned earlier, the CWD is the simulated daily crop water
demand that determines the amount of irrigation applied to
each HRU. Precipitation was greater for water year 1975
compared to water year 1976 (fig. 1-94). The drier, anteced-
ent conditions for water year 1976 caused an earlier initia-
tion of simulated irrigation; simulated irrigation began on
July 1 in water year 1975 in contrast to May 20 in water
year 1976 (fig. 1-94). There were large increases in PRMS-
simulated soil moisture in response to infiltrating precipita-
tion (fig. 1-94). Although not directly shown on figure 1-9A,
there were smaller, but more continuous, decreases in soil
moisture in response to ET and deep percolation. The PRMS-
simulated ET matched PET during periods of relatively high
precipitation, so soil moisture was not a factor in limiting
ET (fig. 1-9B). From November through April for both water
years, zero irrigation was simulated by the CWDM because
of the combination of available soil moisture, less PET during
the winter months, and smaller crop coefficients for the winter
months (fig. 1-98). During most days when non-zero irriga-
tion was simulated, the simulated irrigation was less than the
available PET because the crop coefficients for vineyards were
less than 1.0 for all months (table 1-1). Most of July in water
year 1975 was an exception; simulated irrigation was slightly
greater than available PET because deep percolation caused
additional drying of the soil profile. The PRMS-simulated soil
moisture indicated a large difference in the water available for
ET between water years 1975 and 1976; soil moisture reached
a maximum of about 9.4 in. in water year 1975 compared to a
maximum of 4.9 in. in water year 1976 (fig. 1-9C). The SMC
for vineyards limited irrigation to periods when the soil mois-
ture was less than about 1.5 in. This primary factor controlling
the onset of irrigation is a function of antecedent conditions.
Following equation 5, the final crop water demand (or CWD)
equaled the adjusted crop water demand (or ACWD) only for
those days when soil moisture was below the limiting condi-
tion (fig. 1-9D).
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Year Mon ND HRUID MFcell Row Col CID Well-ID Well name Irrigation(in) Pumpage (ft~3/d)
1971 10 31 2594 8391 54 70 4 63 Ag63 0.1771515E+01 0.2074387E+04
1971 10 31 2652 9649 62 72 4 104 Agl04 0.1904793E+01 0.2230451E+04
1971 10 31 2767 8526 55 48 6 64 Ag64 0.1600048E+01 0.1873604E+04
1971 10 31 2781 8682 56 a7 [3 64 Ag64 0.1631116E+01 0.1909984E+04
1971 10 31 2783 8681 56 46 [3 70 Ag70 0.1626202E+01 0.1904230E+04
1971 10 31 2788 8991 58 42 1 79 Ag79 0.1913581E+01 0.2240742E+04
1971 10 31 2789 8986 58 37 6 73 Ag73 0.1642439E+01 0.1923243E+04
1971 10 31 2790 8990 58 41 1 79 Ag79 0.1894952E+01 0.2218927E+04
1971 10 31 2791 8985 58 36 6 73 Ag73 0.1625164E+01 0.1903015E+04
1971 10 31 2792 9147 59 41 6 74 Ag74 0.1631130E+01 0.1910001E+04
1971 10 31 2793 9146 59 40 [3 74 Ag74 0.1613708E+01 0.1889600E+04
1971 10 31 2794 9303 60 40 [3 74 Ag74 0.1629643E+01 0.1908259E+04
1971 10 31 2796 9458 61 38 6 83 Ag83 0.1606127E+01 0.1880723E+04
1971 10 31 2798 9298 60 35 1 78 Ag78 0.1917219E+01 0.2245002E+04
