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Executive Summary

The Scott Valley is an agricultural groundwater basin in Northern California, within the Scott River
watershed and part of the much larger Klamath Basin watershed straddling the California-Oregon
border. The Scott River provides important habitat for salmonid fish, including spawning and
rearing habitat for coho and fall-run Chinook salmon and steelhead trout. Sufficient flows at
adequately low temperatures during summer, for rearing, and fall, for spawning, are critical for
healthy fish habitat in the mainstem and tributaries.

This report presents the data assembled and the methods used for data analysis and data
modeling to prepare the Scott Valley Integrated Hydrologic Model Version 2, which is currently
under development. The report includes precipitation data analysis, streamflow data analysis and
modeling, geology and groundwater data review and analysis, evapotranspiration and soils data
analysis, and preparation of relevant watershed, land use, topography, and irrigation data. The
data collection and analysis efforts culminate in the development of a spatio-temporally
distributed soil water budget model for the Scott Valley. The soil water budget model is used to
determine spatially and temporally varying groundwater pumping rates, surface water diversion
rates, and groundwater recharge across the groundwater basin. The spatial resolution of the soil
water budget model is by individual fields (land use polygons). Temporal discretization is in daily
time steps for the period from October 1, 1990 to September 30, 2011. This period includes
several dry years, average years, and wet year periods. Methods and results of the soil water
budget model are presented in this report. This report represents the next step toward a better
understanding of the interactions between groundwater, surface water, landuse, and agricultural
practices with a specific focus on the seasonal impacts of groundwater pumping on streamflow
during critical low flow periods.

The work presented here relies on an extensive data collection facilitated by the voluntary and
active collaboration of communities, landowners, the Scott River Watershed Council (SRWC), the
Siskiyou Resource Conservation District (SRCD), and the Scott Valley Groundwater Advisory
Committee (GWAC) which has been appointed by the Board of Supervisors in January 2011,
meeting monthly since April 2011 and advising UC Davis on its data collection and modeling
efforts.

In the data analysis and during the model development, numerous assumptions have been made
as is common in building a conceptual and numerical integrated hydrologic model. Models cannot
represent the complexity of the real system, but are an effort to capture salient hydrologic
features with sufficient accuracy to develop modeling results that are useful for a better
understanding of the watershed dynamics and water balance.

A key feature of the integrated hydrologic model includes that individual fields and other
individual land use parcels are characterized by a set of properties (or attributes) that include:

e Land use: all land use has been simplified in that we divided the diversity of land use into four
main categories: 1) Alfalfa/grain rotation, 2) Pasture, 3) land use with evapotranspiration but
no irrigation (includes natural vegetation, natural high water meadow, misc. deciduous trees,
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trees, riparian vegetation), and 4) land use with no evapotranspiration and no irrigation, but
with potential recharge from precipitation via soil moisture storage (barren, commercial, dairy,
extractive industry, municipal, industrial, paved, etc);

e Soil type: characterized by water holding capacity. For the Scott Valley, we are using a root-
zone depth of 4 ft and also evaluate a hypothetical root-zone depth of 8 ft;

e |Irrigation efficiency, which is usually determined by irrigation type. In the Scott Valley, flood,
center pivot sprinkler, and wheel-line sprinkler irrigation are used almost exclusively; we also
consider historic conversion of some fields from flood or sprinkler irrigation to center pivot
irrigation, based on a review of 1990 - 2011 aerial photos;

e Water source: groundwater, surface water, subirrigated (shallow groundwater table), mixed
groundwater-surface water, and non-irrigated (dry land farming).

Other key assumptions and simplifications include:

- the attributes of each polygon (landuse, irrigation type, irrigation source) do not change
throughout the 21 year period except for conversion from sprinkler to center pivot on
documented alfalfa/grain rotation fields;

- irrigated water is applied continuously and uniformly over the entire irrigation period, a
simplification of the actual irrigation practice, where irrigation is applied during a number
of specific irrigation events, the timing of which varies from field to field; also, the
simulation does not account for irrigation non-uniformity within fields or between fields;

- applied irrigation amounts are computed based on crop evapotranspiration, which has
been estimated from climate data; irrigation amounts are adjusted for precipitation, soil
moisture availability, and account for commonly assumed irrigation efficiency of the
irrigation system. This concept has been developed for the California Department of Water
Resources (CDWR) Consumptive Use Program (Orang et al., 2008);

- reference ET, a key driver for simulating irrigation applications, is calculated from climate
station data using the NWSETO program developed at UC Davis and is based on the
Hargreaves and Samani (1982) equation;

- the start of the irrigation season is triggered by soil water depletion to 45% of soil water
holding capacity (equivalent to a depletion factor of 0.55), recommended by FAO
Publication 56, Table 22.

- direct uptake from shallow groundwater table is not accounted for in the soil water budget
approach, but will be simulated in the integrated hydrologic model that is currently under
development

The soil water budget approach presented here does not represent a complete water budget for
either the surface watershed or the groundwater basin, since it does not include stream-
groundwater interaction or evapotranspiration off shallow water-table from non-irrigated crops or
natural landscapes. However, a streamflow regression analysis is performed to estimate all
monthly tributary inflows into the Scott Valley based on incomplete sets of measured data. A
complete surface watershed or groundwater basin budget requires an integrated groundwater-
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surface water model which is now under development (Scott Valley Integrated Hydrologic Model
Version 2, to be completed by early 2014).

Output from the soil water budget simulation includes daily land use polygon (field) specific soil

water fluxes in water years 1991 through 2011. These are aggregated to provide monthly, yearly
and long-term average rates by polygon, by land use, and by subwatershed. The report presents
and discusses the following output results obtained from the soil water budget simulation:

irrigation from surface water and groundwater sources;
- recharge;
- crop evapotranspiration under optimal irrigation (no shortage);

- actual evapotranspiration after accounting for limited available water in the root zone
(limited surface water supplies, no irrigation);

- water uptake deficiency.

Results of the soil water budget model are typical of Northern California, given the land use,
irrigation water source, irrigation type, and precipitation and given the limitations listed above to
build the soil water budget model. For example, average monthly recharge and pumping rates
indicate strong seasonal changes. Most pumping occurs during summer months and most
recharge occurs in late winter and early spring. On pasture, significant recharge may also occur
during the irrigation season due to widespread surface water flooding at rates that are
significantly higher than crop water use (relatively lower irrigation efficiency). In August-
September, streamflow available for flood irrigation decreases significantly leading to increased
pumping on some pasture fields, typically at higher efficiency than with flood irrigation and,
hence, less recharge. Recharge in alfalfa is highest in July and August, when all fields are fully
irrigated. Fields in grains (12.5% of the alfalfa/grain cropping area) are fallow after their harvest in
July without significant recharge or pumping in August and September. During the winter months,
differences in the amount of recharge between the three land use categories reflect varying levels
of soil moisture depletion and slight differences in average soil characteristics across each land use
type, mainly hydraulic conductivity and water holding capacity.

Simulated irrigation amounts have been compared with field-estimated applied water values
provided by alfalfa and pasture irrigators engaged in the Scott Valley Groundwater Advisory
Committee (GWAC). We find that the water budget model significantly overestimates the amount
of applied water compared with grower-reported rates and compared with recent field measured
amounts. Hence, the current approach will need further development to reconcile the differences
between the ET-based soil water budget model and field irrigation rate data. The largest
discrepancy is found in the amount of irrigation applied to alfalfa, which the model overestimates
by 25% or more given the reported values. Probable explanations for the discrepancy include
uncertainty in the available evapotranspiration and reference evapotranspiration rates for alfalfa
and the lack of accounting for irrigation non-uniformity. The latter may effectively lead to higher
than assumed irrigation efficiency. New data are collected in an ongoing field campaign. These will
be critical to update irrigation rates in future versions of the soil water budget model.
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The current soil water budget model has two important characteristics that make it rather useful
for understanding the hydrology of Scott Valley: 1) it has been developed to allow for rapid
adjustment of inputs and/or model assumptions. Results can be refined in the future, and further
sensitivity analysis and tests can be performed as new data become available; and 2) it is a tool
that has been developed in close collaboration with local stakeholders, agency personnel, and
scientists, which is critical for constructive discussion of different water management scenarios
and to mitigate conflicts.

UC Davis 14 Final Report, April 22, 2013



1 Acknowledgments

Many people have supported our efforts of collecting, analyzing, and interpreting data. We
acknowledge the feedback, support, and reviews that we have received from the Scott Valley
Groundwater Advisory Committee, the Siskiyou Resources Conservation District, the Scott River
Watershed Council, the Natural Resources Conservation Service Yreka Office, the County of
Siskiyou, Ric Costales with the County of Siskiyou, Steve Orloff with University of California
Cooperative Extension, Bryan McFadin with the North Coast Regional Water Board, Deborah
Hathaway with Papadopulos and Associates, and from Sari Sommarstrom at Sommarstrom &
Associates. These collaborations were critical for developing a better understanding of agricultural
practices in Scott Valley. Review comments were helpful in clarifying this report. We are also
grateful to Prof. Samuel Sandoval Solis, University of California, Davis, for his collaboration on
analyzing precipitation data and providing a new classification of the water year types.

Funding has been provided by the North Coast Regional Water Board, through Contract #09-084-
110 and the State Water Resources Control Board, through Contract #11-189-110. The opinions
and conclusions in this report are those of the authors and are not necessarily shared by the
funding agency or any of the project partners, cooperators, or reviewers.

UC Davis 15 Final Report, April 22, 2013



2 Introduction

The Scott Valley is an agricultural groundwater basin in Northern California, within the Scott River
watershed and part of the much larger Klamath Basin watershed straddling the California-Oregon
border. The Scott River provides important habitat for salmonid fish, including spawning and
rearing habitat for coho (Onchorhynchus kisutch) and fall-run Chinook salmon (Onchorhynchus
tschawytscha) and steelhead trout (Onchorhynchus mykiss). Sufficient flows at adequately low
temperatures during summer, for rearing, and fall, for spawning, are critical for healthy fish
habitat in the mainstem and tributaries.

During the dry summer, streamflow in the Scott River system is low and relies almost entirely on
groundwater return flow (baseflow) from the alluvial aquifer system underlying Scott Valley.
Summer streamflows in dry years have been markedly lower since the late 1970s, when compared
to the 1940s to 1960s. Both Van Kirk and Naman (2008) and Drake et al. (2000) concluded that a
statistically significant contribution of this downward trend is due to climate effects represented
by reduced snowpack at lower elevations, while Van Kirk and Naman (2008), using statistical
analysis, also asserted that groundwater pumping for irrigation and increased consumptive water
use was a significant cause. A physically-based groundwater model was used by S.S. Papadopulos
& Associates (2012) to estimate potential late summer/early fall stream depletion impacts
associated with groundwater pumping for irrigation.

As a result of low streamflow, but also due to the lack of widespread riparian vegetation,
temperatures in the Scott River may exceed critically high temperatures during the summer
months (North Coast Regional Water Quality Control Board, Staff Report for the Action Plan for
the Scott River Watershed Sediments and Temperature TMDLs, 2011).

A groundwater (GW) study plan was requested of Siskiyou County and its Scott Valley
stakeholders, as set forth in the Action Plan for the Scott River Watershed Sediment and
Temperature Total Maximum Daily Load (TMDL, adopted Dec. 2005 by the Regional Water Board
[RWB]). The Action Plan sets forth the elements to be contained in the GW Study Plan; it also
identifies the needs of the RWB for certain information to be developed from the groundwater
studies proposed in the GW Study Plan. It has been agreed by Siskiyou County and Regional Water
Board staff that better knowledge of the hydrology and alluvial aquifer is needed to develop a
possible array of solutions to water issues and associated problems. Siskiyou County with its
management jurisdiction over groundwater (the RWB has water quality jurisdiction over GW
under the Porter-Cologne Act) is committed to taking a community-based approach to
implementing the GW Study Plan. The Scott Valley Community Groundwater Study Plan was
developed by the University of California at Davis (Harter and Hines, 2008) with the voluntary
assistance of communities, landowners, the Scott River Watershed Council (SRWC), and the
Siskiyou Resource Conservation District (SRCD). The GW Study Plan was adopted by the Siskiyou
County Board of Supervisors in February 2008. The primary goal of the GW study plan is: “To
provide a scientific approach that can be used by Siskiyou County, the Scott Valley community, the
State of California, and other interested parties to objectively assess the Scott Valley’s groundwater
resources and their effect on surface water resources.” (Harter and Hines, 2008).
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Subsequently, the Board of Supervisors appointed the Scott Valley Groundwater Advisory
Committee (GWAC) in January 2011, a group which has been meeting monthly since April 2011.
This committee supersedes the role of the Watershed Council (SRWC) for representing the
community on groundwater matters.

The GW Study Plan provides an overall course of action to achieve the following overall study
objectives:

1. consider groundwater occurrence throughout Scott Valley,
2. evaluate effects of groundwater on health of riparian vegetation,
3. evaluate effects of water use on Scott River flows,

4. identify opportunities and potential solutions for increasing water storage and/or addressing
Scott River temperature issues, and

5. develop a tool capable of investigating groundwater hypotheses, such as those developed by
the Scott River Watershed Council.

The GW Study Plan was intended to be a living blueprint of the hydrologic, ecologic, water
resource management, and agricultural management research needs and of the investigative
approaches that can be taken to develop management practices that meet the mandate for
protection of water, agricultural, and ecological resources in the Scott Valley. The GW Study Plan
summarizes the current status of knowledge about the hydro-agro-eco-geography of the Scott
Valley and outlines potential approaches to addressing critical current research needs. Individual
future study projects and tasks are described and scheduled to efficiently and timely make best
use of funds to collect the information and data needed.

The GW Study Plan identifies further comprehensive analysis of existing data and development of
new integrated groundwater-surface water assessment tools as a critical need. These tools are
needed to understand the groundwater hydrology of the Scott River system and its relationship to
surface hydrology, especially in areas where groundwater could affect Scott River water
temperatures, potential riparian vegetation, and habitat connectivity for anadromous fish.
Without integrated, interdisciplinary knowledge of the groundwater hydrology of Scott Valley and
its dynamic linkages with streamflow, solutions to specific issues outlined in the Scott River TMDL
and Action Plan will not be possible. Baseline data are needed to determine the best approach in
the design and implementation of water projects, water management alternatives, and strategies
to protect anadromous fish while also providing for current users of water, including agricultural
operations.

With the voluntary assistance of communities, landowners, the SRWC, the GWA, and the Siskiyou
RCD, this report provides key elements proposed by the GW Study Plan as set forth in the Scott
River TMDL Action Plan. This report provides a review of data collected since the publication of the
GW Study Plan and the various analyses performed to prepare the Scott Valley Integrated
Hydrologic Model. It includes precipitation data analysis, streamflow analysis and modeling,
evapotranspiration data analysis and modeling, soils and groundwater data assembly and analysis,
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landuse and topography data analysis, and development and analysis of a soil water budget model
to estimate field-by-field daily pumping and groundwater recharge in the Scott Valley for Water
Years 1991-2011. A separate report will be prepared on the integrated hydrologic modeling efforts
with MODFLOW, once completed, by early 2014.

In this report we occasionally refer to Version 1 and Version 2 of the Scott Valley Integrated
Hydrologic Model: Version 1 corresponds to the initial groundwater flow model developed with
MODFLOW-2000 (Harbaugh et al., 2000) by a graduate student (Ryan Hines) and hand-calibrated
against measured water level data. While unpublished, several presentations have been given on
this tool at the community and agency level, which is the main reason for distinguishing the
version currently in development from these earlier efforts. Version 2 is a revised integrated
hydrologic model, also using MODFLOW-2000 and its Stream-Flow Routing Package, but with an
improved water budget representation including a more detailed and realistic representation of
irrigation practices and cropping patterns in the Scott Valley. For the development of Version 2,
additional data collection and analysis was conducted to develop the new soil water budget model
and to improve the conceptual basis of the integrated hydrologic model. This report combines
relevant data first collected during the Version 1 development phase and all of the additional data
and data analysis prepared for the Version 2 modeling effort in a single, comprehensive
document.

The motivation for developing these integrated hydrologic modeling tools is based on
acknowledging the importance of:

1. understanding how past and current pumping affects groundwater flows to the Scott River
and how alternative future water management activities affect groundwater flow;
2. helping mediation of conflicts between:

a. Landowners in Scott Valley, mostly farmers depending on agricultural pumping for
crop production,

b. Indian tribes downstream and commercial fisheries off-coast that depend on
healthy fish populations,

c. California Department of Fish and Wildlife, the U.S. Fish and Wildlife Service and
the U.S. National Marine Fisheries Service responsible for the implementation of
the state and federal Endangered Species Act (ESA; 16 U.S.C. 1531 et seq.)

d. North Coast Regional Water Quality Control Board, State Water Resources Control
Board, and U.S. Environmental Protection Agency responsible for the
implementation of California’s Porter-Cologne Water Quality Control Act and the
Federal Clean Water Act.

A collaborative and open approach has been established involving many stakeholders, including
local landowners, Valley residents, native tribes, and fisheries to develop acceptable concepts
consistent with scientific as well as local knowledge of the system. Furthermore, there is a general
need to improve communication between scientists, regulatory and planning agencies,
environmental advocacy groups, and diverse local/regional stakeholder groups to develop
sustainable water resources management. This study is designed as part of an effort to benefit
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these diverse stakeholder groups and communities by fully integrating currently available data,
modern scientific methods, local-regional education, and public outreach.

In the following chapters, an overview of the study area, a detailed description of the data
collection effort and of the methods used for data analysis, a description of the concepts of the
soil water budget model, and extensive results are presented. This information provides the
foundation for the forthcoming integrated hydrologic model (Version 2) of the Scott Valley.
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3 Study Area

3.1 Physical Setting

The Scott Valley is located in the Klamath Mountains of Northern California, approximately 30
miles south of the Oregon border in Siskiyou County. Scott Valley is approximately 25 miles long
and 10 miles wide at the largest point, although much of Scott Valley is less than 3 miles wide. The
Scott River flows through the eastern and northern part of the valley, from south to north and
across its northern flank to exit the Valley at its northwest corner toward the Klamath River.
Approximately 8,000 people live in Scott Valley and its two towns of Fort Jones and Etna. Land use
and the local economy are dominated by agriculture, primarily beef cattle-raising and forage
production (alfalfa and grain hay and pasture).

3.2 Geologic Setting

The geologic formations in the Scott Valley can be divided into two units, the surficial alluvial
deposits, and the underlying bedrock that also comprises the upland areas surrounding the Valley.
The consolidated bedrock history of the Scott Valley area consists of a complex process and
accretion and metamorphosis of several Klamath terranes. The Scott Valley is a tectonic
Quaternary basin situated within the Palezoic/Mesozoic Klamath Mountains Province. The
terranes identified in the Scott Valley area contain similar rock type and all are of marine origin,
with the exception of plutons and intrusions. The formation of the modern alluvial Scott Valley
occurred in recent geologic time, approximately 2 million years ago (MYA), by Basin and Range
extensional tectonics.

Consolidated bedrock terranes in the Scott Valley area are, from east to west, progressively
younger, with older terranes situated structurally beneath younger deposits. The Trinity and Rail
Creek terrane plagiogranites, located in the southeastern uplands of the Scott Valley area and
forming a portion of the uplands drained by the East Fork of the Scott River, are the oldest
tectonic rocks identified in North America and mark the oldest convergent (non-cratonic) margin
identified in North America (Elder, personal communication, 2009). A succession of terranes were
accreted or deposited on the area between 450 and 130 MYA and are, in succession: Yreka
terrane, Central Metamorphic belt, Stuart Fork terrane, and Western Paleozoic and Triassic belt
(Sawyers Bar, Western Hayfork, Rattlesnake terranes). Several intrusive events occurred over this
time period as well, creating the mafic intrusive complex (MIC) rocks that intruded into the Trinity
terrane and consist of pyroxenite and gabbro, and the intrusion of major Klamath plutons (Russian
Peak) consisting of diorite to granodiorite in the period between 174 to 138 MYA (Elder, personal
communication, 2009).

Structurally, the Scott Valley consolidated bedrock deposits range from pre-Silurian to Jurassic and
possibly Early Cretaceous age, and consist of the following strata in order of upward succession:
Abrams and Salmon schists, the Chanchelulla formation of Hinds, greenstones which correlate to
either the Copley greenstone or the Applegate group, and ultrabasic and granitic intrusive rocks
(Mack, 1958; State of California, State Water Resources Control Board, 1975).
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Over time, the current Klamath Mountains underwent an uplifting sequence with the last major
episode occurring 4 MYA, which accompanied a tilting of the Western Cascade ranges. Faulting
and subsequent uplift of the Klamath Mountains caused the formation of a tectonic graben, of
which Scott Valley is the western-most portion (Elder, personal communication, 2009). The
current hydrographic position of the Scott Valley is controlled by activity that occurred along two
of the principal faults forming the tectonic graben, the northern Greenhorn fault and the western
Scott Valley fault. Indications are that the early course of the Scott River ran south-north and
intersected the Klamath River at a point further to the east than currently, with the area
comprising the current lower Scott River canyon belonging to a separate watershed. The activity
along the Greenhorn and Scott Valley faults, however, caused a dip in the alluvial Scott Valley
during the Quaternary period which resulted in the Scott River altering its course in the northern
section of the alluvial valley and turning almost due west, capturing several tributaries as well.
The activity along the Scott Valley fault also contributed to this stream capturing, and resulted in
the realignment of several existing tributaries, which has left remnant alluvial fans which are now
stranded (referred to as Pleistocene alluvium in Mack, 1958). The dip associated with activity
along the Scott Valley fault has also resulted in a tilting of the bedrock across the valley floor from
east to west, with a dip also in the northerly direction associated with the Greenhorn fault (Elder,
personal communication, 2009).

The maximum exposed thickness of these remnant alluvial fan deposits is projected to be less than
50 feet. The deposits are poorly sorted and consist of sand and silty clay with well-rounded
granodiorite, serpentine, chert, and quartzite boulders that average 1 foot in diameter. In the
northern portion of the Scott Valley, the remnant alluvial fan deposits are found in isolated
patches along the edges of the Oro Fino Creek Valley and Quartz Valley, and possibly near Etna
Creek near the town of Etna. Those deposits along Quartz Valley and Etna Creek represent old
alluvial fans formed by Shackleford and Etna Creeks. The alluvial fans consist of poorly sorted
boulders of western-mountain origin set in a matrix of brown sandy clay to a depth of
approximately 100 feet (Mack, 1958).

The remainder of the alluvium located in the Scott Valley is from a more recent time. It is
composed of alluvial fan deposits, and stream-channel and floodplain deposits related to the
present course of the Scott River and its tributaries. The recent alluvium ranges in thickness from 0
feet to possibly greater than 400 feet in the western portion of the Scott Valley, at its widest point.
However, there is no evidence of alluvial material sufficiently coarse to support groundwater
pumping below depths of 250 feet. The thickness of the alluvium decreases to both the north and
the south. The alluvial deposits vary greatly in composition based on spatial distribution. Along
the west side of the valley, from Etna northward to Quartz Valley, the principal streams have built
large bouldery and cobbly alluvial fans which are generally most permeable in their mountainward
reaches (fan apex). The channel deposits of these streams differ with regard to the percentage of
granitic bouldery material which they contain, ranging from mainly finer clay and sand to larger
gravel and granitic boulder debris. The composition of the alluvium deposited by the tributary
streams to the Scott River differs widely. While most of the tributaries run dry during the early
part of the summer, due to irrigation diversions and infiltration of streamflow into the coarse
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gravel of the fanhead areas, other tributaries such as Crystal Creek maintain flow throughout the
year owing to the relatively impervious nature of the underlying granitic rocks which prevent
infiltration of streamflow to the groundwater aquifer (Mack, 1958).