1971 10 31 2805 9143 59 37 1 78 Ag78 0.1944131E+01 0.2276515E+04
1971 10 31 2806 9302 60 39 [3 83 Ag83 0.1610819E+01 0.1886217E+04
1971 10 31 2807 9142 59 36 1 78 Ag78 0.1935200E+01 0.2266056E+04
1971 10 31 2808 8675 56 40 4 66 Ag66 0.1813476E+01 0.2123522E+04
1971 10 31 2815 8370 54 49 4 62 Ag62 0.1756600E+01 0.2056922E+04
1971 10 31 2816 8369 54 48 [3 64 Ag64 0.1608427E+01 0.1883416E+04
1971 10 31 2818 8525 55 47 6 64 Ag64 0.1603364E+01 0.1877488E+04
1971 10 31 2821 8680 56 45 [3 70 Ag70 0.1619327E+01 0.1896179E+04
1971 10 31 2828 8989 58 40 6 74 Ag74 0.1607467E+01 0.1882292E+04
1971 10 31 2833 9299 60 36 1 78 Ag78 0.1912806E+01 0.2239834E+04
1971 10 31 2855 8983 58 34 6 73 Ag73 0.1645723E+01 0.1927088E+04
1971 10 31 2856 9141 59 35 1 78 Ag78 0.1930990E+01 0.2261127E+04
1971 10 31 2869 8984 58 35 6 73 Ag73 0.1612066E+01 0.1887678E+04
1971 10 31 2875 9139 59 33 6 73 Ag73 0.1623018E+01 0.1900501E+04
1971 10 31 2876 9140 59 34 [3 73 Ag73 0.1622875E+01 0.1900334E+04
1971 10 31 2877 9297 60 34 1 78 Ag78 0.1920707E+01 0.2249086E+04
1971 10 31 2879 9296 60 33 6 73 Ag73 0.1644709E+01 0.1925901E+04
1971 10 31 2882 9451 61 31 [3 93 Ag93 0.1632342E+01 0.1911420E+04
1971 10 31 2883 9610 62 33 [3 102 Agl02 0.1606214E+01 0.1880825E+04
1971 10 31 2884 9767 63 33 [3 102 Agl102 0.1629017E+01 0.1907527E+04
1971 10 31 2885 9608 62 31 6 93 Ag93 0.1614446E+01 0.1890464E+04
1971 10 31 2886 9607 62 30 [3 101 Agl01 0.1609655E+01 0.1884854E+04
1971 10 31 2887 9923 64 32 [3 102 Agl102 0.1615014E+01 0.1891130E+04
1971 10 31 2888 9764 63 30 6 101 Agl01 0.1607184E+01 0.1881960E+04
1971 10 31 2889 9921 64 30 6 93 Ag93 0.1612371E+01 0.1888034E+04
1971 10 31 2890 9766 63 32 6 102 Agl102 0.1618891E+01 0.1895670E+04
1971 10 31 2893 9452 61 32 1 94 Ag9%4 0.1921171E+01 0.2249629E+04
1971 10 31 2894 9609 62 32 3 102 Agl102 0.1607339E+01 0.1882142E+04
1971 10 31 2895 9765 63 31 6 93 Ag93 0.1331885E+01 0.1559594E+04
1971 10 31 2896 9922 64 31 6 102 Agl102 0.1331294E+01 0.1558902E+04
1971 10 31 2911 9321 60 58 6 87 Ag87 0.1623837E+01 0.1901461E+04
1971 10 31 2925 9155 59 49 6 86 Ag86 0.1631667E+01 0.1910629E+04
1971 10 31 2927 8683 56 48 6 64 Ag64 0.1646747E+01 0.1928287E+04
1971 10 31 2929 9311 60 48 6 86 Ag86 0.1619199E+01 0.1896030E+04
1971 10 31 2930 8996 58 47 6 75 Ag75 0.1627385E+01 0.1905615E+04
1971 10 31 2931 8995 58 46 6 75 Ag75 0.1625888E+01 0.1903862E+04
1971 10 31 2932 8992 58 43 1 79 Ag79 0.1935172E+01 0.2266024E+04
1971 10 31 2934 9148 59 42 1 79 Ag79 0.1942628E+01 0.2274754E+04
1971 10 31 2937 9304 60 41 6 84 Ag84 0.1639118E+01 0.1919355E+04
1971 10 31 2938 9619 62 42 6 85 Ag85 0.1628629E+01 0.1907072E+04
1971 10 31 2939 9460 61 40 6 84 Ag84 0.1634435E+01 0.1913870E+04
1971 10 31 2940 9461 61 41 6 84 Ag84 0.1633369E+01 0.1912622E+04
1971 10 31 2993 9000 58 51 6 76 Ag76 0.1638480E+01 0.1918607E+04
1971 10 31 2997 8840 57 48 6 70 Ag70 0.1633919E+01 0.1913267E+04
1971 10 31 2998 8839 57 47 6 70 Ag70 0.1638372E+01 0.1918481E+04
1971 10 31 2999 8838 57 46 6 70 Ag70 0.1627725E+01 0.1906014E+04
1971 10 31 3000 8837 57 45 1 69 Ag69 0.1902967E+01 0.2228314E+04
1971 10 31 3003 9149 59 43 1 79 Ag79 0.1935178E+01 0.2266031E+04

Flgure 1-5. Example output file: simulated monthly irrigation and pumping for agricultural wells, Santa Rosa Plain crop water-demand
model, Santa Rosa Plain watershed, Sonoma County, California.
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Year Mon Day Irrigation IPZ 0 IPZ 1 IPZ 2 IPZ 3 IPZ 4 IPZ 5 1PZ 6 IPZ 7
1971 10 31 0.06573130118 0.00000000000 1.95900839621 0.42853981465 0.12105355547 1.78948237874 0.53390996968 1.65503190570 1.97681960975
1971 11 30 0.01021694283 0.00000000000 0.43176768060 0.01041360967 0.03664474067 0.34843148899 0.02189428484 0.18572794432 0.42035095933
1972 12 31 0.00042551296 0.00000000000 0.00000000000 0.00000000000 0.02327238092 0.02594114944 0.00000000000 0.00000000000 0.02216977971
1972 1 31 0.00034685507 0.00000000000 0.00000000000 0.00000000000 0.04936786675 0.01893909342 0.00000000000 0.00000000000 0.03202067142
1972 2 29 0.00057543442 0.00000000000 0.00000000000 0.00000000000 0.14933759350 0.02839600377 0.00000000000 0.00000000000 0.06628881531
1972 3 31 0.00788618132 0.00000000000 0.03142997100 0.01309621139 0.61238325725 0.48416213483 0.09591051133 0.00070281520 0.22627983552
1972 4 30 0.01434915095 0.00000000000 0.93657733457 0.13419291219 0.68012522600 0.67193451052 0.96995059287 0.04673471260 0.26780774563
1972 5 31 0.05107690676 0.00000000000 4.80399701940 1.85402940976 1.39424198450 1.63329672840 3.01644145233 0.53409795817 0.55015332819
1972 6 30 0.15472921955 0.00000000000 7.03171395780 6.10307326344 1.18410381300 4.65450116706 5.93683711317 2.81962359466 1.71022935177
1972 7 31 0.24210342412 0.00000000000 7.47600641255 7.30074916150 1.41280310092 6.09498018312 7.09068949005 5.94627170564 4.03314358300
1972 8 31 0.19891003601 0.00000000000 5.75324354717 5.55217864904 1.15687557143 4.99684573916 4.53922237867 4.98178965615 3.90534110016
1972 9 30 0.11519432845 0.00000000000 3.51129378580 1.74383547734 0.09950707185 2.99157083576 1.99050555042 2.92090722317 2.84111553800
1972 10 31 0.01681607200 0.00000000000 0.78840700211 0.00887385562 0.00746241818 0.68814451643 0.06352845423 0.22640893373 0.46168149598
1972 11 30 0.00051405705 0.00000000000 0.00000000000 0.00000000000 0.00060767000 0.03057014443 0.00000000000 0.00000000000 0.04043681973
1973 12 31 0.00008645752 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00363788972 0.00000000000 0.00000000000 0.02110871400
1973 1 31 0.00007482798 0.00000000000 0.00000000000 0.00000000000 0.00509882467 0.00235418172 0.00000000000 0.00000000000 0.02463920833
1973 2 28 0.00022488853 0.00000000000 0.00000000000 0.00000000000 0.01874237375 0.00952242604 0.00000000000 0.00000000000 0.05001405150
1973 3 31 0.00314779946 0.00000000000 0.00000000000 0.00112783661 0.21247386933 0.19196465615 0.01629912800 0.00000000000 0.14525557423
1973 4 30 0.01455896900 0.00000000000 0.20421009904 0.15184430387 0.87501267717 0.80021397192 1.18237066637 0.01832558484 0.34807268796
1973 5 31 0.04813067739 0.00000000000 5.17310476710 1.70153226155 1.19767969417 1.45684205129 2.61883703913 0.50018211872 0.65155348904
1973 6 30 0.16785318068 0.00000000000 7.79548155720 6.71980257871 1.73609669000 4.86957034839 5.27781551904 3.22052854298 1.70441103581
1973 7 31 0.24035577805 0.00000000000 7.48059331451 7.29654759085 1.84416724817 6.01694447328 6.89791067481 6.03429659955 2.57778026524
1973 8 31 0.18987404923 0.00000000000 5.49511154147 5.29016313902 1.45331654057 4.75570023696 4.33844610523 4.79011615700 3.36968956620
1973 9 30 0.10508820893 0.00000000000 3.41771662641 1.48428715814 0.20417610578 2.94030720590 1.92061948507 2.48993630269 2.45270341689
1973 10 31 0.02325285287 0.00000000000 1.31621176891 0.01169175842 0.00073850108 1.10993779318 0.09478964720 0.18063896889 0.42344671237
1973 11 30 0.00026570654 0.00000000000 0.00000000000 0.00000000000 0.00143916817 0.01596555097 0.00000000000 0.00000000000 0.01907950462
1974 12 31 0.00008754926 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00245330869 0.00000000000 0.00000000000 0.03306519002
1974 1 31 0.00008292427 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00263416979 0.00000000000 0.00000000000 0.02836904569
1974 2 28 0.00026805581 0.00000000000 0.00000000000 0.00000000000 0.03072902125 0.01089938091 0.00000000000 0.00000000000 0.06196158300
1974 3 31 0.00273398256 0.00000000000 0.00000000000 0.00000000000 0.17722407500 0.16733487616 0.00257713250 0.00000000000 0.12860067404
1974 4 30 0.00867350401 0.00000000000 0.00000000000 0.07937076718 0.61794019667 0.49333989514 0.82420974200 0.00000000000 0.28036633238
1974 5 31 0.02864774079 0.00000000000 2.50267061970 0.44815088697 0.98238117400 1.07826973951 2.33245927950 0.20657568198 0.50888718623
1974 6 30 0.10241578792 0.00000000000 6.99985797180 5.63972234590 1.07066289800 3.19035409378 3.63558071121 1.38184992713 0.92803267427
1974 7 31 0.11029855155 0.00000000000 6.82341617501 6.39710623844 0.41533764100 3.35736897577 3.65600374750 1.63383675828 0.85973380221
1974 8 31 0.13691611443 0.00000000000 5.90674394654 5.62697769592 0.29344682442 4.54061150698 3.59436284396 2.26395096424 1.38075368688