At the downstream edge of the alluvial fans, the alluvium becomes progressively less coarse
ranging to fine sand, silt, and clay. Groundwater well logs from these areas have shown that
alluvium consists of lenses of water-bearing gravel confined between fairly impermeable beds of
clay. The alluvium in this zone is much less permeable than the floodplain and stream channel
deposits of the Scott River (Mack, 1958).

3.3 Data Availability and Assessment

Table 1 presents a summary of available data with information on data sources. In the following
sections, data sources and methods of data analyses are described in more detail. Extensive
analysis has been performed on all of these datasets to prepare input for the soil water budget
model described in Sections 10 and 11, and for the Scott Valley Integrated Hydrologic Model
Version 2 currently being developed. All data are archived either in Microsoft Excel spreadsheets
or in an ESRI ArcGIS geospatial database using UTM 10 (NAD83) projection. The soil water budget
model is written in FORTRAN code, which reads the necessary text files prepared using ArcGIS and
Excel.

UC Davis 22 Final Report, April 22, 2013



Table 1 Summary of available data

Data Data source Contact person or Notes
website
Climate Data
e Average max daily National Climatic Data http://www.ncdc.noaa.go | These inputs are used in the NWSETO
temperature Center (NCDC) v/oa/ncdc.html program to calculate the reference
e  Average min daily evapotranspiration (ET).
temperature Stations examined included Callahan (CAL),

e Max and min humidity

e  Wind speed
e % cloud cover
. Precipitation

Fort Jones Ranger Station (FJN), and
Greenview. However, the Greenview data
was incomplete and was not used. For both
CAL and FJN, data for precipitation, snow
amounts (in water equivalents), and
minimum and maximum temperatures was
downloaded from the NCDC.

Streamflow Data

Streamflow

USGS, DWR, SRCD

http://cdec.water.ca.gov/

SRCD data: see table 4

Gauging data available for: Scott River Ft.
Jones (USGS 11519500), Shackleford Creek
near Mugginsville (F25484); Mill Creek near
Mugginsville (F25480); French Creek at
Highway 3 near Callahan (F25650); Sugar
Creek near Callahan (F25890); Scott River,
East Fork, at Callahan (F26050); and Scott
River, South Fork, near Callahan (F28100).
Mofett Creek, Etna Creek, Patterson Creek,
and Kidder Creek.

Data used to create the GIS layers

Elevation data

Gesch, 2002, 2007
LiDAR data, 2010 (North
Coast Regional Water

http://ned.usgs.gov
Watershed Sciences, Inc.,
obtained from the

Used for the thalweg definition

Quality Control Board, NCRWQB
NCRWQB)
Model extent Mack Report Mack, 1958 Modified for this project.

Land use, water source,
irrigation methods

California Department of
Water Resources,
Division of Planning and
Local Assistance (DPLA)

http://www.water.ca.gov
/landwateruse/lusrvymai
n.cfm

Detailed inputs were provided by GWAC
and have been used to update the DWR
map.

Soil type, water holding
capacity

Soil Survey Geographic
(SSURGO) database

The Natural Resources
Conservation Service
(NRCS) National
Geospatial Management
Center.
http://soildatamart.nrcs.
usda.gov/

Wells

California Department of
Water Resources

Wells were geo-located using a multi-step
procedure depending on the information
contained within the well records obtained
from DWR (see Section 8). Some well
locations were visually verified in the field.
No measurements were performed.

Scott Valley Tributaries

Mack report

Mack, 1958
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4 Precipitation

Precipitation in Scott Valley is dominated by storms approaching the Valley from the west and
south. The Valley is therefore in the rain shadow of the mountain ranges surrounding it to the
west and south. Precipitation stations in Scott Valley are sparse, mainly concentrated in the
central and west part of the valley. Two stations have a nearly complete record of daily data since
the 1940s. To determine the most representative precipitation time series for the soil water mass
balance, several methods of precipitation estimation for the valley were evaluated.

4.1 Precipitation - CDEC Dataset, Monthly Values for Callahan and Ft. Jones Only

The California Data Exchange Center provides monthly precipitation records (accumulated
precipitation in each month), in inches/month, for the Callahan (CAL) and Fort Jones (FJN) stations.
Both sets of data were retrieved from the CDEC website on 6/28/2012 (http://cdec.water.ca.gov/).
The National Weather Service operates the CAL station, the U.S. Forest Service is responsible for
the FJN station. To obtain annual precipitation totals, monthly data were added for each site for

each water year (WY). A water year, commonly used in hydrological statistics, begins on October 1
of the previous calendar year and ends on September 30 of the current calendar year.

Years 1981-1983 at the CAL station were recorded as “missing data”, so these years were removed
from the initial analysis. Both, monthly and annual total precipitation at the CAL and FJN stations
for WY 1944-2011 show a relatively strong linear trend (Figure 1). The correlation coefficient (r)) is
0.82 for the monthly data and 0.77 for the annual totals indicating moderate correlation between
the upper and lower valley precipitation. This data set was originally employed to develop a
representative monthly precipitation time series (uniform across the Scott Valley groundwater
basin) as part of a Version 1 (a draft version) of the Scott Valley Integrated Hydrologic Model. The
average (mean) of the two annual data values was used to estimate the Scott Valley rainfall per
WY. The linear regression equation obtained from the monthly totals was used to fill in the years
1981-1983 at the CAL station (Figure 1). With the CAL data series filled in, the average annual
precipitation at CAL and FJN is 21.3 in/yr for 1944-2011, and 21.4 in/yr for 1991-2011. For WYs
1991-2011 (21 years), the average annual precipitation is 21.2 in/yr at FJN and only slightly higher,
21.5in/yr, at CAL.
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Figure 1. Linear regressions of the monthly (top) and annual (bottom) precipitation totals at Callahan (CAL) and Fort Jones (FJN)
precipitation stations from 1944 to 2011, not including 1981-1983, for which CAL data are missing in the CDEC dataset. Note that
the plot of the monthly precipitation data is on a log-log scale and does not show months in which either of the two stations
recorded zero precipitation. The linear regression function is only shown for the annual precipitation data.

4.2 Precipitation - NOAA Dataset, Daily Values for Callahan and Ft. Jones Only

Daily precipitation data reported in units of tenth of millimeter [1/10 mm] was retrieved from the
NOAA website (http://www.ncdc.noaa.gov/cdo-web/) for the Callahan and Fort Jones sites,
GHCND:USC00041316 and GHCND:USC00043182, respectively, on June 29, 2012 (Figure 2). Ft.
Jones station data begin in 1936, Callahan station data begin in 1943.
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Summing daily precipitation data, not including missing days, for WYs 1944-2011, the average
annual total precipitation is 17.8 in/yr for the Fort Jones station and 21.0 in/yr for the Callahan
station. The average of monthly totals (unadjusted for missing values, occurring predominantly at
the Fort Jones station), is 19.4 in/yr for WYs 1944-2011. Figure 3 shows the monthly distribution of
the unadjusted monthly totals for the complete period of record. The average annual totals are
significantly lower than those obtained from the CDEC monthly dataset (which are based on the
same station values, but the CDEC data are aggregated differently). This is due to missing values
being interpreted here as zero precipitation. This introduces a bias toward lower precipitation,
which is addressed in two ways: by replacing missing values at one station with the values
measured at the second station (this section), and by using statistical analysis (described in Section
4.4).
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Figure 2. Precipitation gauges in Scott Valley with data available through NOAA. USC00043176 was not used, since it is outside of
the Valley floor. USC00043182 corresponds to the CDEC “FJN” station and USC00041316 corresponds to the CDEC “CAL” station.

A plot of the precipitation time series at Fort Jones and Callahan shows that the sites follow similar
precipitation patterns. Additionally, the peaks and troughs in the yearly precipitation are of similar
magnitudes for the comparison time period, 1943-present.
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The Wilcoxon rank-sum test was used to determine if the average precipitation (from the average
of the precipitation at Callahan and Fort Jones) provided a good approximation for each site. Both
time series compare to the average valley precipitation with 95% confidence, therefore the
average valley precipitation can be considered a reliable model for the Scott Valley.
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Figure 3. Minimum, 25% quartile, median, 75% quartile and maximum unadjusted monthly precipitation (average of Fort Jones
and Callahan), 1944-2011. Missing daily data (mostly at the Fort Jones station) here counted as zero precipitation. See below for
adjusted dataset results.

For purposes of classifying the water year type and for the soil water budget model presented
below, missing data at one station (usually Ft. Jones) were replaced with measured data from the
other station, rather than assuming zero precipitation on days with missing values and averaging
the two stations’ values. This procedure yielded a second, spatially uniform time-series of Scott
Valley groundwater basin precipitation, with daily varying values for WY 1991-2011. This data
series is in addition to the monthly average time series (Section 4.1). A more refined method for
estimating missing data in this data series is described in Section 4.4.

Table 2 and Table 3 summarize the information collected from the NOAA internet site. Note that
the elevation difference between the CAL and FJ stations is approximately 460 ft. Yearly total
precipitation used in the soil water budget model is presented in Figure 4.

Table 2. Information about the two precipitation stations used: Fort Jones and Callahan (from NOAA, http://www.noaa.gov)

Fort Jones Ranger Station STN Callahan

NOAA Station Id: CA043182 NOAA Station Id: CA041316
Latitude: 41°36'00N Latitude: 41°18'40N
Longitude: 122°50'52W Longitude: 122°48'16W
Elevation: 2725’ Elevation: 3185’
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Table 3. Long-term historical averaged monthly precipitation and annual total for Fort Jones and Callahan in inches (from NOAA,
http://www.noaa.gov). For this analysis, missing data at one station are replaced by the value measured at the other station
prior to computing averages and totals.

Monthly Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep | Oct | Nov | Dec Avg.
Precipi- Annu-
tation al Total

FortJones | 3.72 | 295 | 243 | 134 | 0.95 | 0.67 | 0.42 | 0.58 | 0.74 | 1.22 | 3.26 | 3.52 21.8

Callahan 372 | 294 | 244 | 134 | 1.15 | 0.82 | 046 | 035 | 064 | 1.39 | 295 | 3.1 21.3

35 ~

w
o
1

N
w
1

N
o
1

15 4

Precipitation, inches/year

iy
o
I

N

Figure 4. Precipitation in inches/year. One single value is used daily across the whole valley. For this analysis, missing data at one
station are replaced by the value measured at the other station prior to computing averages and totals.

The adjusted precipitation data are used to recalculate year types. Our analysis principally relies
on the analysis presented in Deas and Tanaka (2006). We updated their analysis to also include
years 2005 through 2011. We recalculated the exceedance probability curve for the period 1936-
2011, then used the percentile thresholds suggested in Table 4 (here: Figure 5) of Deas and Tanaka
(2006), which identifies dry years, and then select these years in our 21 year modeling period,
from 1990 - 2011. Results are presented in Figure 6.
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Table 4. Expert Judgment Sample Classification System with Three and Four Year Types.

Year Qctober Neon- Year October Non-
Type through Exceedence Type through Exceedence
March 31 Probability March 31 Probability
Accumulated Accumulated
Precipitation Precipitation
(in) (in)
Dry X<102 X=14% Dry X=102 X< 14%
Normal M2=X=21T 14%=X=Ti% Below 1M2=X<172 14% =X <50%
Mormal
Wet 217=2X 75% <X Above 1T2=X<217 5S0% =X =<T75%
Mormal
Wet 217X To% <X
Figure 5. Expert judgment classification from Deas and Tanaka (2006), Table 4.
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Figure 6. Analysis of precipitation to evaluate the year type.
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Our results are in agreement with previous reports (Deas and Tanaka, 2005, 2006, 2009). The dry

and below normal years identified in our study period are (listed in order from most dry to less
dry): 2009, 1991, 2001, 1994, 1992, 2005, 2004, 2007, 2010, 2008, 2002, and 1993. The wettest
years in the WY 1991 — 2011 period are 2006 and 2003. This order is slightly different from that
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shown in Figure 4, since the year classification is based on October-March data and does not
include precipitation in April through September.

4.3 Precipitation - Watershed Method, Annual Average Total Precipitation

California Rivers Assessment (CARA) is a computer-based data management system designed to
provide access to information and tools with which to make sound decisions about the
conservation and use of California's rivers (http://endeavor.des.ucdavis.edu/newcara/). For the

Scott River Basin, CARA reports an average precipitation of 35.87 inches per year. The
precipitation coverage is represented in a precipitation map showing lines of equal rainfall
(“isohyets”) based on long-term mean annual precipitation data compiled from maps and
information sources at the USGS, the California Department of Water Resources, and the
California Division of Mines. Source maps are based primarily on National Weather Service data
for approximately 800 precipitation stations throughout California collected over a sixty-year
period (1900-1960). The minimum mapping unit is 1000+ acres and the isohyet contour intervals
are variable due to the degree of variation of annual precipitation with horizontal distance. The
CARA database utilizes a weighted average to determine a single value of mean annual
precipitation; the isohyet areas, after intersection, are multiplied by the average rainfall for each
isohyet-derived polygon and divided by the total area of the CARA watershed®.

The CARA Model suggests an average precipitation of 35.87 in/yr across the watershed, much
higher than the 21.6 in/yr measured on the valley floor overlying the groundwater basin (see
Section 4.2). The CARA watershed area of the Scott Valley includes the high precipitation and
snowfall areas of the uplands and mountains. Spatial analysis of the CARA isohyet contour map
against a satellite image of the Scott Valley (Figure 7) shows that the valley floor overlying the
groundwater basin has average annual precipitation values of 18-22.5 inch isohyets. A spatial
analysis of the contributing isohyet areas (Table 4) yields an estimated yearly precipitation of 20 in
for the area overlying the Scott Valley groundwater basin comparable to the NOAA-derived
estimation (Table 3).

1
On 6/29/2012 the UC Davis Information Center for the Environment (ICE) was contacted to see how they created the
CARA model. The response from ICE suggested that the model was outdated and use of PRISM
(http://www.prism.oregonstate.edu/) or other more recent models would be more appropriate.
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Table 4. Scott Valley precipitation, CARA model approach.

Average Precip

Basin Valley Floor

per Isohyetal unit ~ Area Relative Relative
(in) (acres)  Contribution Contribution
18 72130.97 0.14 0.56
22.5 57635.41 0.11 0.44
27.5 88116.19 0.17 N/A
35 127505.25 0.24 N/A
45 88614.9 0.17 N/A
55 55521.7 0.11 N/A
65 20445.65 0.04 N/A
75 10077.12 0.02 N/A
85 933.1 0.00 N/A

| Average Precip (infyr)= 35.87 20.00|

California Rivers Assessment
Historic Precipitation Data

3 0 3 6 9 Kilometers
e e
3 0 3 6 9 Miles

(A)

UC Davis

(B)

Figure 7. CARA isohyet overlay for the Scott Valley (A) with aerial photo (B).
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4.4 Considering Spatial Trends in the Precipitation Modeling Method

NOAA has precipitation stations not only at Fort Jones (station ID USC00043182) and Callahan
(station ID USC00041316), but at two additional locations on the Scott Valley floor, at Greenview
and at Etna (Figure 2). As mentioned above, the Fort Jones data series is the longest, beginning in
1936, while Callahan data are available from 1943 to present. Other stations have significantly
shorter observation periods. The long historical datasets at Fort Jones and Callahan provide the
most representative view of the highly variable precipitation record compared to other stations.
But additional stations are valuable to determine possible spatial trends in precipitation patterns
across Scott Valley. Furthermore, missing values at the Ft. Jones station (and the few missing
values at the Callahan station are here replaced with statistically based estimates of the
precipitation on missing data days to obtain a more accurate record of daily, monthly, and annual
precipitation totals.

We use the NOAA precipitation data at all four Valley floor stations for further analysis and for
developing regression equations. First, data were inspected visually and extreme outliers were
removed. Then, with use of StatPlus®, the upper outlier boundary was calculated
(Outlier=Q3+1.5*IQR, where IQR is the inner quartile range). The subsequent data analysis was
completed without those outling values.

The NOAA stations overlying the groundwater basin are located at Fort Jones, Callahan,
Greenview, and Etna. The Fort Jones and Callahan stations are discussed in sections 2.1 and 2.2.
The additional two stations are located in Etna and Greenview. Local residents report that
precipitation is generally lower near the eastside of the valley floor than the westside of the valley
floor. We used the additional precipitation records from Etna and Greenview to determine
whether the climate station data available within the area overlying the Scott Valley groundwater
basin are sufficient to verify such significant spatial trends..

Besides being of significantly less extent in time, the temporal resolution of the reported data
differs across the precipitation stations: the Fort Jones and Callahan stations report precipitation
values daily in 1/10th mm. The Greenview station reports precipitation values only as monthly
totals in 1/10th mm. The Etna station reports precipitation values hourly in 1/100th in.

We applied a linear regression analysis to reconstruct complete precipitation records for the Etna
and Greenview stations for 1943-2011, using StatPlus® software. The same regression procedure
was used to also fill in the few missing values in the Fort Jones and those in the Callahan records
during that time period. Separate regression equations were generated for each of twelve
calendar months. For each month of the year, separate regressions were generated for each of the
four stations against all other three station records (12 x 4 x [4-1] regression equations). At each
of the four precipitation stations, the three regression equations were ranked separately for each
of the twelve calendar months by their correlation coefficient. Missing daily precipitation data
were then computed using the highest ranked station-to-station specific regression equation for
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which data at any of the other three stations were available. For the Greenview station, regression
equations were used to generate daily data from monthly total reported precipitation.

Daily data from October 1990 to September 2011 were compared for spatial precipitation trends
across the Scott Valley groundwater basin. Over the 20 year study period, the average yearly
precipitation, computed from the annual totals during 1990-2011 for Callahan, Fort Jones, and
Greenview differed by less than 0.8 in (less than 4%), with values of 21.34, 22.05, and 21.27 inches
respectively. At the Callahan station, 88% of the yearly precipitation occurs from October to April,
while it is 90% at Fort Jones. Only about 2-inches of precipitation occur during the irrigation
season, most of which would likely not reach the groundwater basin.

The Etna station recorded an average annual precipitation of 27.98 inches, approximately 30%
higher than the other three stations. From Figure 7, we can see that the location of the Etna
station places it on the edge of the model extent along the western mountains, not unlike the
Greenview station.

To determine the quality of the estimated Greenview values, monthly precipitation from NOAA
was compared with estimated monthly totals of daily data obtained from the regression analysis
using a two sample homoscedastic t-test at alpha level 0.05. The test failed to reject the null
hypothesis H_0: p_1=p_2 (p=.05593), so we can conclude that the regression precipitation values
do not significantly differ from the NOAA values.

With all missing values at Greenview, Ft. Jones, and Callahan replaced by regression estimated
values (but not considering the Etna data series), the average annual precipitation across all three
stations, for WYs 1944-2011 is 21.3 in/yr, for WYs 1991-2011, it is 21.8 in/yr (Figure 11). In
comparison, the average annual precipitation at Ft. Jones and Callahan only, with missing values
replaced by estimated values, is 21.5 in/yr for WY 1944-2011 and 22.0 in/yr for WY 1991-2011,
consistent with the average annual precipitation obtained from the CDEC dataset of monthly
precipitation totals (see above). The precipitation data from the NOAA and CDEC online
repositories are very similar, but not quite identical due to different handling of missing values in
the aggregation of daily data to monthly data. They also differ in the time steps and measurement
units of the reported values. But for practical purposes, these differences are negligible.

The precipitation measured at the Etna station often differs markedly from the values measured at
the other stations, which prompted additional data analysis. In the 20 year period from October
1990 to September 2011, there are 167 days for which the difference between Etna and the
average valley precipitation, computed from the Fort Jones, Callahan, and Greenview data, is
greater than 0.5 inches. As shown in Figure 8A, Etna precipitation is frequently greater than the
average valley precipitation. Figure 8B shows the same comparison but only for cases when Etna
has precipitation exceeding 0.5 in. In some instances, Etna’s precipitation is two orders of
magnitude higher than the average valley precipitation. Of 167 days with differences exceeding
0.5 inches, only 40 days show Etna precipitation to be less than the average valley precipitation.
Thirty-nine days return a difference between Etna and the average valley value that is larger than
1inch. Of these, Etna has the lower precipitation on only 10 days. Notably, on each day where
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Etna records a value that is more than 0.5 inches lower than the average, the Etna recording is 0
inches. It is therefore unclear, whether there are operating or local positioning biases to the Etna

data series.
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Figure 8. Etna precipitation compared to average Scott Valley precipitation. A: all Etna precipitation; B: only Etna precipitation
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Average annual total precipitation measured at Etna, Greenview, Fort Jones, and Callahan were
interpolated (using ArcGIS®) and mapped across the groundwater basin (Figure 9). We used
cokriging with large NNW-SSE anisotropy to map spatially variable precipitation across the valley.
The anisotropy reflects the hypothesized strong precipitation gradient across the West-East extent
of the valley. However, even if the Etna precipitation were considered relatively accurate, the high
precipitation at the western-most margin of the Scott Valley groundwater basin only affects a
relatively small area of the basin and would exclude the Greenview area. The Greenview station,
also on the westside of the Valley, agrees well with those at Callahan and Fort Jones.

While of nearly identical yearly averages, daily values at Greenview, Callahan, and Fort Jones
exhibit significant variance among each other, as would be expected across the significant extent
of the groundwater basin (25 miles long and up to 10 miles wide at its widest point). But given that
the integrated hydrologic model for which this data series is developed operates effectively at
monthly stress periods, a spatially averaged daily precipitation value, obtained from the relatively
complete Callahan and Fort Jones stations, is considered adequately representative of
precipitation dynamics across the Scott Valley groundwater basin.

In conclusion, using the four available precipitation stations, it was not possible to either support
or disprove the observation of a strong west-east gradient in precipitation totals reported by local
residents. Additional stations on the eastern margin of the Valley and on the Valley’s southwest
side would be needed to support these qualitative observations. Furthermore, the number and
location of the precipitation stations for which data were available, and the temporal extent of the
data currently do not justify a spatially distributed precipitation map for the groundwater basin.
Future precipitation gauges would be needed to enhance our understanding of orographic
precipitation mechanisms in the valley, which may lead to alternative rainfall estimates. Until such
additional data are available, daily precipitation across the entire Scott Valley groundwater basin is
assumed to be uniform, represented by the arithmetic average of the measured daily Fort Jones
and Callahan or at Fort Jones, Callahan, and Greenview, with missing data replaced by the
regression estimated data. This time series, developed from daily data, was used for the
streamflow regression analysis described in the next section.

The choice of uniform precipitation does not preclude future alternative approaches in the
integrated hydrologic modeling effort. Spatially variable precipitation, if additional data become
available, could be accommodated by the water budget model described in this report and hence
become part of a groundwater-surface water model.

UC Davis 35 Final Report, April 22, 2013



5 Streamflow

The Scott Valley groundwater basin and its overlying streams are fed by runoff from the
surrounding mountains. Tributaries to the Scott River, including the two forks of the Scott River
itself, emanate from the mountains carrying significant runoff.

Understanding groundwater-surface water interactions in the Scott Valley requires some
knowledge of the streamflow amounts that enter the valley floor overlying the groundwater basin.
In this section, we describe and investigate available data. We also construct time series of
streamflow in all major tributaries of the Scott River and for the South Fork and East Fork of the
Scott River, which join at the upper end of the Scott Valley floor. The main purpose for developing
these time series is to provide an approximation of surface flows into the Scott Valley as part of
the Scott Valley Integrated Hydrologic Model.

The eight tributaries of interest here are Sugar, French, Etna, Patterson, Kidder, Mill (a tributary to
Shackleford Creek), Shackleford, and Moffett Creeks. There are other tributaries to the Scott River,
but their flows tend to be ephemeral, relatively smaller, and their exact magnitude is not as critical
to understanding groundwater-surface water interactions in Scott Valley. In an integrated
hydrologic model, these may be represented as a diffuse source of recharge along the mountain
front around Scott Valley. The Scott River itself is gauged near Callahan at both the East and South
Forks (upstream of the confluence). An additional long-standing gauge (“Ft. Jones”) is located
downstream of Scott Valley, west of Fort Jones on the Scott River.