1974 9 30 0.11419456820 0.00000000000 4.24200524232 1.02001924300 0.09123947668 3.61332748300 2.09182577835 2.46597429322 1.60189607385
1974 10 31 0.06231230296 0.00000000000 2.06374589035 0.09009460280 0.02526672296 1.84027122357 0.21416483928 1.49703916166 1.62709218527
1974 11 30 0.00303676081 0.00000000000 0.31581554709 0.00000000000 0.01300424567 0.15446108003 0.00000000000 0.00000000000 0.05980601312
1975 12 31 0.00084825453 0.00000000000 0.00000000000 0.00000000000 0.04944942483 0.05224813921 0.00000000000 0.00000000000 0.03840931367
1975 1 31 0.00053301039 0.00000000000 0.00000000000 0.00000000000 0.05290475133 0.03075576242 0.00000000000 0.00000000000 0.03880865704
1975 2 28 0.00019305272 0.00000000000 0.00000000000 0.00000000000 0.02347509750 0.00673864122 0.00000000000 0.00000000000 0.05486925775
1975 3 31 0.00204131345 0.00000000000 0.00000000000 0.00000000000 0.11410160442 0.12348498392 0.02265336450 0.00000000000 0.10447644000
1975 4 30 0.00735012713 0.00000000000 0.00000000000 0.07657654097 0.56003971633 0.41639406092 0.70579547900 0.00000000000 0.23059570606
1975 5 31 0.02970658857 0.00000000000 2.45927925930 0.47196158279 1.03628848625 1.13557038632 2.50679575292 0.21043905508 0.53691640338
1975 6 30 0.09318050022 0.00000000000 6.62250940320 5.26370913250 1.01358288967 2.90500520494 3.40500327179 1.20768580391 0.86494089060
1975 7 31 0.19236963455 0.00000000000 7.02991946316 6.83065130431 0.64098017792 5.03493086408 5.50584292162 4.46393418660 1.99643693925
1975 8 31 0.18450873374 0.00000000000 5.65755821876 5.48880731295 0.33578291602 4.89798377258 4.37663502867 4.48465127300 2.02542265421
1975 9 30 0.13302707042 0.00000000000 4.01905130936 2.04186559170 0.11395628053 3.43651940058 2.34366198793 3.42361253793 2.83934072490
1975 10 31 0.02354743315 0.00000000000 1.10249663827 0.04170632205 0.00673302948 0.83924196388 0.06072385810 0.41972097863 0.57279939408
1975 11 30 0.00167901051 0.00000000000 0.00000000000 0.00000000000 0.00286350575 0.10713202248 0.00000000000 0.00000000000 0.06267401160
1976 12 31 0.00112965563 0.00000000000 0.00000000000 0.00000000000 0.06308744183 0.07003402904 0.00000000000 0.00000000000 0.04748596452
1976 1 31 0.00131641286 0.00000000000 0.00000000000 0.00000000000 0.08070041425 0.08140364212 0.00000000000 0.00000000000 0.05566021448
1976 2 29 0.00168374020 0.00000000000 0.00000000000 0.00000000000 0.12250750625 0.10487705586 0.00000000000 0.00000000000 0.05953141750
1976 3 31 0.00878165331 0.00000000000 0.49070749131 0.03476180973 0.51210224008 0.46510631937 0.13824928467 0.01295757694 0.19587278712
1976 4 30 0.02035363062 0.00000000000 2.22176481791 0.24053844403 0.94809184675 0.72348732441 1.02240073887 0.16600742927 0.26548520479
1976 5 31 0.10730267429 0.00000000000 6.16595720070 3.36691180011 4.59281751075 3.15981673696 4.29344617896 1.88112014597 1.07029628758
1976 6 30 0.22209740655 0.00000000000 7.43030896206 6.52686424900 4.59012195843 5.70881699486 7.66771071095 5.32997295884 2.22409552183
1976 7 31 0.24914976783 0.00000000000 7.40934512922 7.26023605711 3.00167421113 6.12975225805 7.34959983290 6.24029164264 4.35217426455
1976 8 31 0.16548552479 0.00000000000 4.94148724223 4.94245527398 0.83225237712 4.48960560230 3.99885530338 3.80267924026 3.54130921893
1976 9 30 0.10511858733 0.00000000000 3.57174432120 1.69669729218 0.09961338615 3.06643602955 2.09059144796 2.33177219264 2.66317038032
1976 10 31 0.04414534549 0.00000000000 2.23995497315 0.03342852135 0.00488891956 1.98742065447 0.18547155345 0.46893720712 0.75681849993
1976 11 30 0.00801784555 0.00000000000 0.46677631145 0.00472437581 0.03419746537 0.37949476025 0.00755827162 0.04818461240 0.33193277705
1977 12 31 0.00204612970 0.00000000000 0.09625658636 0.00000000000 0.16191499345 0.11467370568 0.00000000000 0.00000000000 0.06113005870
1977 1 31 0.00107631858 0.00000000000 0.00000000000 0.00000000000 0.07151300100 0.06636360470 0.00000000000 0.00000000000 0.04606773306
1977 2 28 0.00268129792 0.00000000000 0.00000000000 0.00090538621 0.19788065975 0.16733447817 0.00395024650 0.00000000000 0.08820148154
1977 3 31 0.00748645978 0.00000000000 0.30743133544 0.04010868365 0.46592299467 0.41417709654 0.14374600133 0.00625882176 0.17485050517
1977 4 30 0.04419854521 0.00000000000 3.70481692550 0.92969427668 3.49954205517 1.53471387112 1.34373138900 0.49669930409 0.37598050065
1977 5 31 0.07300087160 0.00000000000 4.37447343270 2.80676135087 3.85075907508 2.51159000451 2.63354796025 0.94719189045 0.40194217558
1977 6 30 0.20425148323 0.00000000000 7.30818736500 6.39879552324 3.80223112633 5.43939469651 7.27419917567 4.66878519531 1.93310879776
1977 7 31 0.25445692088 0.00000000000 7.57380731129 7.42625548346 3.29262109655 6.27240261964 7.51580469062 6.35600982577 4.45793196889
1977 8 31 0.20925281796 0.00000000000 5.94710630669 5.81898426116 1.77785230113 5.18149915046 4.68499451873 5.25779495634 4.69834742598
1977 9 30 0.09273170344 0.00000000000 3.19663265869 1.28441842518 0.31197879153 2.72655310729 1.66720809325 2.07660254322 2.13110575497