Location of the flow gauges has been provided by SRCD and is shown in Figure 10. The gauges at
Sugar Creek, Moffet Creek, and Kidder Creek are located above irrigation diversions and do not
reflect tributary inflows to the Scott River. Gauges at French Creek, South Fork, and East Fork are
located at the margin, but within the Scott Valley.

Most of the tributaries have very limited records of streamflow gauging, while the Ft. Jones gauge
has a complete record for the past seventy years (Figure 11). To develop an appropriate
groundwater-surface water model for the Scott Valley groundwater basin, it is therefore necessary
to also develop a model of the main stem and tributary streamflows, at the upgradient boundary
of the Scott Valley floor, for those time periods for which no streamflow data are available.

Here, we chose to determine missing tributary and main stem streamflow data at the upstream
margins of the groundwater basin through statistical regression analysis. A number of
independent predictor variables are considered for the regression analysis: streamflow of the
Scott River at the downstream Fort Jones gauging station, streamflow at the East Fork and South
Fork gauging stations in Callahan, streamflows on the tributaries when measured (Table 5),
precipitation data, temperature data, and snowpack data. The program R® was used to create
linear regression models with accompanying diagnostic plots (see Appendix A).
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5.1 Snow Water Content for Regression Modeling

Snow water content stations are located throughout the Scott Valley. The measurements
considered here are those taken in the month of April. The stations at Box Camp (BXC) and Marble
Valley (MBV) were not used since the snowmelt from these stations enters the Scott River
downstream (north) of the Scott Valley. For the model, the yearly average of the measured snow
water content at Middle Boulder 1 (MBL), Etha Mountain (ETN), Dynamite Meadow (DYM),
Swampy John (SWJ), and Log Lake (LOG) were used to aggregate across intra-watershed
variabilities and to obtain a representative dataset of the snow water content for the regression
analysis.

An additional snowmelt-related variable investigated here is the number of days in a given
calendar year (not water year), on which the temperature at Callahan exceeded 21°C. At this
temperature the entire watershed is under snowmelt conditions.

5.2 Precipitation for Regression Modeling

Daily mean precipitation computed from measured data at the Fort Jones, Greenview, and
Callahan stations for 1943 — 2011 (see Section 4.4) were used to compute the following additional
independent variables in the regression:

“MoPrecip”: sum of the average daily precipitation during the current month t
“PrevMoPrecip”: sum of the average daily precipitation during the prior month, t -1

“WYPrecip2Date”: sum of the average daily precipitation between the beginning of the current
water year (starting on October 1) and the beginning of the current month, t

“WYPrecip”: sum of the average daily precipitation for the entire water year, of which the current
month, t, is part (a model with “perfect foresight” because it includes information that represents
events in the future relative to the date of the estimated streamflow).

5.3 Flow Gauges

Daily mean discharge has been recorded at Scott River near Fort Jones CA (USGS 11519500) since
October 1, 1941 (Figure 11). This data is available at http://waterdata.usgs.gov/nwis, with average

daily values reported in cubic feet per second (cfs). For the regression, daily data were converted
to units of acre-feet per day (1.9835 AF/day equals 1 cfs). This dataset is the most robust of all the
streamflows in the Scott Valley. The published record has no missing daily flows. On some days,
data are estimated by the USGS, and then approved for publication. Because of the abundant data
available, the Scott River near Fort Jones flow was a major component of the regression model.
Table 5 lists the dates of available tributary streamflow data used for the regression analysis,
including the east and south fork of the main stem Scott River.

Tributary flow was downloaded from the Water Data Library
(http://www.water.ca.gov/waterdatalibrary/). The following list includes the code for each
tributary: Shackleford Creek near Mugginsville (F25484); Mill Creek near Mugginsville (F25480);
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French Creek at Highway 3 near Callahan (F25650); Sugar Creek near Callahan (F25890); Scott
River, East Fork, at Callahan (F26050); and Scott River, South Fork, near Callahan (F28100). Dates
for which data are available are listed in Table 5. Data are provided as average daily flows (cfs) and

were converted to units of (AF/day).

Daily data were used for the regression analysis. Complete sets of daily data with measured
values, when available, and with regression estimated values otherwise, were aggregated to
monthly totals (AF/mo) for each individual month in the time series.
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Figure 10. Streamflow measurements in Scott Valley (E. Yokel, Siskiyou RCD, 2011).
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Figure 11. Log-transformed, normalized monthly average Scott River streamflow at Fort Jones, October 1941 through September
2011, computed from reported daily discharge (blue line). Water year total precipitation(green hanging bars) are computed as
the average of measured and estimated daily precipitation data at the Fort Jones, Callahan, and Greenview stations (Section
4.4).

Missing data from the CDEC database are noted with a quality code of 160 or 255. Code 160
indicates that the flow was higher than the gage capacity, a situation for which it is difficult to
estimate an exact value. Similarly, the tributaries that are measured manually are measured only
under wadeable, non-flooding, conditions. Because many of the high value flows are missing from
the raw data, the regression models have difficulty replicating the peak flows. However, the goal
of the model is to understand the late summer/fall flows, which may affect fish, particularly
juvenile coho and fall-run Chinook salmon. Inaccurate prediction of high flow events is not
significantly affecting our analysis of late summer low flows. High flood flow may impact late
summer low flows indirectly — if at all - through groundwater recharge. Recharge from flood
events is difficult to predict, even if high flood flows were known precisely. While it is important
for the model to represent the streamflows accurately each month, more focus was therefore
placed on the accuracy of low flow events.

Table 5. Dates of available tributary streamflow data used for the regression analysis, including the east and south fork of the
main stem Scott River.

Pre-WY1972 Data Range Post-WY1972 Data Range

Kidder 4/72-9/72 10/02-9/11

Mill - 12/04-9/05

Shackleford 10/56-9/60 10/04-9/11

Sugar 9/57-9/60, 5/72-9/72 10/09-9/11
Moffett 10/58-9/67, 4/72-9/72 -

East Fork 10/59-9/72 10/72-9/74,7/02-9/11

South Fork 10/58-9/60, 4/72-9/72 7/02-9/11

French - 10/04-9/11
Etna 4/72-9/72 -
Patterson 4/72-9/72 -
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The degree to which unmeasured and poorly (under)predicted high flows may affect groundwater
recharge will need to be determined through sensitivity analysis with the integrated hydrologic
model.

5.4 Statistical Analysis: Streamflow Regression Methods

Monthly averages of reported daily streamflow data for the Scott River gauge at Fort Jones
and at the two gauges in Callahan are log-normally distributed. For the regression analysis, all
existing monthly average streamflow data, x;;, at gauging station i and month (time) t were
therefore log-transformed and normalized to obtain a normally distributed data series of monthly
flows, Norm(x;.), for each gauging station i:

log(x; ) — M[log(x;)]
STD[log(x;)]

Norm(xi,t) =

where M is the arithmetic mean (of the log-transformed data series xi) and STD is the standard
deviation.

Four transformed data series computed from known data sets were alternately used as
independent variables to build regression models of normalized log-transformed tributary flows
using linear regression:

e  “Norm(Scott)”: Norm(Scott River Flow at Fort Jones)
e “ProductWeightedNorm(Scott)”:

i/Norm(Scott River Flow at Fort Jones) X WYPrecip X AvgSnowWC

Norm(Scott River Flow at Fort Jones)
J/Total WYPrecipt X AvgSnowWC

e “RatioWeightedNorm(Scott)”:

e “SumWeightedNorm(Scott)”: [Norm(Scott River Flow at Fort Jones) + WYPrecip +
WYPrecip2Date + MoPrecip + PrevMoPrecip + AvgSnowW(]

The following dependent variable time series were separately used against each of the above four
independent variables to build a number of regression models for comparison:

e “Norm(Streamname)”: each individual normalized tributary flow gauge time series, all
times

e “Norm(EastTribs)”: the combined record of all normalized tributary flow time series of
tributaries along the east side of Scott Valley, all times

e  “Norm(WestTribs)”: the combined record of all normalized tributary flow time series of
tributaries along the west side of Scott Valley, all times

e “Norm(Tribs)”: the combined record of all normalized tributary flow time series, all times

To investigate seasonal biases in the regression models, the combined dataset of all normalized,
log-transformed tributary data, “CombinedTribs”, was dissected into

e “Norm(Tribs-Season)”: season-of-the-year data (4 datasets) and

UC Davis 41 Final Report, April 22, 2013



e  “Norm(Tribs-Month)”: month-of-the-year data (12 datasets)

These 4 and 12 datasets were used to compute separate regressions for each season (fall: Oct-
Nov, winter: Dec-Feb, spring: Mar-Jun, summer: Jul-Sep) and separate regressions for each
calendar month (Oct through Sep), respectively.

Over the period of record, the normalized flow data for the Scott River show a significant shift that
occurs sometime during the long drought-free period between the 1955 drought and the 1977
drought. Beginning with the 1977 drought, summer month low flows (but not winter month high
flows) are significantly lower than in the 1955 drought and earlier. We therefore created another
set of regressions using a split “Norm(Tribs)” dataset:

e  Norm(Tribs)-Pre-WY1972, which includes WY 1943 to WY 1972, and
e Norm(Tribs)-Post-WY1972, which includes WY 1973 to WY 2011 data.

Note that in the above lists, “tributary flow” and “tribs” include the South and East Fork of the
Scott River. For all of the above regressions, subsets of each log-transformed, normalized data
series were used for the time period of interest. However, across all analyses, the normalization of
each stream gauge’s dataset by its mean and standard deviation remains the same and is always
based on the total period of record for each stream gauge. In other words, we did not renormalize
the individual data series from original data for the particular time series used in the analysis,
neither for the independent nor for the dependent data series.

Additional regressions were implemented using the number of days in the calendar year to date at
which the temperature exceeded 21°C. This temperature was selected by computing the
temperature difference between Fort Jones and the highest point in the watershed, using the dry
adiabatic lapse rate (DALR). At 21°C, all of the surrounding snow-capped mountains have
temperatures above freezing, and they are contributing flow to the tributaries.

Goodness of fit was determined in a number of ways. First, the diagnostic plots from R were
visually examined. “Residuals vs Fitted” shows residual values as a function of the fitted value. If
the assumption of linear dependency between dependent and independent variable is justified,
these bounce randomly around the O line. If the results in the plot are closer together on one part
of the x-axis (e.g., the left side) than on the other part of the axis (where they would be more
spread apart or fanned out), then this would indicate a violation of the homogeneity assumption
that the residuals are independent of the magnitude of the predicted value. The “Q-Q plot” should
show linearity if the data are normally distributed. “Residuals vs. Leverage” should show no
pattern. “Scale-Location” plots should also show no patterns and issues of heteroscedasticity
would be noticeable through fan-like patterns in the plots.

5.5 Streamflow Regression: Results and Discussion

The regression slopes of the normalized tributary flows against the Scott River flows are all less
than 1 with a positive regression intersect (Table 6). This indicates that the geometric mean flows
of the tributaries have a tendency to occur when the Scott River below Ft. Jones is at less than
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geometric mean flow; and the low flow on the tributaries tend to be less extreme than on the
Scott River, or the high flows are not as extreme as on the Scott River, or both (relative to the
standard deviation). The only exception is Moffett Creek, which has regression slope slightly larger
than 1 with a slightly negative regression intersect.

The behavior observed on most tributaries is even more exaggerated when the normalized data
are separated into a pre-WY1972 and post-WY1972 series: prior to (and including) WY 1972,
tributary geometric mean flow occurs at approximately the Scott River geometric mean flow, with
the slope being slightly larger than 1 (high flows and/or low flows on the tributaries tend to be
slightly stronger than on the Scott River). After WY1972, tributary geometric mean flows occur
when the Scott River is at less than geometric mean flow and the extreme events (highs or lows or
both) are less exaggerated on the tributaries than on the main stem of the Scott River below Ft.
Jones: the log-transformed flows on the tributaries vary only at 84% of the relative variation on
the main stem below Scott Valley. Separating the time-series into two series, however, yields an
only slightly better correlation coefficient, r.

Fitting each tributary separately against the Scott River data, or fitting the combined west side
tributaries separately from the combined east side tributary data also does not produce a much
higher correlation coefficients (Table 6). It therefore appears that a single regression for the
combined dataset of normalized, log-transformed tributary flows is adequate and also takes
advantage of the information that may be collected on some tributaries but not at others, given
that tributary flows are highly correlated among each other.

When weighting the regressions by additional information, two models emerge with correlation
coefficients similar to (and not much higher than) the unweighted regressions: the product-
weighted regression and the sum-weighted regression. The ratio-weighted regression, on the
other hand, performed very poorly.

The product-weighted regression provides large weights when high flow events coincide with wet
years and large snow pack, and low weights when low flow events coincide with dry years and
small snow packs. The product-weighted regression implies that tributary flows are relatively
smaller (compared to Scott River flows) in dry years with low snow pack than in average or wet
years or in years with higher snowpacks.

The sum-weighted regression provides the best correlation coefficient, if only slightly better than
the unweighted correlations. The sum-weighted correlation assigns additional weights to several
precipitation and snow-pack related data. But that does not significantly improve the predictive
capability, if the Scott River dataset alone was used.

In the Q-Q plot, most models showed some tailing off the line y=cx for low x values. Also, some
trends appear in residuals. For many regressions against Norm(Scott) and
SumWeightedNorm(Scott), the correlation coefficient, r? is larger than 80% (Table 6) indicating an
overall strong, but not perfect, goodness of fit. R-squared can give an approximate indication of
how well the estimated data fit the measured data overall, but it is important not to base all
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judgment on this value alone. Some models had r? larger than 70%, yet failed to model the high

and low streamflow values well.

A visual comparison of the plotted estimated and actual values was made (see Appendix A). This

method of determining goodness of fit was the best way to see how well the regression modeled

the flow, especially the important summer/early fall flow.

Mill, Etna, and Patterson were difficult to analyze since these tributaries were only gauged for one

year. With so few points to compare, it is difficult to tell which regression provides the best fit. To

be conservative, the regression that shows the best for the other tributaries should also be used

for these three flows.

Table 6. Key regression slopes, intersects, and regression coefficients. Availability of data from individual streams is listed in
Appendix (also see Table 5).

Norm(Scott)

Norm(Tribs) 0.903 0.122 81.2
Norm(Tribs)-Pre- Norm(Scott) 1.053 -0.000405 84.7
WY1972
Norm(Tribs)-Post- Norm(Scott) 0.840 0.218 82.4
WY1972

Norm(WestTribs) Norm(Scott) 0.881 0.205 81.4
Norm(EastTribs) Norm(Scott) 0.964 0.00975 83.7
Norm(Kidder) Norm(Scott) 0.804 0.129 76.7
Norm(Shackleford) Norm(Scott) 0.952 0.243 89.9
Norm(Sugar) Norm(Scott) 0.979 0.0406 83.0
Norm(Moffett) Norm(Scott) 1.044 -0.0567 78.0
Norm(EastFork) Norm(Scott) 0.941 0.0364 87.4
Norm(SouthFork) Norm(Scott) 0.900 0.317 82.1
Norm(French) Norm(Scott) 0.879 0.350 82.2
Norm(Tribs-Summer) Norm(Scott) 0.758 -0.123 50.1
Norm(Tribs) RatioWeighted- 18.66 0.14 37.0

Norm(Scott)
Norm(Tribs) ProductWeighted- 0.1118 0.006066 76.3

Norm(Scott)
Norm(Tribs) SumWeighted- 0.930 0.370 82.3

Norm(Scott)
Norm(Tribs) SumWeighted- 1.111 0.240 85.6

Norm(Scott) — Pre-
WY1972
Norm(Tribs) SumWeighted- 0.876 0.682 83.7
Norm(Scott) — Post-
WY1972

For the best fit, we were particularly interested in matching flows during the low flow season, if

not perfectly, then at least such that flows are over-predicted in some years and under-predicted

in other years. Ideally, the regression would have zero bias, where bias is here defined as
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Bias = Norm(Trib)actual - Norm(Trib)predicted

Bias was calculated separately for each calendar month and each tributary for the time period of
record, using two example regressions. Data are not available in all months to compute bias (Table
7 - Table 10).

Comparing prediction results between various regression methods, qualitative differences in the
overall pattern of fit are small compared to the large annual variations in streamflow. Weaknesses
in one prediction are repeated, at slightly better or worse levels, in other predictions.

A large number of negative bias occurs during the summer months at the East Fork, in particular.
Visual inspection of predicted vs. measured time series indicates that predicted values for the
earlier time period at the East Fork seemed to have a particularly significant bias, not being able to
predict the low flows in most summer months. While the East Fork has significant bias, especially
for September’s low flows, no adjustments were made to correct this bias or any other stream’s
bias. Not enough month-specific data are available to correct for potential bias.

For the pre- and post-1972 regressions (Norm(Tribs)Pre-WY1972, Norm(Tribs)Post-WY1972),
streams had at most 13 datapoints, and commonly much less (Table 7-Table 10).

From the many individual regressions, we found that those regressions that included all tributaries
in the equation provided a better fit overall than the regressions for individual tributaries, or the
regressions for individual months or individual seasons.

The regressions of normalized tributary streamflows vs. RatioWeightedNorm(Scott) provided the
relatively poorest fit (r’ <0.4), although some summer flows are better predicted than by other
models. A much better correlation was obtained when computing a regression of tributary flows
vs. ProductWeightedNorm(Scott) (r’ =76.3%). Commonly, this regression, however, tends to
significantly underestimate peak flows and overestimate low flows.

In summary, of the many regression models developed, two regression models stood out as
having a significant better fit, particularly in the critical low-flow season: Norm(Tribs) vs
Norm(Scott) and Norm(Tribs) vs SumWeightedNorm(Scott).

The best fit was obtained by the split time period regressions, Norm(Tribs)Pre-WY1972 and
Norm(Tribs)Post-WY1972 vs. SumWeightedNorm(Scott), particularly in the critical summer
months. Splitting the regression gave slightly better results (r® values of 84.7% and 82.4%) than the
fully combined regression Norm(Tribs) vs. SumWeightedNorm(Scott) (r’=81.2%). The split
regression model would also provide the best possible fit for the flows at Mill, Etna, and Patterson
given the lack of raw streamflow data for these tributaries. The regression is considered
particularly good, given the large variability in flow volume and geographical range within the
valley. The split Norm(Tribs)Post-WY1972 vs. SumWeightedNorm(Scott) and the split
Norm(Tribs)Post-WY1972 vs. Norm(Scott) will be the best candidates for use in the groundwater-
surface water model.
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Table 7. Regression bias for Norm(Tribs)- Pre-WY1972 vs. SumWeightedNorm(Scott). White areas indicate that data are available
to compute a bias for those months.

Kidder Mill Shackleford Sugar Moffett East Fork South Fork French Etna Patterson
Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum
January
February -0.28 /4 -0.13 /3 -0.16 /13 -0.13 /2
March 017 /4 -0.14 /3
April -017 /3
May -0.45 /10
June -0.65 /10
July -0.13 /4 -0.11 /10
August -0.46 /4 -0.15 /13
September -0.26 /5 -0.42 /13
October -0.24 /13
November -0.24 /9
December
Indicates one or fewer years of data, so no average bias calculated
Indicates bias was >-0.1

Table 8. Regression bias for Norm(Tribs)- Post-WY1972 vs. SumWeightedNorm(Scott). White areas indicate that data are
available to compute a bias for those months.

Kidder Mill Shackleford Sugar Moffett East Fork South Fork French Etna Patterson
Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum
January 034 /6 012 /5
February -0.11/6 -0.29 /2
March -0.27 /8
April
May
June
July
August -0.15 /7 -0.23 /10 -0.28 /7
September -0.40 /7 -0.19 /2 -0.50 /10 -0.16 /7
October -0.58 /8 -0.68 /5 -0.13 /8
November
December -0.32 /5 012 /4
Indicates one or fewer years of data, so no average bias calculated
Indicates bias was >-0.1

Table 9. Regression bias for Norm(Tribs)- Pre-WY1972 vs. Norm(Scott). White areas indicate that data are available to compute a
bias for those months.

Kidder Mill Shackleford Sugar Moffett East Fork South Fork French Etna Patterson
Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum
January -0.14 /4 -0.11 /13
February -0.38 /4 -0.26 /3 -0.15 /13 -0.19 /2
March -0.20 /4 -0.18 /3
April -0.15 /3
May -0.40 /10
June -0.62 /10
July -0.15 /4 -0.12 /10
August -0.50 /4 -0.13 /10 -0.24 /13
September -030/5 -0.53 /13
October -0.18 /13
November -0.22 /9
December
Indicates one or fewer years of data, so no average bias calculated
Indicates bias was > -0.1
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Table 10. Regression bias for Norm(Tribs)- Post-WY1972 vs. Norm(Scott). White areas indicate that data are available to
compute a bias for those months.

Kidder Mill Shackleford Sugar Moffett East Fork South Fork French Etna Patterson
Avg / #Datum [ Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum | Avg / #Datum
January -0.30 /6
February | -0.15 /6 027 /2 -0.16 /4
March -030 /8
April
May
June
July
August -0.19 /7 -0.23 /10 -033/7
September -0.46 /7 -027 /2 -0.52 /10 -0.16 /8 -0.23 /7
October | -0.53 /8 -0.60 /5 -0.22 /8
November
December -0.26 /5
Indicates one or fewer years of data, so no average bias calculated
Indicates bias was >-0.1
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6 Evapotranspiration and Crop Coefficients

Evapotranspiration was calculated using a program designed at UC Davis, the NWSETO program
(Snyder, 2002). The NWSETO program is used to calculate reference evapotranspiration (ETy) for
short grass. The atmospheric inputs for this program include, for each month, average maximum
daily temperature, average minimum temperature, maximum and minimum humidity, wind
speed, and percent cloud cover. The NWSETO program provides two alternative reference ET,
values based on either the Penman-Monteith (1965) or based on the Hargreaves and Samani
equations (1982). The calculated ET, obtained from the climate records and NWSETO were
compared and evaluated on the basis of observed values available for Scott Valley as discussed
below, prior to using it within the water budget model. The two sets of data were generally in
agreement. For this study, the ETgvalues calculated by NWSETO using the Hargreaves and Samani
equation have been used.

Crop coefficients (k;) and ETgare used to estimate specific crop evapotranspiration rates. The k. is
a dimensionless number (usually between 0.1 and 1.2) that is multiplied by the ET, value to obtain
an estimate of the actual crop ET (ET). The estimate of actual crop ET is primarily designed to help
an irrigation manager schedule irrigation frequency and amount, but is here used to estimate
actual crop ET for simulating a daily soil water budget. Crop coefficients vary by crop, stage of
growth of the crop, and by some cultural practices. Coefficients for annual crops vary widely
throughout the season, with a small coefficient in the early stages of the crop (when the crop is
just a seedling or, in the case of alfalfa, has been recently cut) to a large coefficient when the crop
is at full cover (the soil completely shaded).

Crop coefficients have been assigned as follows:

e alfalfa: k. =0.95 (Steve Orloff and Blaine Hanson, University of California, personal
communication) from February 15 to November 15, and k=0 for the remainder of the
winter months. In alfalfa, a constant k. value is used for two reasons: first, the growing
period of alfalfa broadly coincides with that of the reference crop; secondly, alfalfa cuttings
do not occur at the same time across the entire study area. A time-varying k. value that
reflects individual cutting events on individual fields would require knowledge (or
simulation) of individual field cutting events over the period of interest. That level of detail
in the spatio-temporal variability of field-by-field water budgets was deemed not critical
for the current modeling effort. Also, using a slightly different growing period, such as
March 1°- October 31° would not significantly change the final ET value because the ET in
February and March is almost negligible. Simulations yield a 1990-2011 average annual ET
in alfalfa of 1,200 mm (39.4 inches), very close to the field values measured by Blaine
Hanson (Hanson et al., 2011a);

e grain (wheat, barley, oats and triticale): we use a daily varying k. according to UCCE Leaflet
21427. Leaflet 21427 lists crop coefficients for two crops similar to the “grain” category
here: summer barley in Northern California Mountain Valleys and small winter grain in the
Sacramento Valley. The following is a combination of “barley” for “Mountain Valleys”
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UC Davis

(planting date: 4/30, harvest date: 8/31) with the “small grain” for “Sacramento Valley”
(planting date: 12/16, harvest date: 8/04) supported by the recommendation provided by
Steve Orloff and general information provided by the GWAC:
planting date A: March 15, k=0
o early season date B: April 20, k.=0.27
o mid season start date C: May 15, k.=1.15
o mid season end date D (after 70% of the 127 day period or 90 days): June 15,
k.=1.15
o harvest date E, July 20, k=0
The daily ke values vary linearly between the above dates and values.
pasture: k.= 0.9 as suggested by the UCCE Leaflet 21427 for grazed pasture statewide, and
confirmed by Steve Orloff. To account for winter frost, we set k.=0.9 from February 15 to
November 15, but zero over the winter (same as for alfalfa).
natural vegetation: k. = 0.6

49 Final Report, April 22, 2013



7 Soils

The Soil Survey Geographic (SSURGO) Database, maintained by the Natural Resources
Conservation Service (NRCS), was used to obtain spatial and tabular soils data for our project area.
This database contains soil attributes, which describe variables such as texture, particle size or
water holding capacity. We used information from this database to evaluate water holding
capacity (WHC) for each of the land use polygons delineated by the California Department of
Water Resources (DWR). The recommendation by UC Cooperative Extension personnel was to use
a root-zone depth of 4 ft (122 cm) to compute WHC. Available information in the SSURGO
database was WHC to 100 cm and to 150 cm. To simulate WHC at the recommended depth of 4 ft
(122 cm), we mapped WHC for both 100 cm and 150 cm in each soil map unit, then obtained the
WHC used for the soil water budget simulation using an area-weighted average of all intersecting
soil type polygons and their WHCs at 100 cm and at 150 cm within each DWR land use polygon
(Figure 12). For modeling purposes, the same root zone depth was assumed for all crops. In
practice, grain and alfalfa are do not have the same rooting depth; however, a sensitivity analysis
of the root zone depth, presented later in the report, shows that doubling the root zone depth
does not significantly affect results. Selecting a uniform root zone depth for both crops in the soil
water budget model is therefore a reasonable assumption.
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Water HoIding Capacity (in.) at 4 ft. depth
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Figure 12. Map of water holding capacity in the top 4 ft (122 cm), in [inches of water].
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8 Groundwater

8.1 DWR Well Log Review

The main focus of our well log analysis was on identifying geologic structure within the Scott
Valley alluvium and on identifying the location of irrigation (agricultural) wells, regardless of
whether these were active or inactive. Well locations are used in the water budget model to
represent groundwater pumping required to meet agricultural water demands in wells nearest to
each field, when not met by surface water supplies.

A scanned copy of all well logs available for the Scott Valley and immediately surrounding areas
was obtained from the California Department of Water Resources (CDWR). An extensive review of
these 1,701 well logs was conducted in order to gain a better understanding of the hydrogeology
of the valley. Well logs typically provided information on the well’s location, on geologic facies
encountered during drilling, albeit at varying degrees of description detail and accuracy, and for
some wells the logs provided information on the hydrologic characteristics of the well, including
specific capacity or pumping data. Well logs also indicated the major use of the well. Our review
included the following:

e Domestic Wells: 1,302

e Irrigation Wells: 240

e Industrial Wells: 3

e Public/Municipal Wells: 4

e Other (Monitoring, Test, etc.): 152

The number of wells identified to be in or near the Scott Valley was 598 wells. The number of wells
located within the Version 2 model boundaries and included in our GIS database is 406 wells:

e Domestic Wells: 192
e Irrigation Wells: 182
e Other: 32

Well logs were first geo-located throughout the integrated hydrologic modeling area (see below)
using a variety of information. The primary information used was the parcel number of the
property where the well was situated. This information was typically provided on the well log
itself. Parcel numbers and associated locations for the Scott Valley area were obtained from the
Siskiyou County Assessor’s Office files. The second datum used for geo-locating a well was the
well owner and address listed on the well log. If neither of these two methods obtained a location
match, the well logs were categorized by their township/range/section information, which was
obtained by reviewing the well location sketch provided by the driller, and from a review of aerial
photography to identify the parcels where the wells are situated. Additionally, a field survey was
conducted throughout the valley to verify well locations where accessible or viewable from public
access places.
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In some instances, wells were only placed within the centroid of the property polygon based on a
computerized geographic information system (GIS) geo-location process used to match well
owners and parcel numbers with their location. In many instances, these locations were improved
by canvassing the valley and through the reviews of aerial photographs as discussed above.
Despite these extensive efforts and the multitude of approaches, the location of wells related to
some well drilling logs could only be approximated in a very rough manner. A lack of confidence
identifier was included in the GIS layer of the well location to convey the approximate nature of
the geo-location. Ultimately, 598 wells were identified to be within the Scott Valley. Of these, 54
wells could not to be matched to a particular property. The remaining 544 wells were used to
characterize the geologic deposits and heterogeneous character of the alluvial deposits comprising
the Scott Valley aquifer (Section 8.2).

In the well database updated for Version 2 of the integrated hydrologic model, we consider a total
of 406 wells located within the revised integrated hydrologic model domain (Figure 13). Out of
these, 182 are irrigation wells and will be used in the model. Pumping for each field is assigned in
the new conceptual model to the nearest well. This implies that each field has exactly one
associated well, while one well can serve multiple fields.

After discussion with the GWAC, there was also the suggestion to try a simpler approach that
equally distributes the amount of pumped water among all the wells within a subwatershed. A

third option is to associate a “virtual” well with each field. These alternatives maybe considered as
part of a sensitivity analysis on pumping representation in version 2 of the Scott Valley Integrated

Hydrologic Model.

The model likely over-represents the actual number of active irrigation wells, as the well locations
identified in Figure 13 were not adjusted for wells that are no longer in service. However,
groundwater pumping values are obtained from the new soil water budget model explained in
detail in chapter 10. They are not related to the number of wells. For modeling purposes,
spreading groundwater pumping to more wells than are actually active does not cause significant
error, because new wells are typically drilled nearby wells to be deactivated. The integrated
hydrologic model lumps groundwater pumping within any 50 m (165 ft) model grid cell. The
overall extraction of groundwater is unaffected by the number of wells. Instead, groundwater
pumping is driven by the actual monthly irrigation demand.
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Figure 13. Map of the irrigation type and of the available irrigation wells for Version 2 of the integrated hydrologic model.
Locations have been refined by inspection (see text) and may not coincide with those reported by the California Department of
Water Resources. The irrigation type reflects recent (2011) conditions. The year of conversion from “Other Sprinkler” (typically
wheelline) to “Center Pivot” is an attribute of the “Center Pivot Sprinkler” polygons, if the conversion occurred after 1990, and is

taken into account in the soil water budget model.
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8.2 Geologic Heterogeneity

The well logs obtained from DWR revealed a tremendous amount of heterogeneity within the
alluvial deposits of the Scott Valley. A preliminary geostatistical analysis of the geologic
heterogeneity was performed using the so-called transition probability approach (Carle and Fogg,
1996). The transition probability approach is a modified indicator variogram analysis that
describes the joint probability distribution of a discrete set of hydrogeologic or geologic facies
groups throughout the aquifer system. The transition probability is defined by:

a) a finite number of facies, typically the three to five most common facies observed
in a set of geologic records (well logs), e.g., coarse-grained stream deposits,
coarse-to-fine grained overbank deposits, and fine-grained flood-plain deposits.
One of these facies (usually the facies with the largest volumetric proportion) is
designated as “background facies”.

b) The volumetric percentage of each facies within the aquifer system of interest.

c) The mean lengths (average straight-distance extent) of all but the background
facies in the dip, strike, and vertical direction.

d) The juxtapositional preference among the facies sequence, in other words, the
likelihood that one particular facies is located adjacent to another particular
facies with a probability that is significantly higher or lower than that obtained if
the facies are randomly assembled.

Within the context of groundwater modeling, the transition probability analysis provides a
guantitative analysis of the geologic heterogeneity encountered in a groundwater basin. It also
provides the simulation framework for generating equally-probable, random realizations of the
highly heterogeneous aquifer architecture, conditioned to the specific well logs at the locations
where these are available. These random realizations can also be conditioned to surficial geologic
information available in soils maps (Weissman, 1999). The more concrete information available,
the more specific the random realizations of the aquifer architecture (less variability between
individual realizations).

To illustrate the geologic heterogeneity of the Scott Valley, a single realization of the Scott Valley
aquifer was generated with the geostatistics software T-PROGS. T-PROGS utilizes the transition
probability method, a modified form of indicator kriging, through calculation of transition
probability measurements, modeling spatial variability with Markov Chain models, and conditional
simulation of the well log information. In this context, the term “indicator” is used to denote
categorical classification of aquifer sediments (e.g., coarse, intermediate, fine), as opposed to
continuum values (numeric values, for example, hydraulic conductivity varying log-normally with a
mean of 20 feet per day and a standard deviation of 10 feet per day).

The T-PROGS geostatistical analysis was based on the information obtained from the 544 wells
that were geo-located in the valley. Following a review of these well log records, it was
determined that three geologic facies would be modeled: clay or fine-grained sediments, sand,
and gravel. As such, in one-foot vertical increments, the data from the well logs was interpreted
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as one of the three listed facies, and transition probability statistics were calculated including
mean length, proportion, and transition probabilities. Within the combined digitized well logs, a
total of 3,982 geologic facies transitions were recorded in the vertical direction (z-direction).

In order to complete the analysis, a review of the SSURGO soil mapping of the ‘C Horizon’ soil
(approximately 0.1 to 0.15m below ground surface) was undertaken to provide information on the
nature of the lateral variability observed in geologic deposits. Each deposit identified by the
SSURGO mapping (in the subreport entitled Wind Erosion Prediction System Related Attributes)
was interpreted as one of the three facies chosen for analysis using at least one of the following
indicators: percentage of silt/clay versus sand, and grain size analysis provided to determine
between sand and gravel. If the percentage of silt and clay was greater than 50%, the texture was
considered to be clay. This particular limit was chosen as it fit the qualitative description of
deposits described as loam, clayey-loam, or clay. If the percentage of sand was greater than 50%,
the texture was considered to be either sand or gravel with the fragment descriptor being the
parameter deciding between the two. If the fragment percentage was greater than 40, the gravel
indicator was selected. Also, in a few instances the description was “stratified sandy loam and clay
loam”. In these cases, sandy loam was chosen as the key layer depending on overall percentages.
This seemed to match descriptions of gravel material versus sandy loam. If sandy loam was the
description of the material, it was generally labeled as belonging to the sand fraction.

For the geostatistical analysis of the soils information, the deepest soil horizon profile was used.
For example, most of the soils were given a description to a depth of approximately 150 cm (5 ft),
split between at least two soil horizons: the upper soil horizon less than 50 cm (1.7 ft), and at least
one deeper horizon which was typically close to 100 cm (3 ft) in depth. Often, the data for this
deeper soil horizon were incomplete and only included the percentage of clay. In these cases, the
information provided was often descriptive but sufficient to make a determination of the category
to which the soil belonged (clay/sand/gravel).

To complete the analysis, the soil maps had to be discretized so that mean lengths, proportions,
and transitions could be calculated. In previous applications, cross-sections of arbitrary
discretization were used to accomplish the analysis. For this study, a 50 m by 50 m grid was used
to discretize the soil map (not including the tailings area in the southern Scott Valley). In GIS, the
grid was overlain on the soil map, and a Spatial Join operation was completed so that each model
grid node was provided with a single soil type. This Spatial Join was completed based on the soil
type with the highest percentage of area within the grid cell (as calculated by the GIS function).
Essentially, the process allowed for 621 horizontal (rows) and 420 vertical (columns) cross-sections
to be evaluated as input data. Once discretized, the transition probability data was calculated,
including mean length, proportion, and transition for each of three facies.
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Figure 14. Vertical transition probability curves obtained from an analysis of 544 wellbore logs located within the study area in
Scott Valley.

The results of the data analysis show the relative proportions of deposits and display the differing
mean lengths of deposits in each of the ordinal directions. The above transition probability curves
represent important aspects of the geologic facies deposits (Figure 14). The curves for each type
asymptotically approach the value that represents the proportion of each facies deposit. From the
z-direction analysis, the proportions of each facies obtained are 51% for clay, 37% for gravel, and
12% for sand. Similar proportions arose from the analysis of the soils map in the XY lateral plane,
with proportions of 61% for clay, 28% for gravel, and 11% for sand. Furthermore, in the above
transition probability diagram, one can draw a tangent along each auto-transition curve and
extend the tangent to the x-axis. The value at which the tangent intersects the x-axis represents
the mean length of the particular facies. The mean lengths of each deposit in the z-direction
obtained from this analysis were 15.0 m (49 ft) for clay, 12.7 m (42 ft) for gravel, and 10.1 m (33 ft)
for sand. The mean lengths of each deposit in the X direction (east-west cardinal directions) were
1,379 m (4,524 ft) for clay, 755 m (2,477 ft) for gravel, and 640 m (2,099 ft) for sand.
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The results of the transition probability analysis above were used as input for a Markov-chain
random field generator (included in the TPROGs software package) to generate random, equi-
probable aquifer structure conditioned on the geologic facies information available for Scott
Valley, obtained from the well logs (representative of the vertical dimension) and the soils maps
available for Siskiyou County (representative of the lateral dimensions). Figure 15 represents one
such realization created with the T-PROGs software with a discretization of 10 ft vertically, 500 ft
in the x (W->E) direction and 1,000 ft in the y (S->N) direction. It should be noted that any number
of realizations can be created, and although each one will be different, they all will have similar
“patterns” with all realizations having the same overall proportion of each geologic facies,
determined from the z-direction analysis, and the same mean lengths and juxtapositional
preference in each of the three directions. At the surface and along well locations, each
realization will preserve the actually known data.

530000 ﬁ g%a%;fl

Figure 15. TPROGS Realization of the Scott Valley geologic deposits. Length units are in feet. The image shows a hypothetical
aquifer volume that is approximately 100 ft thick, 6 miles in the x direction and 25 miles in the y direction. Note that this image
is stretched in the X-direction relative to the y-direction and it does not consider the actual boundaries of the Scott Valley
aquifer. It is shown only to conceptually illustrate the heterogeneity encountered in the alluvial deposits of Scott Valley.
While the realization shown in Figure 15 is random, it has important features to note that are
shared by all realizations and that are indicative of the overall patterns in the Scott Valley aquifer
architecture: the facies exhibit somewhat preferential, elongated connectivity in the y (north-

south), but less connectivity in the x direction (east-west), a pattern that represents observations
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in the well logs and in the soil map. It is also obvious from the above illustration that the gravel
deposits, which are the hydraulically most conductive facies within the aquifer, are highly
connected throughout the aquifer system and not isolated from one-another by clay-layers or clay
walls. In particular considering that gravel and sand make up approximately half of the aquifer
sediments, the connectivity of these coarser-grained sediments is very high and it appears unlikely
that significant proportions of sand and gravel would be completely isolated from the regional
aquifer system (i.e., encased and surrounded completely by clay). They are likely well-connected
to the main-stem of the Scott River.

On the other hand, a review of the boring logs in certain areas shows that a clay layer exists over
portions of the valley. This realization as well as hand-drawn cross-sections of the valley created
from boring logs, show that these clay layers or lenses may not be broad enough to act as a true
confining features. As such, portions of the aquifer may be semi-confined, where they are located
below a local clay layer or a clay lens that is relatively broad in extent. However, a spatially
extensive confined aquifer does not appear to be present in the Scott Valley. We also note that no
sand and gravel has been recorded below about 76 m (250 ft) depth in the few existing logs that
exceed such depth.

The geostatistical realization of the Scott Valley aquifer indicates that the Scott River, which
intersects with the surficial layer of this aquifer model, is alternately passing along finer and
coarse-grained sediments. It is important to keep in mind, however, that this model was created
with a lateral resolution of 150 m (500 ft) and also largely depends on the resolution and surveying
detail of soil mapping units, which is typically on the order of several hundred meters. The above
illustration therefore ignores variability that inevitably occurs at scales smaller than about 150 m —
300 m (500 ft — 1,000 ft).

The analysis here provides an initial survey of spatial variability in the Scott Valley groundwater
system. Spatial variability, such as that shown in Figure 15 may be incorporated into future
groundwater models, after further analysis of well logs, additional review of streambed sediment
studies not reviewed here, and perhaps an improved geostatistical assessment of facies variability
in the alluvial system. However, Version 2 of the Integrated Hydrologic Model will not yet include
such detailed hydrogeologic facies representation.
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9 Watersheds, Land Use, Irrigation, and Land Elevation

A variety of data were used to create input for the model. The model extent was determined
based on the extent of groundwater storage units outlined by Seymour Mack in 1958 (Mack,
1958), while the land use data were derived from the California Department of Water Resources
(DWR) Land Use survey data. The most recent land use data for Siskiyou County available from
the DWR is from the 2000 DWR land use survey. Although a more recent land use survey has been
completed by CDWR in 2010, the processed data were not available for use in our project. Since
the modeling period is 1990 -2011, the 2000 land use survey was used as the basis upon which we
developed the spatial component of our model.

9.1 Model Boundaries and Subwatersheds

Our study area boundaries were selected to represent the Scott Valley area containing surficial
alluvial deposits. To delineate these areas in a digital map, a spatial analysis was performed and
we assumed that the extent of the alluvium was defined largely by the absence of steep
topographic gradients (more than 3%). A digital elevation model (DEM), derived from National
Elevation Data (NED), was created and topographic gradients (slope) were computed. The DEM
with slopes was then draped over 2005 National Agriculture Imagery Program (NAIP) color aerial
imagery, and used as a visual guide to manually digitize the contiguous areas of the Scott Valley
that have a three percent slope or less.

The Scott Valley model area covers approximately 50,000 acres. It is subdivided into nine
subwatersheds for purposes of modeling surface water supplies and the distribution of these
supplies within subwatersheds (Table 11, Figure 16). The subwatersheds are Scott, French, Etna,
Patterson, Kidder, Moffet, Mill, Shackleford, and the Scott River Tailings. These subwatersheds
were created partly based on the water storage units delineated by Seymour Mack in his 1958
report. Crystal and Patterson Creek are combined into a single subwatershed. Similarly, Johnson
and Etna Creek are combined into a single subwatershed. Other smaller subwatersheds are
included with larger ones (Figure 16).

Mack (1958) and our Scott Valley model Version 1 data work did not include the Scott River
Tailings subwatershed located in the upstream part of the valley. For Version 2 of the Scott Valley
Integrated Hydrologic Model, the southern tailings area of the Scott Valley is included in the
analysis and in the groundwater flow domain. From visual field inspection, it appears that the
tailings aquifer consist primarily of large boulders, with very high hydraulic conductivity and rapid
connectivity to the stream. During the late summer and fall low flow season, the Scott River, at the
surface, is often disconnected across this highly permeable subwatershed.
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Table 11: Total areas of subwatersheds (Figure 16), total area for various irrigation types (Figure 13), total area for various

irrigation water sources (Figure 19), and total area of land use (Figure 18), in acres. All values represent 2011 conditions. Note

that not all acreage in the alfalfa/grain and pasture category is irrigated.

Area Irrigation Area Area Area

Subwatershed Name (acres) Type (acres) Water Source (acres) Land Use (acres)

Etna Creek 4,223 | Non-irrigated 18,549 DRY 3,356 Water 166

French Creek 501 Flood 10,864 GW 16,526 | Alfalfa/Grain 17,421

Kidder Creek 9,298 Sprinkler 12,564 MIX 3,949 Pasture 16,578

Mill Creek 2,237 Center Pivot 6,928 SUB 2,106 ET/No Irrig. 14,151

Moffett Creek 2,437 Unknown 1,107 SW 7,596 No ET 1,695

Patterson Creek 4,032 None/unknown 16,478

Scott River 20, 736
Scott River tailings 3,562
Shackleford Creek 2,984

Study Area Total 50,011 Total 50,011 Total 50,011 Total 50,011
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Figure 16. Map of the Scott Valley with the boundaries of the integrated hydrologic model study and the nine subwatersheds.
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9.2 Land Use Categories

The CDWR land use surveys delineate polygon shapes identifying areas with various types of land
use (i.e. residential, commercial, agriculture). We used the existing year 2000 land use database,
which also includes attributes such as irrigation type, water source, and expanded the database to
include values that describe water holding capacity, and soil hydraulic conductivity for each land
use polygon. Using extensive feedback from the Scott Valley Groundwater Advisory Committee
(GWAC), we confirmed or updated the water source, irrigation type and land use associated with
each polygon. Feedback was provided by the GWAC and local landowners through marked up
large maps that reflect the knowledge of local landowners about dominant 2000 — 2011 conditions
and changes in irrigation type, water source, and land use that have occurred since the DWR
survey in 2000. It is assumed that the feedback effectively reflects conditions in 2011 and the
years immediately preceding 2011.

It is important to note that some of the feedback provided on land use, water source, and
irrigation type reflects an outright correction of the CDWR 2000 landuse map (i.e., reflects year
2000 conditions as well as year 2011 conditions), some reflects land use changes since the year
2000 survey. For modeling purposes, we did not make a distinction between these two types of
suggestions. However, the most important irrigation type change is that from sprinkler irrigation
to center pivot irrigation due to the efficiency increase. That specific change was explicitly tracked
in the land use database by adding a conversion date to those polygons that are in center pivots in
2011. The dynamics of that change are reflected in the soil water budget model (see below). With
these dynamics simulated explicitly, and with the overall feedback from the GWAC and local
landowners, the resulting landuse, irrigation type, and water source map is considered more
representative of 1991 — 2011 conditions than the CDWR 2000 map. No changes were made to the
shape of individual land use polygons defined in the CDWR 2000 survey.

We aggregated the land use polygons into four main categories each of which reflects a common
water demand:

1. new “alfalfa/grain rotation” land use category: all land use parcels in this category are
assumed to be on an alfalfa-grain rotation. Since we do not have exact data on the
rotation, we simulate the rotation by creating an eight-year cycle. Each field in this
category is randomly assigned one of the eight years in the cycle during which it goes into
“grain” rotation. All other years, a field is assumed to be in “alfalfa” land use. Each year,
one out of eight fields is in “grain” and the rest are “alfalfa”. The same eight-year rotation
is followed throughout the simulation period (1990-2011). This new land use category
includes the following CDWR land use classes:

a. grain ( wheat, barley, oat, triticale)

b. corn

c. alfalfa, mixed alfalfa/orchardgrass
d. rice

e. sudan

f.

miscellaneous truck crops
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2. new “pasture” land use category. This includes the following CDWR land use classes:
pasture

highwater pasture

improved pasture

mixed pasture

grass

cemeteries

lawns

> 0O Qo 0 T W

institutions
schools

j. residential
k. recreation
l.  nursery
3. new land use category “ET without irrigation” representing pasture-like ET (crop
coefficient, k. = 0.6) but without irrigation. This includes:
a. natural vegetation
b. natural highwater meadow
c. misc. deciduous trees
d. trees
4. new land use category “no ET and no irrigation” for all land uses without ET (k. = 0) and
without irrigation (but with recharge from precipitation via soil moisture storage). This

includes:
a. barren
b. commercial
c. dairy
d. extractive industry
e. farmsteads
f. industrial
g. livestock feedlots
h. municipal
i. paved
j. storage
k. trailers
I. unpaved
m. vacant

Figure 17 presents the updated land use map using a lumped land use categorization scheme

based on the definition of land use categories also used in the CDWR 2000 map. Figure 18 shows
the same land use map after re-categorization into the newly assigned four land use categories as
listed above. Both maps reflect the changes suggested by the GWAC. The new land use categories
of Figure 18 are used in the water budget model development. A separate, fifth landuse category
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is comprised of 166 acres of open water areas (streams, lakes, wetlands) within the study area
(Table 11).