Flgure 1-6. Example output file: simulated monthly irrigation by crop type, Santa Rosa Plain crop water-demand model, Santa Rosa
Plain watershed, Sonoma County, California.
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Year Mon Day Irrigation IPZ 0 IPZ 1 IPZ 2 IPZ 3 IPZ 4 IPZ 5 IPZ 6 IPZ 7
1971 10 1 0.00243947444 0.00000000000 0.07282459786 0.01614399097 0.00536823167 0.06593230785 0.02251002667 0.06169526564 0.07275727250
1971 10 2 0.00273078736 0.00000000000 0.08139018271 0.01808471468 0.00601725167 0.07394944227 0.02536719667 0.06891356385 0.08195619250
1971 10 3 0.00304349717 0.00000000000 0.09071406500 0.02030104355 0.00673396500 0.08240527943 0.02806656500 0.07683068224 0.09105967000
1971 10 4 0.00334558069 0.00000000000 0.09956375743 0.02240922242 0.00743359750 0.09075224648 0.03085982333 0.08433861679 0.10000913250
1971 10 5 0.00349309209 0.00000000000 0.10405488229 0.02338411742 0.00775319833 0.09464755142 0.03211563167 0.08815728946 0.10415163500
1971 10 6 0.00324626481 0.00000000000 0.09620455000 0.02232951194 0.00736309083 0.08843052170 0.02935710500 0.08168098200 0.09543827000
1971 10 7 0.00328192296 0.00000000000 0.09758354729 0.02176502081 0.00724537833 0.08916702729 0.03087221833 0.08249851658 0.09970392750
1971 10 8 0.00311776133 0.00000000000 0.09254064857 0.02110624113 0.00699148583 0.08483099538 0.02867783667 0.07843520304 0.09275649500
1971 10 9 0.00281468536 0.00000000000 0.08415479243 0.01867192742 0.00619658667 0.07606839449 0.02600064000 0.07118997484 0.08368682000
1971 10 10 0.00272314611 0.00000000000 0.08095746286 0.01839739306 0.00608556917 0.07394575992 0.02496267833 0.06861852663 0.08100352000
1971 10 11 0.00279346365 0.00000000000 0.08386938486 0.01807833677 0.00603523500 0.07516174688 0.02618147000 0.07084987716 0.08377561250
1971 10 12 0.00319219559 0.00000000000 0.09523114529 0.02117186565 0.00703035417 0.08637719320 0.02960287000 0.08061613930 0.09560359750
1971 10 13 0.00320338942 0.00000000000 0.09492317157 0.02175892016 0.00719536083 0.08726960308 0.02950710833 0.08047195759 0.09578971250
1971 10 14 0.00287064760 0.00000000000 0.08504012029 0.01953484790 0.00645724667 0.07822454381 0.02637727667 0.07211044799 0.08570090750
1971 10 15 0.00231701436 0.00000000000 0.06797820157 0.01607492806 0.00529596667 0.06365409748 0.02134680833 0.05773403768 0.07039708250
1971 10 16 0.00184542972 0.00000000000 0.05465576684 0.01243345094 0.00411474383 0.05021454389 0.01711415550 0.04636053570 0.05584814425
1971 10 17 0.00163261445 0.00000000000 0.04830898521 0.01111309461 0.00366626717 0.04446031105 0.01498654650 0.04101708171 0.04901532900
1971 10 18 0.00164607354 0.00000000000 0.04883509930 0.01108856894 0.00366718792 0.04472832121 0.01519295300 0.04142988841 0.04939130850
1971 10 19 0.00034322408 0.00000000000 0.01448806997 0.00001459542 0.00000000000 0.00448409243 0.00290103952 0.01170876595 0.01658278527
1971 10 20 0.00000074350 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00003908341 0.00023277482 0.00000000000 0.00000000000
1971 10 21 0.00175308814 0.00000000000 0.05005406948 0.01199941718 0.00138818043 0.04773126928 0.01381914328 0.04475221780 0.04820568388
1971 10 22 0.00170470721 0.00000000000 0.04924698994 0.01227326259 0.00137556195 0.04790581116 0.01396001262 0.04165183314 0.05341749935
1971 10 23 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 10 24 0.00141009708 0.00000000000 0.04022070345 0.00884278982 0.00053990351 0.03877787813 0.00476545140 0.03603467625 0.03873729875
1971 10 25 0.00171883871 0.00000000000 0.05051395070 0.01072373670 0.00065627566 0.04728565587 0.00596150987 0.04346793951 0.05054449293
1971 10 26 0.00181907474 0.00000000000 0.05477336913 0.01132669710 0.00069894558 0.05007576594 0.00708838535 0.04569819014 0.05474741165
1971 10 27 0.00168136899 0.00000000000 0.05045918529 0.01057257820 0.00065275658 0.04640761797 0.00649191132 0.04214164391 0.05073619783
1971 10 28 0.00121130319 0.00000000000 0.03651709891 0.00738265065 0.00045518551 0.03313045830 0.00472055988 0.03061919185 0.03634838243
1971 10 29 0.00131946412 0.00000000000 0.03985307020 0.00802143049 0.00047504132 0.03600921062 0.00538817657 0.03330760163 0.04071401507
1971 10 30 0.00121664691 0.00000000000 0.03659541758 0.00777002803 0.00046230443 0.03323315983 0.00463487812 0.03070539158 0.03724635048
1971 10 31 0.00084595247 0.00000000000 0.02610998648 0.00487632101 0.00030671648 0.02327737635 0.00244665843 0.02159591168 0.02141700888
1971 11 1 0.00096975141 0.00000000000 0.03134612371 0.00088911103 0.00339196679 0.03090511259 0.00240055852 0.02039995566 0.04007785401
1971 11 2 0.00105588948 0.00000000000 0.03439487913 0.00096702169 0.00363816495 0.03348929857 0.00257294138 0.02216290340 0.04543452180
1971 11 3 0.00106849208 0.00000000000 0.03482337912 0.00121762065 0.00366341610 0.03378019611 0.00259249714 0.02250632928 0.04576082714
1971 11 4 0.00114291805 0.00000000000 0.03701757524 0.00131435284 0.00397352860 0.03630967953 0.00275670362 0.02395576868 0.04898703932
1971 11 5 0.00114676828 0.00000000000 0.03707971345 0.00132230089 0.00400702258 0.03647801280 0.00275232746 0.02400824728 0.04913638184
1971 11 6 0.00106165156 0.00000000000 0.03445403667 0.00121783045 0.00368212605 0.03368051970 0.00254863416 0.02229674777 0.04533915295
1971 11 7 0.00098084114 0.00000000000 0.03134590397 0.00114856834 0.00348998384 0.03148169865 0.00236612843 0.02031427705 0.04245644063
1971 11 8 0.00082535833 0.00000000000 0.02648160672 0.00096033424 0.00290878425 0.02639766226 0.00199633368 0.01715166527 0.03579210284
1971 11 9 0.00078928785 0.00000000000 0.02335591581 0.00099684240 0.00298013717 0.02642755953 0.00215006419 0.01535599095 0.03797671959
1971 11 10 0.00088047139 0.00000000000 0.02751661833 0.00126873817 0.00321876671 0.02855417032 0.00215865479 0.01797601463 0.03896038338
1971 11 11 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 12 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 13 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 14 0.00001829183 0.00000000000 0.00091727640 0.00000000000 0.00000000000 0.00097614003 0.00000000000 0.00000000000 0.00126970154
1971 11 15 0.00008569682 0.00000000000 0.01086379290 0.00000000000 0.00039572108 0.00404113830 0.00000000000 0.00000000000 0.00207239515
1971 11 16 0.00010891895 0.00000000000 0.01369069419 0.00000000000 0.00047030600 0.00516952109 0.00000000000 0.00000000000 0.00248247438
1971 11 17 0.00011554398 0.00000000000 0.01451220776 0.00000000000 0.00049828908 0.00548581417 0.00000000000 0.00000000000 0.00263110315
1971 11 18 0.00013133217 0.00000000000 0.01545307624 0.00000000000 0.00052966300 0.00637238964 0.00000000000 0.00000000000 0.00310061215
1971 11 19 0.00013305603 0.00000000000 0.01534040164 0.00000000000 0.00051983492 0.00650320746 0.00000000000 0.00000000000 0.00312175685
1971 11 20 0.00012442999 0.00000000000 0.01500515460 0.00000000000 0.00049161425 0.00600100436 0.00000000000 0.00000000000 0.00279631800
1971 11 21 0.00010651082 0.00000000000 0.01268418073 0.00000000000 0.00042652467 0.00516966866 0.00000000000 0.00000000000 0.00229553885
1971 11 22 0.00010849473 0.00000000000 0.01265406390 0.00000000000 0.00040212642 0.00529267450 0.00000000000 0.00000000000 0.00245056546
1971 11 23 0.00010944553 0.00000000000 0.01278319911 0.00000000000 0.00042323008 0.00534783625 0.00000000000 0.00000000000 0.00236002454
1971 11 24 0.00009971899 0.00000000000 0.01168713501 0.00000000000 0.00037223775 0.00492958682 0.00000000000 0.00000000000 0.00155786746
1971 11 25 0.00006356952 0.00000000000 0.00931758634 0.00000000000 0.00019279075 0.00273980644 0.00000000000 0.00000000000 0.00231587908