Scott Valley Landuse, 2011

& W

o

& -/\ N
UCDAVIS \ £ A

UNIVERSITY OF CALIFORNIA ) o= (\
Model extent derived from Mack report and SSURGO data. i:| Other (including fallow) Native Vegetation
Landuse polygon data source: CA Dept. of Water Resources (2000). .
Revised to reflect 2011 landuse patterns (GWAC). I Avfalfa & alfalfa mixtures [0 Pasture
Projection: North American Datum 1983, UTM Zone 10. Farmsteads - Residential
‘l’ 3i5 Z'V” \ Grain [] Model Extent
V] 1
I T I T 1
0 7 14 Km —— Roads —— Scott River —— Major Tributaries

Figure 17. Land use categories based on DWR 2000 map and updated for 2011 using suggestions from GWAC and local
landowners.
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Landuse Simulation Categories
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Figure 18. Aggregated five land use categories developed for the new conceptual soil water budget model from the landuse map

shown in Figure 17.
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9.3 Irrigation Type and Irrigation Water Source

Irrigation types were derived based on the DWR categories and summarized in three groups for
modeling purposes as follows:

o “surface flood irrigation” consists of the following CDWR categories:
o iB - border flood irrigation: the correspondent water source is surface water, mix or
sub-irrigation (per June 2011 GWAC meeting, this is the same as wild flooding)
o iF - furrow irrigation: it applies only to a few small fields, often now in center pivots
with groundwater as water source for irrigation
o iW - wild flooding: the correspondent water source for irrigation is surface water or
sub-irrigation
o “center pivot sprinkler irrigation” consists of the following CDWR categories:
o iC- center pivot: typically with groundwater as water source for irrigation
o others that were converted to center pivot sometime in the last 20 years, with
dates and prior crop specified in the new land use polygon table
o “other sprinkler irrigation” consists of the following COWR categories:
o iH-handmoved sprinkler irrigated
o iR -wheel-line sprinkler irrigated

Unknown irrigation type affects 1107 acres (Table 11), of which 27 acres are classified as pasture
and the remainder (1080 acres) as alfalfa/grain. In addition, 700 acres of alfalfa/grain and 1,861
acres of the pasture category, mostly residential land use in the original DWR classification (e.g., in
the Ft. Jones and Etna area) are classified as non-irrigated in the year 2000 CDWR land use survey.
In total, 18,549 acres are not irrigated within the study area, with or without ET.

The irrigation efficiency values used in the water budget model have been fixed based on
suggestions from Steve Orloff and the GWAC. As a future modeling task, we will use irrigation
efficiency as a calibration tool to check against the irrigation scheduling suggested by the GWAC.
The values used in the model are:

o surface flood irrigation: 0.70 (Steve Orloff, 2011, oral communication)
e center pivot sprinkler: 0.9 (Steve Orloff, 2011, oral communication)
e other sprinkler irrigation: 0.75 (Steve Orloff, 2011, oral communication)

Irrigation water sources are represented in Figure 19 and are summarized in Table 11 as:

e Groundwater (GW)

e Surface water (SW)

e Subirrigation (SUB)

¢ Mixed surface water-groundwater (MIX)
e Dry (DRY)

e None/unknown/other
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There are no known water sources on 177 acres of alfalfa/grain and on 475 acres of pasture, and
on practically all open water and other unirrigated land uses (with or without ET).

Scott Valley Wells and Water Source
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Figure 19. Water source assigned to each polygon, based on data from the CDWR Land Use, 2000, and based on revisions
suggested by the Scott Valley GWAC (2011).

UC Davis 68 Final Report, April 22, 2013



9.4 LiDAR Land Surface Elevation Data Analysis

LiDAR data, published by Watershed Sciences, Inc. (2010) and obtained from the NCRWQB in
2012, were used to create a bare earth digital elevation model of the Scott River area.

Because Light Detection and Ranging (LiDAR) data are typically of higher resolution than National
Elevation Data (LiDAR is sub-meter accuracy while NED is available in three to 30 meter
resolution), they provide a more accurate digital elevation model.

This high resolution bare earth DEM was then used to create a digitized model of the Scott River
thalweg. Draped over the 2005 NAIP color aerial imagery, the bare earth DEM was categorized
into 10 centimeter classifications, which showed the river channel morphology in great

detail. Using the aerial imagery as a guide, the Scott River thalweg was digitized in ArcGIS, with a
vertex placed every 1/3 of a meter. Elevation values from the bare earth DEM were then assigned
to each of these vertices in ArcGIS. Average slope between vertices were also calculated in ArcGlIS.
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10 Soil Water Budget Model - Methods

10.1 Introduction and Overview

We have developed a soil water budget model that serves to define the spatio-temporal
distribution of groundwater pumping, surface water diversions, groundwater recharge, and
evapotranspiration throughout the Scott Valley. The soil water budget model computes spatially
and temporally varying water fluxes across the approximately 50,000 acre study area. The spatial
resolution is variable and equal to the individual fields and land use units (polygons) identified by
the 2000 CDWR land use map, which has been updated (Figure 17), and converted into five major
land use categories (Figure 18). In time, the model operates on daily information values, primarily
driven by available climate and streamflow data resolution and the need to properly represent soil
water storage dynamics. For surface water accounting purposes, the model domain is subdivided
into nine major subwatersheds (Figure 16).

The field soil water budget method is a simple root zone bucket model at each land use polygon as
described below. This model, however, does not represent a complete surface water budget of
the Scott Valley, since it does not account for river-groundwater interaction or evapotranspiration
off shallow water-table from non-irrigated crops or natural landscapes, or from open water
surfaces (the latter being the “Water” land use category in Figure 18). The complete surface water
budget will be considered when this model is coupled to the MODFLOW groundwater-surface
water model which is under development.

The output from the soil water budget model is a 21 year time-series (1990-2011) of daily surface
water diversions, pumping, irrigation, evapotranspiration, and recharge values at each land use
polygon except those designated as “Water”. The model also computes the theoretical irrigation
deficiency, defined as the difference between optimal crop evapotranspiration and actual
evapotranspiration. Using a daily time-step for the soil water budget model allows us to account
for the often rapid dynamics in soil moisture and for carry-over storage of soil moisture for later
plant evapotranspiration.

In contrast, the integrated hydrologic model will be driven by monthly stress periods, which means
that pumping and recharge are constant within a month. For the integrated hydrologic model,
daily water fluxes from the soil water budget model will be aggregated for each month to provide
monthly, land use polygon specific recharge, pumping, evapotranspiration, and surface water
delivery values. The monthly stress periods in the integrated hydrologic model reflect the
generally slower dynamics of groundwater flow. However, if warranted, the budget model
described here can also be applied to an integrated hydrologic modeling scenario with weekly or
bi-weekly varying stress periods or to stress periods of varying period length.

The conceptual approach is largely derived from the approach taken for Version 1, but has been
revised in close collaboration with UC Cooperative Extension personnel, the Scott Valley GWAC,
and technical experts familiar with the Scott Valley. Some of the key differences between the

UC Davis 70 Final Report, April 22, 2013



revised Version 2 soil water budget model and the earlier (unpublished) Version 1 soil water
budget model include:

e daily rather than monthly time-step

e soil moisture storage changes in the soil root zone are tracked

e the southern part of Scott Valley with the tailings is included in the model domain
e revised and updated land use map and land use categories are used

e irrigation schedules and irrigation demands have been revised

Whereas the previous soil water budget model (Scott Valley Integrated Hydrologic Model Version
1) was compiled in a spreadsheet, the new soil water budget model has been developed and
compiled as a Fortran program, which allows for more efficient control on various conceptual
model scenarios and inclusion of soil water budget model variables in model sensitivity and
calibration procedures. The development of this code and its linkage to a GIS database provides us
with the capability to include detailed spatial information, readily adjust for newly available
information from local parties, and provides flexibility to generate a multitude of future simulation
scenarios.

10.2 Description of the Soil Water Budget Model

10.2.1 Model Input Preparation

The following data have been compiled in the previous sections to provide input for the soil water
budget model:

climate (digital climate station records)
o precipitation
o potential evapotranspiration
- streamflow
o daily streamflow data on all tributaries including main stem forks
o subwatershed delineation
- land use:
o crops with crop coefficient
o irrigation method
o irrigation water sources
- soil properties (digital USDA soil maps with properties)
o water holding capacity
- hydrogeology
o location of pumping wells

Each land use polygon in the Scott Valley is characterized by a set of properties (or attributes)
mainly derived from the GIS analysis:

e Land use, divided into the five main categories as described above (Figure 18): 1)
alfalfa/grain rotation with seven years of alfalfa followed by one year of grain, 2) pasture
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(including some urban landscapes, see above), 3) evapotranspiration without irrigation
(includes natural vegetation, natural highwater meadow, misc. deciduous trees, trees), and
4) no evapotranspiration and no irrigation with recharge from precipitation via soil
moisture storage (barren, commercial, dairy, extractive industry, municipal, industrial,
paved, etc); 5) water surfaces (mostly streams), which are not included in the soil water
budget model, but will be part of the integrated hydrologic model.

Soil type derived water holding capacity (Figure 12). The model is assuming a root-zone
depth of 4 ft (8 ft in the sensitivity analysis described below).

Irrigation type (Figure 13): flood, center pivot, or sprinkler; some fields switch from flood or
sprinkler to center pivot at some field-specific date between 1991 and 2011, based on
review of historic aerial photos.

Water source (Figure 19): groundwater “GW”, surface water “SW", subirrigated “SUB”,
mixed groundwater-surface water “MIX”, and farming without irrigation “DRY”.

However, the alfalfa/grain land use and the pasture land use include areas for which either the

irrigation type is not known or the water source is not known or both (Table 11). For the soil

water budget model, the following assumptions are made to account for all potential

combin

ations of land use, irrigation type, and water source:

If the land use is either alfalfa/grain or pasture, and:

a)

b)

c)

d)

water source is GW, MIX, or SW, but the irrigation type is unknown (480, 2, and 335 acres,
respectively): assume that the irrigation type is “other sprinkler irrigation”;

water source “DRY” or “SUB”, but the irrigation type is unknown (200 and 34 acres,
respectively): treat the land use as “ET without irrigation”;

irrigation type is unknown and the water source is unknown (56 acres): assume that the
irrigation type is “other sprinkler irrigation” and the water source is GW;

irrigation type is “center pivot” or “other sprinkler” or “flood”, but the water source is
unknown (177 acres of alfalfa/grain and 475 acres of pasture): assume that the water
source is GW;

irrigation type is “non-irrigated”, regardless of water source (700 acres of alfalfa, 1861
acres of pasture land use, mostly in residential areas): treat the land use as “ET without
irrigation”. This includes 484 acres of alfalfa/grain and 1275 acres of pasture classified as
having a “DRY” water source; and 10 acres of pasture classified as having a “SUB” water
source. No or unknown water source is specified for 120 acres of non-irrigated alfalfa/grain
and for 469 acres of pasture land use.

These assumptions may not accurately reflect the irrigation type or water source in all cases, but

due to the relatively minor acreage of these special cases, the above simulation process is a

representative simplification that does not significantly affect the outcome of the soil water

budget

UC Davis

model.

72 Final Report, April 22, 2013



10.2.2 Tipping Bucket Approach for Soil Water Budget Modeling

The soil water budget calculations are performed using a tipping bucket approach. The main
concepts associated with the tipping bucket approach here are the following:

¢ The simulation starts with the beginning of water year 1991, on October 1, 1990 and is
performed daily.

e We assume that the initial soil water content on October 1, 1990 is zero, since the starting
point is after the completion of the irrigation season (the soil water profile fills during the
first winter months).

e We assume that adjusted daily precipitation (Padj) is the portion of daily precipitation (P)
that infiltrates into the soil and is available for daily evapotranspiration (ET) or recharge:

o if P>0.2*ET,, Padj(i) =P
o ifP<=0.2*%ETy, Padj(i)=0  (FAO Bulletin 56)
o ETyis the daily reference evapotranspiration (FAO Bulletin 56)

This effectively assumes that precipitation events of less than 20% ET, on any given day will
sit on leaves or bare ground and evaporate before the end of the day, without affecting soil
water storage, plant evapotranspiration, etc. For all soil water budget computations, we
use adjusted precipitation and not precipitation. Adjusted precipitation is the same across
the valley, since we only use one ETy value.

With daily time-steps, the tipping bucket approach used to calculate daily soil moisture storage
changes and deep percolation in each polygon can be expressed as follows:

Theta (i) = max(0, theta(i-1) + Padj(i) + Irrig(i) —actualET(i) —Recharge(i)) Eq. 1
Recharge (i) = max(0, theta(i-1) + Padj(i) + Irrig(i) —actualET(i) — WCA4(i)) Eq. 2
Where:

— Theta(i) = water content at the end of day i

- Padij(i) = precipitation on day i

— lrrig(i) = irrigation on day i

-~ ET(i) = evapotranspiration on day i= ETo*crop_coefficient

— Recharge (i) = deep percolation to groundwater

— Actual ET(i) = min (ET(i), theta(i-1) + Padj(i) + Irrig(i)) Eq.3

Groundwater recharge is defined here as the amount of soil water that cannot be held against
gravity, i.e., the amount of soil water that is above the water holding capacity, WC4, of the root
zone in the land use polygon at the end of each day. The model does not account for the time
delay between water leaving the root zone and water reaching the water table at the top of the
groundwater system. Given that water table depth is generally less than 20 ft and that recharge
values are aggregated monthly for the integrated hydrologic model, the assumption of
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“instantaneous recharge” is justified, but can be evaluated as part of a sensitivity analysis with the

integrated hydrologic model.

The above algorithm intrinsically exerts complete mass balance control on each land use polygon:
Padj(i) + Irrig(i) — actualET(i) — Recharge(i) = theta(i)-theta(i-1) Eq. 4

Furthermore, we can compute deficit irrigation for each polygon as follows:

Deficiency(i)= ET(i) — actualET(i) Eq.5

10.2.3

Where

Irrigation Water Source Simulation

does the irrigation water, Irrig(i), come from? The source of the irrigation water depends

on the water source and land use specified for an individual land use polygon.

For pasture, irrigation water typically is supplied by surface water. Groundwater pumping
in pasture occurs only for polygons where the GIS land use coverage indicates that
irrigation water is being sourced fully or partially from groundwater (“GW” or “MIXED”, see
below).

Alfalfa/grain land use polygons can be irrigated with surface water, groundwater, or a mix
of surface water/groundwater. Based on information from the GWAC, the distinction
between “SURFACE WATER” and “MIXED” water source was ignored, and all alfalfa/grain
fields with “SURFACE WATER” source were treated as if equipped for a “MIXED” source: in
either case, alfalfa/grain is always fully irrigated. First with surface water and when surface
water allocations dry up, groundwater is used for irrigation.

The simulated decision process that leads to a land use polygon switching from surface water

irrigation to groundwater irrigation can be summarized as follows:

UC Davis

Total monthly discharge rates in the Scott River and in its tributaries at the entry into the
Scott Valley are obtained for each of the nine subwatersheds as calculated by the
regression analysis (chapter 5).

Within each subwatershed and for each month, the surface water used for irrigation by
each polygon is subtracted from the total monthly discharge of the respective
subwatershed stream in a given month.

Once the total irrigation demand within a subwatershed, in a given month, exceeds
(estimated) stream discharge, and if the field is alfalfa/grain, then groundwater is used to
make up the difference between surface water available and the irrigation demand. The
available amount of surface water is distributed to all polygons designated for use of
surface water at equal water depth (water volume proportional to polygon size). For each
polygon, the difference between surface water supply and irrigation demand for a given
month with surface water shortage is obtained by groundwater pumping.
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e Canal losses to groundwater are currently not considered separately. Effectively, these are
included in the irrigation efficiency concept and therefore contribute to diffuse landscape
recharge.

The surface water delivery and groundwater pumping rates are driven by irrigation schedules and
by precipitation and evapotranspiration. Urban and domestic pumping for irrigation of lawns, golf
courses, cemeteries, etc. is included in the soil water budget model, but allocated to nearby
agricultural wells. Domestic and urban water use other than for domestic/urban/residential
irrigation is currently neglected in the soil water budget model, but can be accounted for in the
MODFLOW groundwater-surface water model. Domestic/urban water use other than that used for
lawn/garden irrigation in Scott Valley is only a very small fraction of total water use in the Scott
Valley.

In the current water budget calculations, we apply an irrigation management scheme in which
irrigation is driven by crop ET and available precipitation (see below for details).

Recharge occurs across the entire integrated hydrologic modeling domain, either from irrigation
and rainfall, or from rainfall only (non-irrigated land uses).

10.2.4 Irrigation Management and Scheduling Simulation

The irrigation simulation is based on irrigation efficiency and evapotranspiration as the drivers for
computing applied water demand. It is based on the concepts developed for the CDWR
Consumptive Use Program (Orang et al., 2008). Irrigation amount is calculated using the same
approach for alfalfa, grain, and pasture, but the irrigation scheduling and irrigation demands differ
depending on three variables: crop type, irrigation type, and water source. Details of the irrigation
management model are described here. Note that land use designated as “Water” is not
associated with recharge, irrigation, evaporation, groundwater pumping, or surface water
deliveries.

1) Alfalfa/grain and pasture

Following the literature (FAO publication 56) for alfalfa, irrigation in each polygon k starts on the
first day i on or after March 25" when the soil water content has dried to less than 45% of field
capacity:

Theta(i) < (1-0.55)*WC4(k) Eq. 6
The depletion factor 0.55 is from FAO Publication 56, Table 22.

The last alfalfa irrigation application occurs on September 5t (typically it ends prior to the 3rd
cutting which is anytime between the last week of August and the 3rd week of September.
According to GWAC, few fields are irrigated after Labor Day). It is important to note that these
“irrigations” are not simulated as individual events but are spread evenly across the irrigation
season, i.e., the irrigation demand is computed daily based on the crop water demand (see
below).
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For grain, the first irrigation on a field k is determined exactly as for alfalfa but the earliest
potential starting date is March 15™. However, the last day of continuous irrigation on grain is
simulated to be much earlier than in alfalfa, on July 10th, after which the grain is harvested.

For pasture, the irrigation season is always from April 15t through October 15 (184 days).
However, on pasture that is surface water irrigated (which represents most pasture), no irrigation
occurs once surface water supplies become unavailable (the explanation of when surface water is
considered unavailable is presented above). When applied, irrigation is applied continuously
based on daily ET demand (again, we do not distinguish individual irrigation events).

The approach chosen here for simulating irrigation assumes that fields are all irrigated with the
same, irrigation type-specific irrigation efficiency. This represents a simplification of reality, where
some fields are relatively over-irrigated (mainly pasture fields) and others are relatively under-
irrigated. However, the irrigation efficiencies are chosen to represent average irrigation
management practices, given the irrigation type. The approach here also neglects irrigation non-
uniformity within individual fields. Large non-uniformity with significant under-irrigation in some
parts of the field may effectively increase field-scale irrigation efficiency.

For each polygon j and for each day i, the daily irrigation amount is calculated as shown in eq. 7
based on the evapotranspiration of the crop, adjusted for precipitation and considering the
irrigation efficiency of the crop:

Irrig_j(i)=(1/irrigation_efficiency_j)*(Max(0, (ET_j(i)-Padj(i)) Eq. 7
Where:

e ET_j(i) = Kc_j* ETo(i) where K is the crop coefficient,different for each crop
e Padj(i) is the adjusted precipitation on day i (Eq. 4)

For the soil water budget model, we assume that there is no contribution to evapotranspiration
from groundwater. Groundwater contribution will be thoroughly evaluated once the integrated
hydrologic model is developed, calibrated and coupled to the soil water budget model. This may
require an iterative coupling process between the integrated hydrologic model development and
the soil water budget model development.

2) ET/no irrigation category
The main assumption in this land use category is that, at all times:
Irrig(i) = 0

ET in this land use category is computed separately by two models: the soil water budget model
and the groundwater flow model (MODFLOW).

In the first step, we use the soil water budget model to compute daily ET (on day i):

ET(i) = k* ETo(i) = 0.6 * ETofi)
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With the additional constraint that ET(/) <= Theta(i-1) + Padj(i)

This latter constraint is the key difference to an irrigated crop: here, ET is constrained to the
naturally available water.

In a second step, ET that is due to direct uptake from the water table will be computed with the
groundwater flow model (MODFLOW with the evapotranspiration, ET, package). The MODFLOW
ET package uses root zone depth and maximum possible crop ET as input parameters.

The recharge is computed as indicated in the soil water budget model (Eg. 2, section 5.1). Note
that recharge is computed without consideration of ET directly from the water table. This means
that recharge may occur even if the water table is in the root zone. This conceptual dilemma
results from the fact that:

e recharge computation is done prior to MODFLOW and is an input to MODFLOW
e direct ET from the water table is computed as part of the MODFLOW simulation

Effectively, the explicit coupling of these two components will not have much influence on the
result, as water mass is still conserved by not allowing the sum of the two ET values (soil water
budget model and MODFLOW) to be larger than the optimal ET from this land use category (0.6 *
ETo). Note that this simulation process only applies to non-irrigated ET land uses.

3) No ET/ noirrigation category

Land use categories of this type have neither irrigation nor evaporation, or evapotranspiration
from plants:

Irrig(i) = 0 at all times
ET(/) = 0 at all times

In the polygons within this category, we assume that runoff is negligible and that therefore
recharge is equal to the adjusted precipitation:

Recharge (i) = Padj(/)

10.3 Calibration of Reference Evapotranspiration (ETo)

Due to the sparse amount of observed data, calibration of the soil water budget model alone (i.e.,
not yet coupled to the groundwater MODFLOW model) is very difficult. Some values of reference
ET and ET were provided by Hanson et al. (2011a) and have been used for a hand-calibration of
the ET component used in the model.

Reference ET (ETy) for the soil water budget model has been calculated with the NWSETO program
developed at UC Davis, which is based on the Hargreaves and Samani (1982) equation. The
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reference ET values are summarized in Table 12 for the years 2007-2010 and are compared against
reference ET values calculated with the Hargreaves equation (Hargreaves et al., 1985).

Table 12 Reference ET (Seasonal Reference ET) calculated with the Hargreaves equation (Hargreaves et al., 1985) (modified from
Hanson et al., 2011a) and obtained with the NWSETO program used here (Hargreaves and Samani, 1982).

ET, (March 15-October 1)

NWSETO calculated ET, values (March 15-October 1)

Year values (in) with Hargreaves eq. (in)
2007 40.12 44

2008 39.48 42.6

2009 40.4 40.4

2010 38.12 37.4

The reference ET( ETo) values calculated with the NWSETO program overall were in agreement
with the reference ET values based on the Hargreaves equation (Table 12).

With the above reference ET values, crop evapotranspiration (which we call ET, as mentioned
above) is calculated as:

ET=k.*ETq
where ETy is the reference ET described above and k. is the crop coefficient.

Observed values of alfalfa ET in Scott Valley were also available (Hanson et al., 2011a) and have
been compared with the calculated values.

As shown in Table 13, observed and calculated alfalfa ET values for the period March 15-October
1 are in agreement for three of the years considered: 2007, 2009 and 2010. The values for 2008
are in disagreement because of a significant number of smoke days that occurred in June-July
2008 and are not accounted for in the NWSETO-based ET estimate.

Table 13 Measured and calculated ET values for alfalfa using a crop coefficient k. =0.95 . Measured values were obtained from
Hanson et al., 2011a, Table 2).

Crop coefficient for Alfalfa=0.95 ET (March 15-October 1)
Calculated values Measured values
Year with k=0.95 (March 15-October 1)
2007 38.11 38.3
2008 37.34 29.4
2009 38.48 38.8
2010 36.13 36.03

* values for 2008 are expected to be lower than other years because of the numerous smoke days
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11 Soil Water Budget Model: Results

This section presents the results of the soil water budget analysis. Results are compared against
irrigation, evapotranspiration and recharge data available from relevant literature and against
data provided by the local GWAC.