1971 11 26 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 27 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 28 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 29 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 11 30 0.00005960120 0.00000000000 0.00038928330 0.00000000000 0.00036047242 0.00377970473 0.00000000000 0.00000000000 0.00186187823
1971 12 1 0.00000065410 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00002419907 0.00000000000 0.00000000000 0.00019127498
1971 12 2 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 3 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 4 0.00000066144 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00001606686 0.00000000000 0.00000000000 0.00027325650
1971 12 5 0.00003899246 0.00000000000 0.00000000000 0.00000000000 0.00194905842 0.00242193608 0.00000000000 0.00000000000 0.00164847142
1971 12 6 0.00003737618 0.00000000000 0.00000000000 0.00000000000 0.00226233933 0.00232231039 0.00000000000 0.00000000000 0.00148192063
1971 12 7 0.00003828685 0.00000000000 0.00000000000 0.00000000000 0.00206431633 0.00238369144 0.00000000000 0.00000000000 0.00153086196
1971 12 8 0.00003910924 0.00000000000 0.00000000000 0.00000000000 0.00209939858 0.00243718564 0.00000000000 0.00000000000 0.00154410004
1971 12 9 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 10 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 11 0.00000165589 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00005775410 0.00000000000 0.00000000000 0.00051754069
1971 12 12 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 13 0.00002924634 0.00000000000 0.00000000000 0.00000000000 0.00187080717 0.00179990010 0.00000000000 0.00000000000 0.00130049552
1971 12 14 0.00000013551 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000918460 0.00000000000 0.00000000000 0.00000000000
1971 12 15 0.00002577705 0.00000000000 0.00000000000 0.00000000000 0.00111974625 0.00158277761 0.00000000000 0.00000000000 0.00130265638
1971 12 16 0.00003037406 0.00000000000 0.00000000000 0.00000000000 0.00186681075 0.00187726272 0.00000000000 0.00000000000 0.00129259456
1971 12 17 0.00003269735 0.00000000000 0.00000000000 0.00000000000 0.00196788550 0.00202297598 0.00000000000 0.00000000000 0.00138092435
1971 12 18 0.00003209587 0.00000000000 0.00000000000 0.00000000000 0.00190559542 0.00198094196 0.00000000000 0.00000000000 0.00140733810
1971 12 19 0.00003371328 0.00000000000 0.00000000000 0.00000000000 0.00201912725 0.00208277773 0.00000000000 0.00000000000 0.00145512442
1971 12 20 0.00003402306 0.00000000000 0.00000000000 0.00000000000 0.00208747058 0.00210364004 0.00000000000 0.00000000000 0.00144061860
1971 12 21 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 22 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 23 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 24 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 25 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000000
1971 12 26 0.00000000001 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000000038 0.00000000000 0.00000000000 0.00000000000
1971 12 27 0.00000028129 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00000980000 0.00000000000 0.00000000000 0.00008801735
1971 12 28 0.00000770940 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00045229546 0.00000000000 0.00000000000 0.00066715846
1971 12 29 0.00000308454 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00013636116 0.00000000000 0.00000000000 0.00069065721
1971 12 30 0.00001383768 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00078520207 0.00000000000 0.00000000000 0.00145044942
1971 12 31 0.00001356281 0.00000000000 0.00000000000 0.00000000000 0.00000000000 0.00076871070 0.00000000000 0.00000000000 0.00143012988