The water budget simulation provides daily, field-by-field land use polygon specific outputs for all
of the following variables, which are aggregated to provide yearly and long-term average rates by
polygon, by land use, and by subwatershed:

1. Pumping: each polygon is assigned to the nearest well in the irrigation well database. If
there are multiple wells in one polygon, the total pumping need is evenly split between the
wells, while the pumping rate in a well that is serving multiple polygons is the sum of all
daily water needs in the associated fields;

Recharge, deep percolation, as calculated with Eq. 2;

3. Crop Evapotranspiration (ET) under optimal irrigation (=crop coefficient multiplied by ETy);
Actual ET- the ET actually occurring, limited by the available water in the root zone
including the amount of irrigation and precipitation on a given day i (Eq. 3);

5. Deficiency - the difference between optimal crop ET and actual ET, which may be limited by
the amount of water available (e.g., where surface water is the only source of irrigation
water or where no irrigation water is supplied) (Eq. 5).

Daily pumping and recharge rates are aggregated to monthly totals for the MODFLOW
groundwater-surface water simulation.

As part of the extensive GIS analysis described above, the watershed has been subdivided into a
total of 2,119 polygons, 710 of which are alfalfa/grain (with an 8 year rotation, i.e., 1 year grain
followed by 7 years alfalfa), 541 are pasture, 451 polygons are in the category with
evapotranspiration but no irrigation, 417 do not have evapotranspiration nor irrigation (Figure 18).
Each polygon is also associated with a subwatershed, an irrigation type, and a water source. Table
14 presents a summary of polygon area, and the fraction of the area irrigated by different water
sources used in the soil water budget model.

Table 14. Summary of number of polygons, area, and % of the area irrigated with each of the water sources used in the soil

water budget model. The area of alfalfa/grain changes slightly every year because of the rotation, but the overall ratio is of
alfalfa area to grain area is 7:1. 177 acre (1%) of alfalfa/grain and 475 acres (3%) of pasture have no or unknown water sources.

0, [ [ 0,
Tf)tal % area with % area with % area with mixed % % area
/lrrigated . L (GW/SW) area .
SWiirrigation GW irrigation L subirrigated
Area (ac) irrigation dry
Alfalfa 15,200 / 7 77 7 6 1
13,900
Grain 2,200/ 2,000 7 77 7 6 1
Pasture 16,600 / 39 18 16 13 11
11,900
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Results are presented for the entire 21 year period starting on October 1, 1990. As noted earlier,
results reported here are based on the precipitation time series described in section 4.2 and based
on a complete, mostly synthetic streamflow dataset obtained by regression as presented in
Chapter 5.

11.1 Water Budget Analysis

Average annual values totaled over the project area are computed for irrigation, crop
evapotransporation (ET), actual evapotranspiration, deficiency, recharge, and pumping. These are
values estimated using the daily values calculated in the soil water budget model (Table 15).
Simulation results must not be confused with measured values and they have not been calibrated
against field data. For recharge and pumping, no field records exist. Irrigation and
evapotranspiration totals are compared against reported field data later in this section.

Maps showing the polygon specific yearly average values over the 21 year period in inches/year
for irrigation, recharge, pumping, recharge minus pumping and deficiency are also presented to
provide information on the spatial distribution of the results (Figure 20 to Figure 25).

Table 15. Average simulated annual water budget terms averaged over the 21 year period. The numbers represent rates in
inches/year for each land use (top) and in acre-feet/year over the entire study area (bottom). Note that these are soil water
budget model simulation results and do not reflect actually measured values. Irrigation includes irrigation with surface water
and irrigation with groundwater. Recharge also includes all landuse polygons irrespective of whether irrigation water is from
surface water or from groundwater. All calculations assume that the water table is below the root zone.

. X o SW GW .
Inches/Year Crop ET Actual ET® Irrigation o ] Recharge Deficiency Area
Irrigation  Pumping

Alfalfa 42.0 40.1 33.1 4.1 29.0 14.6 1.9 13,893 ac
Grain 16.2 16.1 14.1 2.1 11.5 18.4 0.1 1,985 ac
Pasture 40.0 339 29.7 20.8 9.0 17.2 6.1 11,909 ac
ET nolRR 11.2 10.8 0.0 0.0 0.0 10.8 0.4 20,363 ac
noET nolRR 0.0 0.0 0.0 0.0 0.0 21.5 0.0 1,695 ac
Acre-Feet/ . ) o SW GW o

Crop ET Actual ET® Irrigation o ] Recharge Deficiency Area
Year Irrigation  Pumping
Alfalfa 48,700 46,400 38,300 4,730 33,600 16,900 2,230 13,893 ac
Grain 2,670 2,660 2,330 355 1,970 3,040 11 1,985 ac
Pasture 39,700 33,700 29,500 20,600 8,890 17,100 6,060 11,909 ac
ET nolRR 18,900 18,300 - - - 18,300 636 20,363 ac
noET nolRR - - - - - 3,040 - 1,695 ac

! Crop ET = ET, * crop_coefficient
? Actual ET = estimated actual ET occurring, limited by available water in the root zone (with or without irrigation)

A total of 15,900 acres of the “alfalfa/grain” category, which includes miscellaneous crops, is
irrigated. Total crop ET from alfalfa is nearly 49,000 acre-feet per year (af/y) and 2,700 af/y from
grains. Crop ET is met by precipitation, soil moisture, and an estimated 38,000 af/y of irrigation
onto alfalfa and 2,300 af/y of irrigation onto grains. Total pumping for those two crops is
estimated to be about 35,600 af/y, while only about 5,000 af/y of irrigation water are estimated to
be from surface water.
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Irrigated “pasture” including some residential/urban lawn areas covers 12,000 acres with an
estimated total crop ET of nearly 40,000 af/y. Two-thirds of the nearly 30,000 af/y of irrigation
water is from surface water (20,600 af/y) with the remainder from groundwater (8,900 af/y).

Total surface water deliveries to irrigated areas are estimated to be about 26,000 af/y,
groundwater pumping is estimated to be on the order of 44,500 af/y not including groundwater
uptake in about 2,100 acres of subirrigated areas.

An additional 19,000 af/y of consumptive use occurs on lands in the “ET - no Irrigation” land use
areas (including dry farmed or sub-irrigated crops). This estimated ET is supplied by precipitation
and soil moisture storage and does not account for any groundwater uptake.

Analysis of the spatial and temporal distribution of irrigation and recharge fluxes suggests the
following main findings:

e Highest irrigation and pumping rates occur in polygons with pasture as land use and
groundwater as water source (Figure 20 and Figure 23): this can be explained by the fact
that pasture has the longest irrigation season. In polygons with groundwater as water
source, irrigation rate and pumping rate are the same.

e Highest recharge rates (Figure 21) occur in polygons with pasture as land use and with
groundwater as water source, in vacant land use polygons located in the tailings
subwatershed, and in polygons with very small water holding capacity. Recharge is
expected to be higher where there is higher irrigation or less plant transpiration;

e The lowest recharge rates (almost zero recharge) occur, for example, in some polygons
south of Greenview around Highway 3: as shown in Figure 19, they correspond to dryland.
They rely on precipitation as water source for plants, which efficiently scour available
moisture and therefore show little natural recharge, typical of a semi-arid climate;

e Low recharge rates (between 4 and 8 in/year) occur in some fields north of Etna: these
have pasture as land use, but they are subirrigated (high water table);

e Deficiency (Figure 25) occurs in the months immediately following the end of the irrigation
season (September, October, November).

A year-specific analysis of the water budget for the 21 year period has also been performed
(Figure 26 to Figure 28).This analysis allows us to highlight differences in the water budget
between dry and wet years (highlighted with red and blue arrows, respectively). Dry and wet year
classification is identical to that shown in Figure 6.

As expected, dry years are marked by smaller amounts of recharge to groundwater and a smaller
amount of applied surface water. Lower surface water use reflects the modeled constraints in
irrigation of pasture, which is limited by the estimated or measured (when available) monthly flow
in the stream associated with the subwatersheds to which a field belongs.
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Typical characteristics contrasting alfalfa/grain soil water budgets with pasture water budget
dynamics include:

1) Alfalfa/grain land use (Figure 27) is higher in actual evapotranspiration, higher in applied
groundwater and has an overall low fraction of applied surface water. This is expected
considering that alfalfa/grain is mostly groundwater irrigated (Table 14);

2) Pasture land use has higher applied surface water and almost no applied groundwater. The
amount of applied groundwater does not change dramatically from year to year because
there are no large differences in the length of the pasture irrigation season between
different years. Large differences occur in the use of surface water between wet and dry
years. Where the water source is groundwater, year-to-year differences in groundwater
use are small and due to annual differences in the irrigation start date, but then irrigation
continues for the entire season each year, regardless of year type (wet, normal, dry);

3) Recharge in alfalfa/grain is similar to pasture. A few pastures have high recharge rates due
to being irrigated with groundwater at high irrigation rates (low irrigation efficiency
assigned by the model).

Effects of dry and wet years on the amount of applied surface water and applied groundwater are
shown in more detail for alfalfa and for pasture (Figure 29). In dry years, the amount of applied
surface water generally decreases while the amount of groundwater use increases.

The results of the soil water budget model are generally in agreement with what would be
expected considering the background information on land use, irrigation water source, irrigation
type, and precipitation.

The soil water budget model can be adjusted to accommodate changes in inputs and/or
operational assumptions. Further sensitivity analysis and tests can be performed to evaluate
assumptions.
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Model Results Recharge (in. /yr)
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Model Results: Irrigation minus Pumping (in./yr.)
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Figure 22. Map of land use polygon specific average annual applied surface water rates (inches/year) between October 1990 and
September 2011. The amount of applied surface water is calculated as the difference between the total irrigation and the

pumping.
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Model Results: Pumping (in./yr.)
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Figure 23. Map of land use polygon specific average annual pumping rates (inches/year) between October 1990 and September
2011.
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Model Results: Deficiency (in./yr.)
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Figure 25. Map of land use polygon specific average annual deficiency rates (inches/year) between October 1990 and September
2011. Deficiency is defined as the difference between actualET and ET under optimal water supply conditions. Deficiency occurs
in pasture or after the irrigation season ends in alfalfa
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Figure 26. Yearly soil root zone water budget in in/year, area-weighted average for the entire Scott Valley project area. Input to
the root zone shown as positive values (precipitation, applied groundwater and surface water). Output from the root zone
shown as negative values (actual ET and recharge).
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Figure 27. Yearly soil root zone water budget in in/year, area-weighted average for the alfalfa polygons over the entire Scott
Valley project area. Input to the root zone shown as positive values (precipitation, applied groundwater and surface water).
Output from the root zone shown as negative values (actual ET and recharge).
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Figure 28 Yearly soil root zone water budget in in/year, area-weighted average for the pasture polygons over the entire Scott
Valley project area. Input to the root zone shown as positive values (precipitation, applied groundwater and surface water).
Output from the root zone shown as negative values (actual ET and recharge).
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Figure 29. Yearly values of applied surface water and applied groundwater in in/year for alfalfa/grain (above) and pasture
(below), area-weighted average over all alfalfa/grain land use polygons in the project area. Dry years are highlighted.

11.2 Sensitivity Analysis: Water Holding Capacity

Water holding capacity is a critical parameter in the soil water budget model. But the actual value
of the parameter is quite variable and locally uncertain. Based on expert suggestions, to compute
the above results we used a water holding capacity that corresponds to a rooting depth of 4 feet. Roots
may eventually grow deeper than 4 feet and access deeper water if shallow moisture is depleted.
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To test the sensitivity of the soil water budget simulation results to the value chosen for water
holding capacity, a simple sensitivity test was implemented. A second simulation was run
assuming that root zone depth is 8 ft depth with a water holding capacity that is exactly twice as
large as that at 4 ft depth.

The results provided by the soil water budget model with the alternative water holding capacity
are summarized and compared to the original values in Table 16. At double the water holding
capacity, the irrigation amount for alfalfa decreases by about 1 in and, as expected, the only
noticeable change is a substantial decrease in groundwater recharge. Because of the significant
effect on recharge, additional sensitivity analyses should be carried out once the soil water budget
model is coupled to the integrated hydrologic model.

Table 16. Sensitivity of average fluxes due to doubling of the soil water holding capacity. Changes (in percent) are relative to the
original results (Table 15). Positive values indicate a relative increase compared to original results.

o SW GW
CropET Actual ET Irrigation | | | L Recharge
irrigation irrigation
Alfalfa 0 3.7 -3.3 -4.6 -3.1 -24
Grain 0 1.2 -1.2 -1.0 -1.3 -13
Pasture 0 11.3 0.0 0.0 0.0 -23

11.3 Comparison with Available Data

The GWAC provided us with grower information on the amount of irrigation that is typically
applied to different crops as a function of the irrigation type used (Table 17). The information was
developed from the GWAC’s knowledge of typical Scott Valley irrigation schedules, sprinkler
spacing, sprinkler nozzle sizes, and sprinkler flow rates.

The irrigation rates computed from the information provided by the GWAC (Table 17) are
significantly lower than the irrigation rates estimated from the soil water budget model. In the soil
water budget model, the simulated irrigation rate is primarily driven by the assumption that
evapotranspiration demands not met by precipitation and soil moisture are fully met by irrigation
(Table 15). The largest discrepancy between reported data and simulated data is for the amount of
irrigation applied to alfalfa (reported: 19.5-22 inches, simulated: 33 inches). Several factors may
contribute to this difference:

e Reported irrigation rates underestimate actual irrigation rates used by growers;

e Reference evapotranspiration computed by the NWSETO method from Scott Valley and
nearby climate data overestimates actual reference evapotranspiration;

e Irrigation practices result in deficit irrigation of alfalfa, which means that the crop
coefficient for alfalfa used here assuming optimal irrigation is too large, and the field scale
irrigation efficiency chosen is too low;

e The soil moisture profile remains relatively dry during the irrigation season. This would
mean that irrigation efficiencies are higher than assumed during the irrigation season;
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The root zone depth is much larger than 4 feet and roots may possibly tap into the water
table;

A combination of the above.

To address this discrepancy, field experiments were developed in spring of 2012 to collect more
information on alfalfa evapotranspiration, reference evapotranspiration, irrigation rates, soil
moisture dynamics, groundwater levels, and forage yield. Eight alfalfa fields (four center pivot
irrigated and four wheel-line sprinkler irrigated fields) were selected for monitoring over the 2012-
2013 production season. Data collected include:

1.

N

Three surface renewal system installed in three alfalfa fields (all of the irrigated with center
pivots that have permanently installed flow meters) to calculate alfalfa ET.

A CIMIS type weather station installed in one irrigated pasture field to estimate ETo in
order to determine the appropriate alfalfa crop coefficient.

Soil samples collected to 8 ft. depth in April, August, and early October to determine
gravimetric soil moisture content.

Watermark soil moisture sensors installed at 1 ft. increments to 8 ft. depth at two locations
in all fields to determine soil moisture tension and wetting and drying patterns over the
season.

A tipping rain gauge installed in each field to monitor irrigation application rate and in-
season rainfall.

Portable Ultrasonic Doppler flow meter used to determine flow rate in center pivot fields.
Nozzle discharge rate monitored in wheel-line fields.

Alfalfa yield determined in all eight fields by hand cutting a representative area and
comparing with grower yield values.

The project is intended to be continued for at least one, possibly two years, depending on
interannual variability in the dataset. The dataset will be critical to help refine the soil water

budget

model to minimize the difference between simulated and measured irrigation rates.

Table 17. Total seasonal irrigation amount computed from information on typical irrigation frequency, nozzle sizes, nozzle
spacing, and nozzle flow rates, provided by the GWAC for each crop and each irrigation type.

Alfalfa Grain Pasture
Irrigation Irrigation in inches Irrigation Irrigation in Irrigation Irrigation in
Type Type inches Type inches
Sprinkler 22" Sprinkler 8.25" Sprinkler n/a
Center Pivot 19.5” Center Pivot 6” Center Pivot n/a
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12 Future Work

Work that is currently planned or ongoing will concentrate on four main tasks: 1) evaluation of the
field experiments to determine alfalfa irrigation and evapotranspiration rates, 2) refinement of
the soil water budget model, 3) development of Version 2 of the Scott Valley Integrated
Hydrologic Model, and 4) initiation of scenario alternatives to simulate future streamflow and
groundwater conditions under various management/project options.

The dataset produced with the effort presented in this report is used to build Version 2 of the
Scott Valley Integrated Hydrologic Model. The model is implemented using MODFLOW-2000 and it
will be coupled to the soil water budget model and streamflow data presented here. The soil
water budget model provides groundwater pumping, surface water diversion, and groundwater
recharge rates that are also used as inputs in the groundwater flow model. It also provides the
evapotranspiration data for the water budget.

In summary, Version 2 of the Scott Valley Integrated Hydrologic Model will perform the following
refinements that are improvements over the (draft) Version 1 of the model:

1. Extended modeling area to include the dredge-tailing area in the southern Scott Valley and
make some minor adjustments to the edge of the modeling area, based primarily on land
surface topography data.

2. Refined land surface elevation representation, especially of stream channels, using neiwly
available LIDAR data obtained from the U.S. Forest Service.

3. Updated groundwater pumping, surface water diversion, and groundwater recharge using
the values calculated with the new soil water budget model.

4. Revised regression model of streamflow data based on the evaluation of additional data
that have become available since 2008.

5. Extension of the time period simulated by the integrated hydrologic model to include 2009,
2010, and most of 2011 (through September 30, 2011).

6. Extensive sensitivity analysis, calibration and uncertainty analysis.

Regarding this last task, parameters from both models (the soil water budget model and the
MODFLOW integrated hydrologic model) will be included simultaneously in the sensitivity analysis
allowing us to evaluate the sensitivity of model results to parameters and observations. The
integrated hydrologic model will be calibrated and validated using measured groundwater level
data available for the Scott Valley and using measured streamflow data downstream of Scott
Valley.

The information that we obtain with this type of analysis will quantify and illustrate the sensitivity
of model results to parameters and algorithm choice. It will also describe the relationship between
different types of data and the processes represented. Furthermore, our approach will allow the
evaluation of uncertainty in the model output for 1991-2011 and for any of the scenario analyses.
The sensitivity analysis will be used to identify the most critical information needed to reduce
model prediction uncertainty. The evaluation of data needs will include a determination of optimal
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areas or locations at which to collect data and whether there are seasonal preferences to
collecting certain data. All these tasks will be performed using an automatic inversion code such as
UCODE_2005 (Poeter et al., 2005) or PEST (Doherty, 2010) which allow the coupling of the two
models and the automatic calibration of parameters involved in all the processes.

The approach described in this report and the integrated hydrologic model currently under
development provide a framework to efficiently and effectively develop and evaluate future data
collection campaigns and alternative water management scenarios. In the soil water budget model
much of the information related to a field is parameterized with parameters available from
geospatial databases. Future water management scenarios can be efficiently coded into the soil
water budget model and the integrated hydrologic model as needed to simulate future conditions.
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13 Conclusions

Precipitation and streamflow data have been analyzed, a revised streamflow regression model to
generated synthetic data for stations that have only a very limited period of record has been
prepared specifically for use with the integrated hydrologic model, and a new conceptual model
for the simulation of the soil water budget has been developed and used to estimate streamflow
diversions, groundwater pumping, groundwater recharge, and crop evapotranspiration. The model
is based on a spatially distributed soil water dynamics approach and puts together a wide array of
information in a tractable, physically and hydrologically rigorous approach.

Comprehensive datasets were compiled, and we worked closely with local stakeholders and
committees to refine these dataset as well as the conceptual framework used to represent various
landuses, especially agricultural landuses, and irrigation management practices. The contributions
of various stakeholders have been essential to update our GIS database and soil water budget
model with the most complete, accurate reflection of land use and agricultural practices in Scott
Valley.

The study shows that precipitation across the valley floor, while variable during any given rainfall
event, is overall of similar magnitude between Callahan, Fort Jones, and Greenview. Significantly
higher precipitation may occur at the far western margin of the valley (Etna), but available data do
not allow for sufficient quantification of such effects. Precipitation patterns define streamflow.
Years with low precipitation result in the lowest summer flows on the Scott River and its
tributaries. We are able to estimate tributary flows with a newly developed statistical model that
takes advantage of the long time series at the Ft. Jones streamflow gauging station immediately
downstream from Scott Valley. The statistical model also shows that snow pack and precipitation
data further aid in tributary streamflow estimation, even if only slightly. Also, developing separate
regression models for the time period before fall of 1972 and the period since then, further
improves statistical estimates of tributary streamflow into the Scott Valley. However, the data
series for the tributaries are extremely limited. The synthetic dataset generated will be sufficient
for purposes of the integrated hydrologic model. It will be important to continue streamflow
monitoring on all tributaries.

Landuse in the Scott Valley, for hydrologic purposes, can be divided into four categories: irrigated
fields in alfalfa-grain rotation (nearly 16,000 acres), irrigated fields with pasture (12,000 acres),
non-irrigated parcels with natural or other vegetation that consumes water through
evapotranspiration, and land parcels that are effectively barren of vegetation or open water
bodies (no irrigation and no evapotranspiration).

Soil water budget simulations show that significant amount of groundwater recharge occurs
across the Scott Valley from both precipitation and irrigation. We estimate that the average
annual recharge is 15 inches in alfalfa, and about 17-18 inches in grain and pasture. Irrigation on
alfalfa is highest (33 inches), followed by pasture (30 inches) and grain (14 inches), which has a
relatively short growing season. Based on soil water budget simulations, groundwater pumping is
estimated to be highest in alfalfa fields, averaging 29 inches per year, supplying most of the
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irrigation water there. It is much lower in grain fields (less than 12 inches per year), and lowest in
pasture (averaging 9 inches per year), since most pasture is irrigated with surface water. Rainfall
also provides a significant amount of crop water supplies via soil moisture storage.

Large field-to-field and year-to-year variations occur both with groundwater pumping and
recharge. The variability shown in this report is due to varying irrigation practices within the same
crop type, varying water sources, and due to inter-annual climate variations. Variability within
fields or between individual growers is not simulated, but further adds to actual variability in
groundwater use and recharge.

The alfalfa irrigation results obtained with the simulation model are much higher than recently
measured and grower-reported irrigation rates, thus clearly identifying the need for further
research work to clarify actual irrigation practices and to measure evapotranspiration occurring in
alfalfa fields. Work is needed to test to what degree the discrepancy between measured and
simulated irrigation rates is due to soil moisture storage currently not accounted for, potential
water table encroachment and root water uptake directly from groundwater, variability in actual
irrigation rates, or possibly misleading ET rates published by the California Department of Water
Resources and available in the scientific literature. It will be important to thoroughly validate and
possibly improve the soil water budget model against new field data as part of performing water
management scenario simulations and prior to making policy decisions.

Finally, we recognize that a tool such as the one presented here is critical for discussion of
alternative water management scenarios with the Groundwater Advisory Committee and other
stakeholders as an effective mechanism to mitigate conflicts.
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15 Appendix A

The appendix illustrates detailed results of the streamflow regression analysis (Section 5). Due to
its size, this appendix is provided as a separate PDF file.
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[1] Groundwater pumping, even if only seasonal, may significantly impact groundwater-
dependent ecosystems through increased streamflow depletion, particularly in semiarid
and arid regions. The effects are exacerbated, under some conditions, by climate
change. In social sciences, the management of groundwater-dependent ecosystems is
generally considered a “wicked” problem due to the complexity of affected stakeholder
groups, disconnected legal frameworks, and a divergence of policies and science at the
cross road between groundwater and surface water, and between ecosystems and water

quality. A range of often simplified scientific tools plays an important role in
addressing such problems. Here we develop a spatiotemporally distributed soil water
budget model that we couple with an analytical model for stream depletion from
groundwater pumping to rapidly assess seasonal impacts of groundwater pumping on
streamflow during critical low flow periods. We demonstrate the applicability of the
tool for the Scott Valley in Northern California, where protected salmon depend on
summer streamflow fed by cool groundwater. In this example, simulations suggest that
increased recharge in the period immediately preceding the critical low streamflow
season, and transfer of groundwater pumping away from the stream are potentially
promising tools to address ecosystem concerns, albeit raising difficult infrastructure and
water trading issues. In contrast, additional winter recharge at the expense of later
spring recharge, whether intentional or driven by climate may reduce summer
streamflows. Comparison to existing detailed numerical groundwater model results
suggests that the coupled soil water mass balance—stream depletion function approach
provides a viable tool for scenario development among stakeholders, to constructively
inform the search for potential solutions, and to direct more detailed, complex site-
specific feasibility studies. The tool also identifies important field monitoring efforts
needed to improve the understanding and quantification of site-specific groundwater-

stream interactions.
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1. Introduction

[2] Groundwater-dependent ecosystems (GDEs) located
within streams are among several types of GDEs including
peats, terrestrial systems, and springs [Howard and
Merrifield, 2010; Bertrand et al., 2012]. Significant
groundwater development can lead to reduction in base flow
of nearby rivers and streams. Particularly in Mediterranean
and similar semiarid climates, dry, warm periods coincide
with the crop growing season supported by irrigation, often
with groundwater. Regions in the Western and Central U.S.,
Mexico, Argentina, North Africa, the Middle East, Southern
Europe, Northern India, China, and Southeast Asia are
widely affected by use of groundwater with major impacts
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to surface water flows [Wada et al., 2010, 2012;
Gleeson et al., 2010]. Irrigated agricultural systems provide
40% of the world’s crop production [United Nations
World Water Development Report, 2009] with over 100 mil-
lion ha of land equipped for irrigation with groundwater and
an estimated 545 km® of extracted water [Siebert et al.,
2010].

[3] Groundwater management may follow a “safe yield”
approach that balances long-term, annual water extraction
with groundwater recharge, yet pumping induced decrease
of dry season base flow may negatively impact ecoystems
[Sophocleous, 2000, Jolly et al., 2010]. Statistical analyses
of long-term precipitation, pumping, and streamflow
records, e.g., in the High Plains aquifer system, have been
used to show significant linkages between pumping and
streamflow depletion [Burt et al., 2002; Wen and Chen,
2006; Kustu et al., 2010]. Zume and Tarhule [2008] used a
fully three-dimensional groundwater-surface water model
to investigate the effects of basin-wide pumping reductions
on streamflow depletion in Oklahoma. A similar tool was
used, at a much smaller scale, to analyze the hydroecology
of mountain meadows fed by groundwater [Loheide and
Gorelick, 2007]. Significant work has been conducted on
optimizing conjunctive use of groundwater and surface
water [Singh, 2012]. But economic analysis of
groundwater-surface water systems does typically not
account for hydrologic regimes important to ecosystem
services.

[4] Improved implementation of conjunctive use schemes
of surface water and groundwater resources are an impor-
tant step toward improving conditions in GDEs with oppor-
tunities for improving the economy of these systems while
significantly increasing the resilience to droughts [Lefkoff
and Gorelick, 1990; Schoups et al., 2006; Bredehoefft,
2011]. But dynamics at the interface between groundwater
and streams and the combined impacts of groundwater
abstraction and climate change on streamflow depletion and
GDEs are legally unrecognized [Thompson et al., 2006] and
often ignored by water managers [Kollet et al., 2002; Ddll
et al., 2012]. In the United States, where groundwater man-
agement is delegated to individual states, water laws largely
lack a comprehensive framework for the management of
GDEs and even ignore the physical connection of surface
water and groundwater [Harter and Rollins, 2008 ; Nelson,
2012]. Human modifications of water flows at local, re-
gional, and continental scales interject multiple conflicting
objectives into water management including food produc-
tion and ecosystem services [Maxwell et al., 2007]. Climate
change promises to incur further shifts with impacts rippling
throughout the water network, in unanticipated ways [4/len
et al., 2004; Scibek and Allen, 2006; Maxwell and Kollet
2008].

[5] Such “wicked” problems are characterized by a high
level of complexity, uncertainty, and conflict [Von Korff
et al., 2012; Ker Rault and Jeffrey, 2008 ; Kreuter et al.,
2004; Freeman, 2000]. Addressing wicked problems
requires new participatory approaches to the decision-
making process and an active role of physical/hydrologic
sciences in addressing such problems. Scientific under-
standing of hydrologic systems is advancing rapidly, but
developing tools that communicate fundamental scientific

understanding to decisions makers and citizens remain a
challenge at all scales (global, regional, and local) [Reid
etal.,2010; UNESCO, 2010].

[6] Efforts to address wicked water problems have been
or are under development in different regions of the world
and at different scales [Ostrom et al., 1999 ; Sophocleous,
2002; Hare et al., 2003; Moellenkamp et al., 2010; Von
Korff, 2012]. Many include an effort to integrate scientists,
decision makers (at the local and regional scale), and regu-
lators within the workflow [Sophocleous, 2012]. Often, col-
laborative solutions to such wicked problems require
conceptual representations of the water management sys-
tem(s) at various levels of complexity.

[7] Simple conceptual models convey fundamental
insights into the dynamics of hydrologic systems to non-
technical stakeholders. Such models are also useful to
develop worst-case/best-case scenarios given the concep-
tual simplification and data limitation underlying the
model. Models representing additional complexity may
then be used to further constrain insights into the hydro-
logic system and predictions of its future state. This pro-
cess enables a better understanding of water resources and
leads to a more informed approach toward developing
strategies and scenarios for better water resources
management.

[8] In this work, we couple two low order (conceptually
and geometrically simple, mass balance based) hydrologic
modeling tools to investigate aquifer-stream interactions.
Simplified aquifer-stream interaction models to reduce
computational costs have been applied in hydro-economic
modeling efforts [e.g., Pulido-Velazquez et al., 2008],
showing that a coupled water budget-stream depletion
function analysis may be useful for optimizing ground-
water management under ecosystem services constraints.
Here we expand the approach to investigate spatiotempor-
ally distributed groundwater management alternatives
that may improve GDE conditions in basins with significant
but unmeasured groundwater extractions and recharge.

[o] The tool is applied to the Scott Valley groundwater
basin, California, to (1) evaluate and demonstrate the fun-
damental dynamics between landuse, groundwater use, and
seasonally low streamflow that is affecting stream tempera-
ture [Caissie, 2006] and salmonid stream habitat [Milner
et al., 2012]; (2) evaluate the role of data in understanding
the key drivers of potential stream base flow depletion dur-
ing the dry season in a semiarid, irrigated agricultural
region with Mediterranean climate; (3) utilize the tool to
cast an overall framework for developing potential ground-
water management options and for defining project-specific
feasibility work; and (4) employ the tool for education and
outreach to diverse stakeholders seeking common, creative
solutions. Stakeholders in the Scott Valley include local
landowners (farms) and groundwater pumpers, native
American tribes dependent on downstream salmon fish-
eries, environmental groups, as well as local, state, and fed-
eral agencies representing often conflicting interests in
water rights regulation, water quality control, endangered
species protection, and agricultural resources manage-
ment—thus representing all the ingredients to a “wicked”
water management problem.

[10] In the following, we provide further details on the
study area and describe the spatiotemporally distributed
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Figure 1. Map of the Scott Valley with the boundaries of the groundwater model study, landuse, and

irrigation wells with their stream depletion factor (SDF in days) relative to the main-stem Scott River,
calculated as described below. Highlighted are the SDF values of some wells used below for a detailed

analysis (also see Table 4).

soil water budget approach and the theory of stream deple-
tion analysis. We use the coupled water budget and stream
depletion analysis to explore the role of groundwater
pumping in the Scott River Valley with respect to late
summer base flow in the Scott River. We then identify
broad options for potential alternative water management
scenarios to improve summer streamflow as a basis for dis-
cussion with stakeholders and for directing the selection
and assessment of specific projects including necessary
field work and higher level, more complex hydrological
modeling efforts.

2. Methods

2.1. Study Basin

[11] The coupled water budget and stream depletion
analysis is applied to the 202 km? Scott River Valley, Sis-
kiyou County, Northern California. The major landuse is
pasture, alfalfa hay, and grain farming (approximately 140
km?) supported by summer irrigation with stream water
and with groundwater. The valley is part of the Klamath
Basin watershed straddling the California-Oregon border
(Figure 1). The Scott River is one of four undammed
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Figure 2. (a) Daily mean discharge (m® d ') of the Scott River recorded at the USGS gauge near Fort
Jones. Since the mid-1970s, dry year low flows (1977, early 1990s, 2001, 2007—2008) have been about
half an order of magnitude lower than during the 1941-1976 measurement period (1945, 1955). (b) Scott
River Valley well levels and precipitation, 1965-2012 [California Department of Water Resources

(CDWR), 2012]. Beginning with the drought-year
lower than during the 1964—1976 period.

tributaries to the Klamath River. It provides key spawning
habitat for salmonid fish in the Klamath Basin, including
Oncorhynchus tschawytscha (Chinook salmon) and feder-
ally protected threatened Oncorhynchus kisutch (Coho
salmon). The Scott River has been mapped as medium to
high ranking for the presence of base flow-dependent eco-
systems [Howard and Merrifield, 2010].

[12] Scott Valley overlies an intermontane alluvial basin
within the Klamath Mountains Province, created by fault-
ing along its northwestern outlet, and subsequent alluvial
deposition during the late Tertiary and Quaternary. The al-
luvial fill, consisting of gravel, sands, and also silts and
clays, may exceed 100 m thickness at the center of the ba-
sin and decreases in thickness to the valley margins [Mack,
1958]. Groundwater pumping is limited to the upper 60 m
of the alluvial fill. Spring groundwater levels, while slightly
variable from year to year, have not experienced a long-
term decline that would indicate systemic overdraft [Harter
and Hines, 2008 ; S.S. Papadopoulos & Associates (SSPA),
2012].

[13] The climate is Mediterranean. Precipitation predom-
inantly occurs during winter and early spring months but is
negligible between June and September. Average July tem-
perature is 21°C and average January temperature is 0°C.
Total annual rainfall on the valley floor is 500 mm. Moun-
tain ranges surrounding Scott Valley reach elevations of
2500 m with much higher precipitation rates than the val-
ley. Annual runoff from the 1700 km?® watershed is

1977, summer water levels in some dry years were

560 Mm® [U.S. Geological Survey (USGS), 2012]. Winter
flows in the main stem of the Scott River, immediately
downstream of the groundwater basin, may exceed
1,000,000 m*> d~' (400 cfs) during winter months, but are
as low as 25,000-125,000 m*® d~" (10-50 cfs) during the
later summer months (July—September) (Figure 2a).

[14] During the dry summer, streamflow in the Scott
River system significantly relies on groundwater return
flow (base flow) from the alluvial aquifer system underly-
ing Scott Valley. Historic records show that summer base
flows in dry years prior to 1977 (1945, 1955) have been
higher than during later dry years (1977, early 1990s, 2001,
2009) (Figure 2a). The decrease is generally attributed to cli-
mate change [Drake et al., 2000], but also to increased
groundwater pumping for irrigation [Van Kirk and Naman,
2008]. As a result of lower summer/fall base flow, but also
due to the lack of widespread riparian vegetation, tempera-
tures in the Scott River may exceed critically high levels dur-
ing the summer months [NCRWB, 2011]. Yet, ecologically
necessary minimum flow requirements remain uncertain.

[15] Under regulatory efforts driven by federal Clean
Water Act [1972] provisions (33 U.S.C. §1251 et seq.,
1972, and 40 C.F.R. 130.2), stakeholders have agreed that
better knowledge of the hydrology and the alluvial aquifer
system is needed to develop a possible array of solutions to
water issues and associated problems [Harter and Hines,
2008]. Siskiyou County has management jurisdiction over
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groundwater and is taking a community-based approach to
implementing groundwater management.

[16] Water and groundwater management is also affected
by recent enforcement actions under the California Endan-
gered Species Act (CESA; California Fish and Game
Code, Sections 2050 et seq.), which allows the State of Cal-
ifornia to curtail diversions of irrigation water if instream
flows are considered critically low with respect to threat-
ened or endangered salmon species in the river system
(California Fish and Game Code, Section 5937). Finally, a
lawsuit has been brought against the County (as the
groundwater management agency) and the State (as the
licensor of water rights) to protect groundwater-dependent
ecosystems under the so-called Public Trust doctrine [Hart,
1996]. If successful, this may give the State an unprece-
dented legal tool to enforce limits on current groundwater
pumping not already controlled under existing adjudica-
tions. An existing groundwater adjudication in the Scott
Valley, dating to the 1970s, prescribes the amount of
groundwater that is reasonably required to irrigate within a
groundwater—surface water “interconnected zone” (Cali-
fornia Water Code 2500.2) extending approximately 500—
1000 m from the main-stem Scott River [California State
Water Resources Control Board (CSWRCB), 1980]. Else-
where in Scott Valley, as is customary in California,
groundwater pumping for overlying uses does not require
state permitting [California Department of Water Resour-
ces (CDWR), 2003].

2.2. Soil Water Budget Model

[17] Land use specific water budgets have been used to
allow for a better understanding of landuse linkages to
groundwater and provide the basis for distributed
groundwater-stream models [e.g., Ruud et al., 2004 ; Faunt,
2009; Chung et al., 2010]. In the study area, measurement
data on groundwater extraction and recharge do not exist.
Hence, a soil water budget model is used to estimate spa-
tially and temporally varying recharge and pumping across
the groundwater basin.

[18] The spatial resolution for the analysis is determined
by the size of individual fields and other landuse parcels
defined in a recent landuse survey [CDWR, 2000] that was
further refined using aerial photo analysis and on-the-
ground verification. A total of 2119 landuse parcels overly
the Scott Valley groundwater basin (Figure 1). Of those,
710 parcels (70 km?) are alfalfa/grain, typically on an
8 year rotation with 1 year of grain crops followed by 7
years of alfalfa, 541 parcels (67 km?) are pasture, 451 par-
cels (58 km?) belong to landuse categories with significant
evapotranspiration but no irrigation (e.g., cemeteries,
lawns, natural vegetation), and 417 parcels (6.8 km?) repre-
sent landuses with no evapotranspiration or irrigation (e.g.,
residential, parking lots, roads, and—most significantly—
historic mine tailings). For each landuse parcel, the soil
water budget is computed with daily time steps [e.g., Gass-
man et al., 2007] for the period from 1 October 1990 to 30
September 2011, a period that includes several dry years as
well as average year and wet year periods.

[19] The soil water budget approach includes the man-
aged components of the surface water system (diversions)
and of the groundwater system (extraction), as well as
groundwater recharge from managed and unmanaged land-

uses. The budget does not account for stream recharge or
for groundwater discharge downstream resulting from
stream recharge upstream. It also does not account for
evapotranspiration due to root water uptake from the water
table by nonirrigated crops or in natural landscapes with
shallow water table. A complete surface watershed or
groundwater basin budget requires a more complex, inte-
grated groundwater-surface model.

[20] To compute the soil water budget, each landuse
polygon is characterized by a set of properties (attributes)
assembled from existing databases, through field work, sur-
vey, and by applying spatial analysis within a geographic
information system (GIS). The concepts applied represent
some simplification over detailed root zone water models,
but are commensurate given available data and the overall
framework of the approach:

[21] 1. Daily precipitation for 1990-2011 is obtained as
the average of records at two rainfall gauges located in the
northeast and southern-most portions of the valley floor
[National Oceanographic and Atmospheric Administration
(NOAA), 2012].

[22] 2. Streamflow for 1990-2011: Daily discharge data
for the Scott River downstream of Scott Valley are avail-
able from the U.S. Geological Survey [USGS, 2012].
Streamflow data on ten tributaries, including the two main
stem forks of the Scott River, at locations immediately
upstream of the valley floor (i.e., upstream of the ground-
water basin) have been collected at various times by local
and state agencies. But no long-term records exist. Missing
data on tributary inflows into the valley at the upgradient
boundaries of the groundwater basin are estimated by per-
forming a regression analysis of measured tributary flow
against downstream flow, snowpack, and precipitation as
independent variables (see supporting information).

[23] 3. Landuse: Digital land use survey maps for the
year 2000 [CDWR, 2000] identify individual landuse parcels
(polygons) and their landuse. The information was updated
and corrected via interviews with landowners (Figure 1).
Landuse is then aggregated into four major categories for
purposes of computing the soil water budget: (1) Alfalfa/
grain rotation in an 8 year cycle (each field is randomly
assigned one of the 8 years in the cycle during which it goes
into “grain” rotation), (2) pasture, (3) landuse with evapo-
transpiration but no irrigation (includes natural vegetation,
natural high water meadow, misc. deciduous trees, trees),
and (4) landuse with no evapotranspiration and no irrigation,
but with potential recharge from precipitation via soil mois-
ture storage (barren, commercial, dairy, extractive industry,
municipal, industrial, paved, gravel mine tailings, etc).

[24] 4. Soil type: Digitally mapped soil type information
is available from the U.S. Soil Survey Geographic
(SSURGO) database [Natural Resources Conservation
Service (NRCS), 2012a, 2012b]. Soil type information
includes water holding capacities at 0.9 m and 1.5 m depth.
For the soil water budget, water holding capacity is com-
puted as the average of these values assuming that average
effective root-zone depth for alfalfa is approximately 1.22
m (4 ft) [Luo et al., 1995]. Here we use the same depth for
grain and pasture. Each landuse polygon is associated with
the soil type present at its centroid location.

[25] 5. Crop coefficients (k) and reference ET (ETy,: esti-
mation methods of actual crop ET are primarily designed for
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Table 1. Total Areas of Subwatersheds, Total Area for Various Irrigation Types, Total Area for Various Irrigation Water Sources, and

Total Area of Landuse, in Square Kilometers®

Subwatersheds Name Area (km?) Irrigation Type Area (km?) Water Source Area (km?) Landuse Area (km?)
Etna Creek 17 Non-irrigated 75 DRY 14 Water 1
French Creek 2 Flood 44 GW 67 Alfalfa/Grain 71
Kidder Creek 38 Sprinkler 51 MIX 16 Pasture 67
Mill Creek 9 Center Pivot 28 SUB 9 ET/No irrigation 57
Moffett Creek 10 Unknown 4 SW 31 No ET 7
Patterson Creek 16 None/unknown 67

Scott River 84

Scott River tailings 14

Shackleford Creek 12

Study area total 202 Total 202 Total 202 Total 202

?All values represent 2011 conditions. Note that not all areas in the alfalfa/grain and pasture category are irrigated.

irrigation scheduling purposes but are here applied to esti-
mate daily varying actual crop ET (equations (4)—(6)). Daily
reference ET is estimated from study area climate data
[Hargreaves and Samani, 1982; Snyder et al., 2002]. Crop
coefficients vary by crop, by stage of crop growth, and by
cultural practices. For alfalfa, a crop coefficient of 0.95 was
fitted to field data from the study area [Hamson et al.,
2011b], since we did not simulate alfalfa cutting dates indi-
vidually at each field. For grain (variable k.) and pasture
(k.=0.9), state agricultural extension recommendations
were applied [University of California Cooperative Exten-
tion (UCCE), 2012].

[26] 6. Irrigation type: The year 2000 landuse survey by
CDWR [CDWR, 2000] identified the irrigation type associ-
ated with each landuse polygon. In the Scott Valley, flood,
center pivot sprinkler, and wheel-line sprinkler irrigation are
used almost exclusively. Over the past 25 years, significant
conversion from wheel-line sprinkler (but also from flood
irrigation) to center pivot sprinkler has occurred. The loca-
tion (extent) and year of such irrigation type conversions are
mapped to landuse polygons by reviewing 1990-2011 aerial
photos. Total areas for 2011 are shown in Table 1.

[27] 7. Irrigation efficiency is assumed to be a function of
irrigation type. It accounts for irrigation nonuniformity and
deep percolation losses to below the root zone. Delivery and
interception losses are not accounted for. Efficiencies are
based on informal surveys of local growers and expertise of
local agricultural consultants, although they do not account
for unintended underirrigation or deficit irrigation: 90% for
center pivot sprinkler, 75% for wheel-line sprinkler, and
70% for flood irrigation (University of California Coopera-
tive Extension (UCCE), personal communication, 2011).

[28] 8. Water source for irrigation: Water source is identi-
fied for each landuse polygon by the year 2000 landuse survey
[CDWR, 2000] and is updated through landowner survey.
Water sources include groundwater, surface water, subirri-
gated (shallow groundwater table), mixed groundwater-
surface water, and nonirrigated (dry land farming) (Table 1).

[29] 9. Surface water diversion allocation: Each landuse
parcel is associated with one of nine subwatersheds corre-
sponding to the various tributaries to the main stem Scott
River (Table 1). Discharge on these tributaries defines
available maximum diversion rates (see below).

[30] The soil water budget for each landuse polygon is
performed using a storage routing approach with soil water
inputs from precipitation and irrigation [e.g., Neitsch et al.,
2011]. Adjusted daily precipitation (P,q;) is the portion of

daily precipitation (P) that infiltrates into the soil and is
available for daily evapotranspiration (ET) or recharge
[Allen et al., 1998]:

Pi(i) =P if P(i) > 0.2°ET,(i) (1a)

Pyi(i) =0 if P(i) <0.2"ET,(i) (1b)
where ET (i) is the daily reference evapotranspiration on
day i, assumed uniform across the valley floor due to the
size of the study area and its level topography. The storage
routing mass balance for the 1.22 m thick root zone is then

computed as:

0(i) = max(0, 0(i — 1) + Pagj (i) + Irrig(i) — actual ET(i)

— Recharge(i)) @

actual ET(i) = min(ET(i), 6 (i — 1) 4 Pag (i) + Irrig(i))  (3)
Recharge (i) = max(0, 6 (i — 1) 4 Pagi(i) + Irrig(i)

— actual ET(i)-WC4(i)) (4)

where §(i) is water content at the end of day i, P,q(i) is pre-
cipitation on day i, Irrig(7) is irrigation on day i, ET(i) is
evapotranspiration on day i, computed from potential ET
as: ET(i) = ETy(i) "k (i), k(i) is crop coefficient, Rechar-
ge(i) is deep percolation to groundwater, to below the 1.22
m thick root zone, and WC4 is water holding capacity of
the 1.22 m root zone.

[31] Runoff, particularly during the irrigation season, is
considered negligible due to the low land surface gradient.
The algorithm intrinsically exerts complete mass balance
control on each landuse polygon:

Pagj(i) + Irrig(7) — actual ET(7) — Recharge(i) = 0(i) — 6(i — 1).
(5)

[32] Furthermore, we can compute the amount of water
deficit relative to optimal growing conditions as follows:

Deficiency(i) = ET(i) — actual ET(i). (6)

[33] The source of irrigation water, Irrig(i), depends on
the water source and landuse specified for an individual
landuse polygon. For pasture, irrigation water is most often

7297



FOGLIA ET AL.: COUPLING WATER BUDGET AND STREAM-DEPLETION FUNCTIONS

exclusively supplied from surface water. Alfalfa/grain
landuse polygons are most often irrigated from ground-
water. Based on information from stakeholders, alfalfa/
grain fields with a surface water source are treated as if
equipped for a mixed source.

[34] For mixed sources of irrigation water, the decision
process that leads to a landuse polygon switching from sur-
face water irrigation to groundwater irrigation is simulated
based on the available surface water supply: if the total sur-
face water irrigation demand within a subwatershed, in a
given month, exceeds stream discharge, groundwater is
used to make up the landuse polygon-specific difference
between surface water available and the irrigation demand.
The available surface water is distributed to all polygons
designated for use of surface water at equal water depth
(water volume proportional to polygon size).

3. [Irrigation Scheduling Simulation

[35] Surface water delivery and groundwater pumping
rates are driven by daily precipitation and evapotranspira-
tion. Urban and domestic pumping are small in comparison
and are here neglected. Irrigation water demand is calcu-
lated following FAO guidelines [Allen et al., 1998]. The
approach computes irrigation timing and demand as a func-
tion of climate, soil, crop type, irrigation type, and water
source.