Figure 1-7. Example output file: simulated daily irrigation by crop type, Santa Rosa Plain crop water-demand model, Santa Rosa Plain
watershed, Sonoma County, California.
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Figure 1-8. Crop water-demand model (CWDM) calibration results, water years 1975-84, annual (water year) time-series comparison
to previous estimates by Kadir and McGuire (1987), Santa Rosa Plain watershed, Sonoma County, California.



Sample Results 251

A 0.3 25
== CWDM-simulated irrigation
\ == Daily precipitation h
0.25 = PRMS-simulated soil-moisture change (DSM) 2

0.2 4 \ ” 15
0.15 ‘ M |
o1 10| | l 05

Simulated irrigation, in inches per day
Daily precipitation and soil moisture
change, ininches

0.05 a A A = 0
o
0 -05
0.35 I I I I

>~

e CWDM-simulated irrigation
0.3 —— PRMS-simulated potential evapotranspiration
—— PRMS-simulated actual evapotranspiration
CWDM calculated available
potential evapotranspiration

0.25

0.2

0.15 bt
il
i P

YA Y N oefl W I

: S5 L Al

[ [ [ 10

Simulated evapotranspiration
and irrigation, in inches per day

)
5

W \ ——— CWDM-simulated irrigation
0.24 "\ e PRMS-simulated soil moisture 8

Simulated irrigation, in inches per day

w
[«b]
ey
[&]
=
S
I ! g
" \ W A . 2
\ FEAANFAVIY :
006 H- \\ H \\ 2 &
\K\ ]
D 0.3 ‘ ‘ ‘ 0.3
— Simulated irrigation
0.25 —— Potential crop-water demand (PCWD) 0.25

0.2 V | ArA 02
0.15 J A \ ‘\J \/\ 0.15
0.0 '(M”'J v | o(;;

10/1/74 12/1/74 2/1/15 4/1/15 6/1/75 8/1/75 10/1/75 12/1/75 2/1/76 4/1/76 6/1/76 8/1/76 10/1/76
Date

0.1

Simulated irrigation, in inches per day
Potential crop-water demand, in inches

Figure 1-9. Daily crop water-demand model (CWDM)-simulated irrigation for hydrologic response unit (HRU) 16454, water years 1975-76,
Santa Rosa Plain watershed, Sonoma County, California, and A, daily precipitation and change in the precipitation runoff modeling system
(PRMS)-simulated soil moisture; B, the PRMS-simulated daily potential evapotranspiration (PET), PRMS-simulated evapotranspiration
(ET), and CWDM-calculated available PET, C, PRMS-simulated daily soil moisture; and 0, CWDM-calculated adjusted crop water demand
(ACWD).
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Time Series of Application and Results

Five irrigation periods were defined for the CWDM
application (fig. 1-10). Results from separate CWDM and
PRMS-only simulations for monthly irrigation and agricul-
tural pumpage were combined into a continuous monthly time
series of estimated irrigation and agricultural pumpage for
the simulation period. The irrigation periods were defined on
the basis of the years represented by the five land-use maps
(figs. 1-2, 1-10). The irrigation periods overlapped in time by
2 years, and each irrigation period followed a 1-year model
spin-up period (fig. 1-10). Results from the two overlapping
irrigation periods were averaged in order to develop a
smoother transition from one period to the next (for example,
see water years 2003 and 2004 in fig. 1-11).

Examples of averaged spatially distributed results simu-
lated by the CWDM are shown in figure 1-12 for six random
periods that span land-use periods (water years 1972—77,
1975-83, 1981-88, 1987-93, 1997-2004, and 2002—10). The
results indicated differences in the spatial distribution of irri-
gation demand caused by (1) changes in the spatial coverage
and distribution of crop types; (2) the distribution of precipita-
tion, including reclaimed wastewater; (3) spatial differences in
soil properties; and (4) spatial differences in PET. Comparison
of the average estimated irrigation for the last four periods
(water years 1981-88, 1987-93, 1997-2004, and 2002-10)
showed an increase in the total area irrigated, a reduction in

agricultural irrigation in the Laguna de Santa Rosa in response
to the application of reclaimed water, and an increase in water
use for pasture compared to vineyards. Maximum irrigation
rates of 24 to 38 inches per year (in/yr) were estimated for the
pasture areas not receiving reclaimed water for the 2002—10
land-use period. Intermediate irrigation rates of 12 to 20 in/yr
were estimated for most the vineyards; however, some vine-
yards had comparatively high irrigation rates of 31-38 in/yr
because more water was required to maintain an adequate soil
moisture in coarser soils that drained more rapidly.

There was high seasonal variability in the simulated
irrigation, with a minimum monthly irrigation of zero dur-
ing winter and a maximum monthly irrigation of more
than 2,000 acre-feet (acre-ft) during spring and summer
(fig. 1-134). The estimated maximum monthly irrigation
increased from about 4,000 acre-ft, or more, during 1976-88
to more than 10,000 acre-ft for the 2008 land-use period.
Estimated water-year irrigation ranged from about 7,000 to
19,000 acre-ft prior to water year 1995 and from about 10,000
to 43,000 acre-ft after water year 1995 (fig. 1-13B8). Within
a given land-use period, estimated irrigation was the low-
est for the wettest water years (for example, 1983, 1993, and
1995) and the highest for the driest water years (for example,
1977, 1994, 2004, and 2008). The CWDM did not account
for changes in crop management, such as fallowing to reduce
water demand during drought periods, and, therefore, the
model could overestimate irrigation during dry years.
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Figure 1-10. Irrigation periods and period of reclaimed water input used in the crop water-demand model, Santa Rosa Plain
watershed, Sonoma County, California.
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Figure 1-12. Spatially distributed agricultural irrigation estimates simulated using the crop water-demand model (CWDM) Santa Rosa
Plain watershed, Sonoma County, California, for water years A, 1972-77; B, 1975-83; C, 1981-88; D, 1987-93; E, 1997-2004; and F, 2002-10.
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