3.1. Alfalfa/Grain and Pasture

[36] Alfalfa irrigation in polygon £ starts on the first day
i after 24 March 24, on which the soil water content has
dried to less than 45% of field capacity (ibid., Table 22):

0(i) < (1 — 0.55)"WCA(k). (7)

[37] 25 March is the earliest reported irrigation date. The
last alfalfa irrigation application in Scott Valley typically
occurs before 5 September. For the water budget computa-
tions, irrigations are assumed to occur daily through 5 Sep-
tember based on perfect farmer foresight of crop water
demand.

[38] For grain, the first irrigation on a field & is determined
exactly as for alfalfa but the reported earliest starting date is
15 March. The last day of continuous irrigation on grain is
assumed to be 10 July, after which the grain crop is harvested.

[39] For pasture, the Scott Valley irrigation season is typ-
ically from 15 April to 15 October (184 days). Simulated
irrigation is applied daily based on ET demand and irriga-
tion efficiency. However, on pasture that is surface water
irrigated (which represents most pasture), no irrigation
occurs once surface water supplies become unavailable.
For each polygon k& and for each day i, the daily irrigation
amount is calculated as:

Irrig (i) = (Teff) ™' (Max (0, (ETx(i) — Pugi()))  (8)

where leff; is the irrigation efficiency in polygon k. We
assume that there is no contribution to plant evapotranspira-
tion from groundwater. To the degree that groundwater irri-
gated areas are subject to direct groundwater uptake by crops,

the uptake is implicitly accounted for in the net stress esti-
mated with this approach. It is the difference between esti-
mated groundwater pumping and recharge from polygon £.

3.2. Evapotranspiration (ET) Losses Without
Irrigation

[40] The main assumption is that, at all times:
Irrig(i) = 0. 9)

[41] In this category, ET computed from the soil water
budget model does not include direct ET from groundwater
(e.g., wetlands, riparian vegetation).

[42] In the first step, we use the soil water budget model
to compute daily ET (on day i):

ET(i)

kETo (i) = 0.6"ETo(i) subject to: ET(i)
0

; (i— 1) —I—Padj(i).

(10)
[43] This latter constraint distinguishes this category
from an irrigated crop.

3.3. No Irrigation/No ET Category

[44] Landuse categories of this type do not receive irriga-
tion, and they also are not subject to evaporation or evapo-
transpiration from plants:

Irrig(/) = 0 at all times (11a)

ET(i) = 0 at all times. (11b)

[45] Given the flat topography of the valley floor, runoff
is here considered negligible and recharge is equal to the
adjusted precipitation:

Recharge(i) = Pygj(i)- (12)

4. The Analytical Solution for Stream Depletion

[46] Following Jenkins [1968], Wallace et al. [1990],
and Bredehoeft [2011], we simplify the groundwater sys-
tem and assume a semi-infinite, homogeneous and isotropic
aquifer, with transmissivity constant in time and space;
recharge to the aquifer is not considered prior to the time of
interest, hence the water table is horizontal; the stream is
considered to fully penetrate the aquifer; wells also fully
penetrate the aquifer; and constant rate pumping starts at
time #=0.

[47] Under those assumptions, stream depletion due to
pumping is given by Jenkins [1968]:

/
%zﬂﬁ'(%)lz t<t, (13)

where: 1, = "2TS is the Stream Depletion Factor (SDF)
defined by Jenkins [1968] and used by Bredehoeft [2011];
q is the change in rate of streamflow caused by the well
pumping; QO is the rate of pumping; « is the distance of the
well from the stream; S is the aquifer storativity and a

value of 0.12 is used for the (unconfined) Scott Valley
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system; 7 is the aquifer transmissivity; ¢ is time since
pumping began; and ¢, is the duration of pumping.

[48] The stream depletion after pumping stops at r =1, is
calculated following Wallace et al. [1990]:

:Q(ei‘j"c(t)ef((tt_tp))) t, <t<oo. (14)

[49] The rate of stream depletion due to nonsteady, an-
nual cyclical pumping is calculated using (equation (15))
and the principle of superposition. As shown by Wallace
et al. [1990], for constant ¢, and {4 the stream depletion
corresponds to:

1
N—1 ta E
;5 (t—t40) | Q erfe (47“ — tdi))

1

N-1

=D 0t~ 1, — tai) | Q erfe ((t—ttp—tdz)>2

i=0

0<t<

(15)

where ¢ is the unit step function which has a value of 1
when its argument is greater than zero and a value of zero
when its argument is equal or less than zero; N is the num-
ber of time the pump is turned on; #; is the interval at
which the pattern repeats itself.

5. Coupling Soil Water Budget and Stream
Depletion Model

[s0] Analytical solutions for simplified stream-aquifer
depletion evaluation were originally developed and used
for investigations that were lacking today’s computer
resources. These analytical tools remain attractive, partly
because of the computational efficiency and relative ease of
implementation, typically with spreadsheets or simple com-
puter programs. More importantly, they are powerful tools
that provide fundamental, rigorous theoretical insight into
the physical behavior of the groundwater-stream system,
even if under highly simplified, hypothetical conditions
[Jenkins, 1968 ; Glover, 1974; Wallace et al., 1990; Hunt,
2003 ; Bredehoeft and Kendy, 2008]. In a complex and of-
ten misunderstood management system such as the aquifer-
stream system, these simplified approaches allow for
quickly establishing major operational constraints imposed
by basic system variables. Here coupling the water budget
model with the analytical solution for stream depletion pro-
vides a framework (a) to estimate the magnitude of stream-
flow depletion and its sensitivity to key system parameters,
(b) to implement a benchmark test against an existing nu-
merical model, and (c) to develop management scenarios
for discussion and analysis with stakeholders.

[s1] The soil water budget model and the streamflow
depletion model are coupled, first, by assigning the esti-
mated pumping in each field to its nearest existing well.
Active wells in Scott Valley are identified through a review

of well drilling permits, GIS analysis, and partial, random-
ized on-the-ground verification. If multiple wells are
located within one landuse polygon, the total pumping is
evenly split between wells, while the pumping from a well
that is serving multiple polygons is the sum of all daily
water needs in the associated fields. Secondly, recharge
from each polygon is similarly assigned to the nearest well,
but as an injection rate (negative pumping rate). Then,
19902011 net daily groundwater pumping rates at each
well are computed as the difference between daily ground-
water pumping and groundwater recharge assigned to the
well.

[52] The distance of each well to the stream is com-
puted as the orthogonal distance from the well to the
Scott River, not to the nearest tributary. Here streamflow
in the main stem Scott River is the key concern (Figure
1). Transmissivity is obtained from Mack [1958] and
SSPA [2012].

[53] Finally, the superposition principle (equation (15))
is applied to show the effect of transient, combined
recharge and pumping on the total streamflow depletion
rate along the integrated length of the Scott River within
the Scott Valley. We apply each well’s average, yearlong
net pumping time series cyclically until a dynamic (cycli-
cal) steady state is achieved in annual stream depletion
rates. Convergence is considered to be achieved once all
wells exhibit less than 1% change in relative depletion on
all calendar days. Using the results of the final cyclical
year, the 163 wells’ computed daily stream depletion (or
stream replenishment) rates are summed to obtain a time
series of the net total daily stream depletion of the Scott
River (“base scenario”).

[54] We apply the tool to several additional scenarios to
demonstrate the sensitivity of the solution to the SDF pa-
rameters, to compare the estimated streamflow impacts
from changes in pumping and recharge stress with those
obtained with a fully three-dimensional groundwater
model, and to outline potential impacts of alternative
groundwater management practices that affect timing and
amount of additional recharge when additional surface
flows are available and the distribution of groundwater

pumping.

6. Results and Discussion

6.1. Soil Water Budget

[s55] The water budget simulation provides daily soil
water fluxes in water years 1991 through 2011, which are
aggregated to monthly, yearly and long-term averages.
Table 2 summarizes average annual fluxes, by landuse cate-
gory. The total amount of annual recharge (groundwater
system 1n]3)ut) from the irrigated landscape is on the order
of 46 Mm” y (37 thousand acre-feet per year [TAF yfl]).
Groundwater pumping (groundwater system outPut) is
about 25% larger, nearly 55 Mm® y~' (44 TAF y ). Sur-
roundmg non-irrigated landuses, including dry land farm-
ing and rlparlan vegetation, contribute 26 Mm?* y_l (21
TAF y ') to basin recharge, mostly from winter precipita-
tion, with 23 Mm® y~' (18 TAF y ') of water uptake by
natural vegetation and dry land crops (not including direct
groundwater uptake). The ET demand from natural vegeta-
tion and dry land farming (274 mm) is provided through
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Table 2. Average Annual Soil Water Fluxes, Water Years 1991-2011, for Irrigated Crops, for Dry Land Farming and Natural Vegeta-
tion Areas (“ET nolRR”), and for Areas With No Consumptive Water Use (“noET noIRR”)*

Crop ET Actual ET Irrigation SW Irrigation GW Pumping Recharge Deficiency Area (ha)

mm y’I
Alfalfa 1068 1018 840 104 736 370 49 5,622
Grain 411 409 358 55 303 467 2 803
Pasture 1017 861 755 528 228 437 155 4820
ET nolRR 284 274 273 10 8240
noET nolRR 547 686
Mmy™'
Alfalfa 60.0 57.3 47.2 5.8 41.4 20.8 2.8 5622
Grain 33 33 2.9 0.4 2.4 3.8 0.0 803
Pasture 49.0 41.5 36.4 254 11.0 21.1 7.5 4820
ET nolRR 23.4 22.6 22.5 0.8 8240
noET nolRR 3.8 686

2“SW™: surface water, “GW”: groundwater. Deficiency refers to the difference in ET between optimal water supply (“Crop ET”) and actual, limited

water supply (“Actual ET”).

spring precipitation with the dominant source coming from
root zone water storage filled during the cold winter rainy
season. The nominal deficit in natural vegetation is small,
but for this category, recharge and deficit are highly sensi-
tive to the selected k. (0.6): if k. values are chosen higher,
the deficit is correspondingly higher (due to water avail-
ability being limited) with no simulated impact on ground-
water; if k. values are chosen lower, the simulated deficit
decreases or disappears and additional groundwater
recharge would occur, depending on the annual dynamics
of the crop coefficient.

[s6] Early spring groundwater levels in the basin do not
experience a long-term declining or increasing trend indi-
cating a balanced groundwater budget (Figure 2b). The net
surplus of 17.1 Mm® y~' (14 TAF y ') between recharge
and pumping across the basin indicates a net inflow from
the groundwater basin to the Scott River. However, the
model does not account for annual direct recharge from the
stream system to groundwater that is subsequently dis-
charged back to the stream. Both, actual recharge from and
groundwater discharge to the stream are likely larger, due
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to the complex interaction of the groundwater system with
streams and tributaries that are not accounted for here. This
includes hyporheic zone exchanges due to streambed to-
pography and groundwater-surface water exchanges due to
the larger scale streambed and water table variability [e.g.,
Wondzell et al., 2009 ; Boano et al., 2010].

[57] Irrigation amounts are highest in alfalfa,
840 mm y ', due to continuous availability of groundwater
(736 mm y~ ' of simulated groundwater pumping) (Table
2). Grains have an early and much shorter cropping season
than alfalfa, with lower ET rates and, hence, lower irriga-
tion (358 mm y '). Pasture, while irrigated much more
generously when surface water supplies are available and
with crop ET rates comparable to alfalfa (Figure 3), has a
lower average annual irrigation rate (755 mm y ') than
alfalfa. This is due to the surface water limitations on this
predominantly surface water irrigated crop. Some pasture
areas near the western margin of the valley are subject to
direct groundwater uptake (not accounted for here).

[s8] Average monthly recharge and pumping rates indi-
cate strong seasonal variations. Most pumping occurs dur-
ing the summer months. Most recharge occurs in the late
winter and early spring (Figure 3). On pasture, significant
recharge also occurs during the irrigation season due to
widespread surface water flooding at rates that are signifi-
cantly higher than crop water use (relatively lower irriga-
tion efficiency). In August-September, streamflow
available for flood irrigation decreases significantly, thus
lowering recharge in pasture. Few pasture fields, often
wheel-line sprinkler irrigated, switch to groundwater as a
water source. Recharge in alfalfa is highest in July and
August, when all fields are fully irrigated. Fields in grains
(12.5% of the alfalfa/grain cropping area) are fallow after
their harvest in July, which causes recharge and pumping
in those areas to become nearly negligible after harvest.
During the winter months, differences in the amount of
recharge between the three landuses reflect varying levels
of soil moisture depletion and slight differences in average
soil characteristics across each landuse type, in particularly
water holding capacity. Although very different in seasonal
dynamics (Figure 3), annual average recharge in alfalfa/
grain fields and pasture is not dissimilar (Figure 4b).

Alfalfa has a simulated average recharge of 370 mm y ',
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Table 3. Total Amount of Simulated Irrigation Water Applied to
Alfalfa, Grain and Pasture in a Typical Dry (2001) and Typical
Wet Year (2003) inmm y '

Dry Year Wet Year
Ground Surface Ground Surface
Water Water Water Water
Applied Applied Applied Applied
(mmy~") (mmy~ ") (mmy~") (mmy~")
Alfalfa 862 50 723 83
Grain 419 29 397 55
Pasture 178 361 167 636
Total 701 326 596 573

about 20% lower than the average grain and pasture
recharge of 467 and 437 mm y ', respectively (Table 3),
but significant between-field variability exists due to vary-
ing soil water holding capacity.

[59] Few field data exist to confirm the soil water budget
results. While simulated ET in alfalfa is consistent with
Hanson et al. [2011a], the simulated average annual irriga-
tion amounts for alfalfa (840 mm) and grain (358 mm) are
found to be significantly higher than reported by growers in
the study area: Preliminary field monitoring data for the
2012 irrigation season and interviews with growers on irri-
gation practices indicate that actual irrigation rates may be
on the order of 500600 mm in alfalfa and 150-200 mm in
grain. Lower irrigation rates, when using groundwater for
irrigation, may be due to overestimation of ET due to defi-
cit irrigation, direct groundwater uptake by the crop, not
accounted for in the model, or due to underestimating root

zone depth and, hence, soil moisture storage capacity. Defi-
cit irrigation has been found to lower ET by as much as 55
mm in Scott Valley and up to 200 mm elsewhere [Hanson
et al., 2011b]. Lower ET would lower the net stress on
groundwater. Direct groundwater uptake, where it occurs in
groundwater irrigated areas, does not change the simulated
net stress to the aquifer obtained from the soil water budget
model unless it also affects crop ET. Doubling the water
holding capacity (effectively assuming a thicker root zone)
reduces simulated irrigation requirements by 3% in alfalfa
and only 1% in grain, thus not explaining the discrepancy
with observed irrigation rates. New field work was initiated
among the study area stakeholders to obtain representative
measurements of soil water dynamics, irrigation rates,
evapotranspiration and the occurrence of deficit irrigation
that can be used in the future to improve soil water budget
simulations.

[60] Analysis of the spatial distribution of annual aver-
age values over the 21 year period for surface water irriga-
tion, recharge, pumping, and pumping minus recharge
(Figure 4) provides useful insight to evaluate the differen-
ces in irrigation amount and pumping based on landuse and
water source. Some key observations include:

[61] 1. Highest recharge rates (Figure 4b) occur in poly-
gons with pasture as landuse and with groundwater as water
source due to relatively low irrigation efficiency and long
irrigation season; also in the non-vegetated mine tailings at
the southern end of the valley and in areas with very small
water holding capacity;

[62] 2. Highest pumping rates occur in the few polygons
with pasture as landuse and groundwater as water source

Applied Surface Water (in meters)

Recharge (meters per year)
[ 0.0 B 051-075 ET/No ET, No I 0 Bl 031-045 ET/No ET, No Irr.
[ 0.01-0.25 [N 0.76 - 1.00 [__] Model Extent 001-0.15 [l 0.46-06 [__] Model Extent
0.26-0.50 [l 1.01 - 1.20 —— Scott River B 0.16-03 M 0.61-0.75 —— Scott River
Maior Tributaries

Pumping (meters per year)

Major Tributaries.

Recharge - Pumping (in meters)

0 Bl o51-075 ET/No ET, No Irr. I 0.48--0.25 [l 0.01-025 ET/NOET, No I
001-025 [l 076-1 [_]Model Extent [ -0.24--0.01 [N 0.26 - 0.50 [_] Model Extent
[ 026-05 [N 1.01-1.15 — Scott River 000 [ 051 - 0.72 —— Scott River

Major Tributaries —— Major Tributaries

Figure 4. Water budget simulation results: (a) Average annual applied surface water rates (m y~') in
irrigated crops between October 1990 and September 2011; (b) Average annual recharge (m y ') in irri-
gated areas between October 1990 and September 2011 ; (c) Average annual irrigation pumping rates (m
y~ ) between October 1990 and September 2011; (d) Average annual difference between recharge (posi-
tive) and pumping (negative) (my ') in irrigated areas between October 1990 and September 2011.
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Figure 5. (a) Annual soil root zone water budget (mm y '), area-weighted average for the alfalfa/grain
and pasture area in the Scott Valley. Input to the root zone shown as positive values (precipitation,
applied groundwater and applied surface water). Outputs from the root zone are shown as negative val-
ues (actual ET and recharge). Annual applied surface water and annual applied groundwater (mm y ')
for (b) alfalfa/grain and (c) pasture, area-weighted average over all alfalfa/grain landuse polygons in the
project area. Critically dry years are highlighted in red and wet years are highlighted in blue.

(Figure 4c): this can be explained by the fact that pasture
has the longest irrigation season. In polygons with ground-
water as water source, the estimated irrigation rate is equal
to the estimated pumping rate and it is not limited by (sur-
face) water availability;

[63] 3. The lowest recharge rates occur in polygons that
correspond to dry land farming or natural vegetation. They
rely on precipitation as water source for plants, which are
effective at extracting available moisture;

[64] 4. Since irrigation is driven by ET and irrigation ef-
ficiency, there is no water deficiency during the irrigation
season. The water deficiency shown in Table 2 occurs
mostly in the months immediately following the end of the
irrigation season (September, October, and November) and
prior to winter dormancy. In practice, much higher defi-
ciencies may occur in wheel-line and center pivot sprinkler
irrigated crops, as possibly indicated by preliminary data
on field irrigation rates.

[65] Significant differences in water flows are found
between dry years and wet years (Figure 5 and Table 3).
Valley wide recharge to groundwater is significantly lower
in dry years (as little as 100 mm y ') than in wet years
(over 600 mm y~'). Low recharge in dry years is mostly

Table 4. Summary of the Data on the Eight Wells Selected for the

due to lack of streamflow from the surrounding watershed
and, hence, lower amounts of applied surface water (Table
3). Dry year surface water irrigation is only 60% of wet
year surface water irrigation. Changes in groundwater
pumping due to dry year conditions are relatively small
when compared to the large reductions in surface water irri-
gation, as is common in semiarid regions [Ruud et al.,
2004]. Dry years, therefore, significantly affect the agricul-
tural productivity of the Scott Valley with most impact
focused on pasture areas (Figure 5c).

[66] Simulated groundwater use in alfalfa, on average, is
about 16% higher in dry years than in wet years. Higher
groundwater use in dry years is driven mostly by higher
evapotranspiration from alfalfa/grain landuses early in the
growing season, demanding a higher irrigation amount.
Less importantly here, higher groundwater use in dry years
is also due to limited surface water availability on those
fields equipped to switch from surface water to ground-
water (Figure 5b). Groundwater irrigated pasture land is the
exception (Figure 5¢). The amount of applied groundwater,
driven by spring precipitation, ET, and soil moisture avail-
ability, varies within a limited range throughout the 21 year
period because there are no significant differences in the

Analysis (for Location, See Figure 3)

Aquifer Distance Daily Pump-

SDF HK (m/ Storage Thickness Transmissivity From ing

(d) Polygon d) Coefficient (m) (m?/d) the River (m) (m*/d)
2.7 595 45 0.12 454 2042 215 1400
9.7 88 45 0.12 40.5 1821 385 2620
9.8 46 45 0.12 44.7 2013 405 4870
12 414 45 0.12 44.7 2013 446 2490
78 226 45 0.12 42.3 1905 1114 3180
133 103 45 0.12 39.6 1782 1407 7460
233 617 12 0.12 66.8 801 1248 5060
1503 1728 12 0.12 32.5 390 2211 2200
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Figure 6. Daily cumulative summer pumping as a function of the stream depletion function (SDF,
blue dots) for all 163 wells (Figure 1). For eight wells shown in larger colored squares, the graph on the
lower left shows simulated stream depletion over 1 year, assuming 120 days of constant pumping and
240 days without pumping (in corresponding colors). Solid lines represent the pumping period and
dashed line the subsequent period without pumping. The eight wells are labeled by their SDF (d) (also

see Figure 1 for location).

length of the irrigation season between different years.
Where the water source is groundwater, irrigation contin-
ues for the entire irrigation season, unaffected by surface
water availability. This does not account for grower
responses to climate, such as increasing/decreasing deficit
irrigation.

6.2. Scott River Stream Depletion Dynamics

[67] The stream depletion factor, ¢, [SDF; Jenkins,
1968] associated with each of the 163 wells identified (Fig-
ure 1) varies from less than 1 day to over 3600 days. High
SDF values lead to slow stream depletion and vice versa.
The SDF increases (stream depletion slows down) with
increasing aquifer storage coefficient and distance. But the
SDF decreases (stream depletion occurs more rapidly) with
higher transmissivity between the well and the stream
(equation (13)). Distance, varying over orders of magnitude
from few meters to several kilometers is the key controlling
variable for the variability of the SDF across Scott Valley.
In contrast, the storage coefficient, here assumed constant,
has been found to vary within a relatively narrow range
throughout most of the valley (7-15%) [Mack, 1958].
Regional hydraulic conductivity varies by about half an
order of magnitude between subareas, significantly influ-

encing SDF. Hydraulic conductivity has been estimated
from short-term pump tests to evaluate the specific capacity
of wells, typically performed during well construction
[Mack, 1958; SSPA, 2012]. Accuracy of these estimates
may be limited, as they reflect local conditions in the im-
mediate vicinity of the well, rather than effective condi-
tions. However, total (integrated) stream depletion in the
Scott River is less sensitive to random errors of local trans-
missivity estimates than to systematic under or overestima-
tion of transmissivity across multiple wells, especially
those with small SDF. This suggests that further field eval-
uation of hydraulic conductivity is needed, particularly
near high capacity wells in close proximity to the river.

[68] Spatial distributions of crop type and the SDF val-
ues show some similarities: alfalfa/grain fields are concen-
trated in the vicinity of the Scott River, where well
capacity is likely higher due to coarser and thicker sedi-
ments with higher aquifer transmissivity and with low SDF
(Figure 6, equation (13)). Pasture fields are often located
away from the Scott River in areas with higher SDF (Figure
1), and are irrigated with surface water from tributaries
emanating off the surrounding canyons.

[69] Considering stream depletion due to average sea-
sonal pumping at eight selected wells with a wide range of
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Figure 7. Simulated total daily stream depletion of the Scott River in response to 1991-2001 average
daily varying net stress (pumping minus recharge), spatially distributed across the Scott Valley. Results
represent a cyclical, dynamic equilibrium. Absolute stream depletion values are subject to significant
uncertainty due to parameter uncertainty (compare Scenarios 1, 2a, 2b) and the simplicity of the concep-
tual approach, but relative changes in stream depletion over time and between management scenarios
(Scenarios 3-8) provide guidance on the magnitude of stream depletion changes affected by managed
changes in recharge and pumping. Note: 100,000 m® d ™' corresponds to approximately 40 cfs.

SDF values (Table 4) indicates that wells with very small
SDF (<10), lead to measurable stream depletion within
hours to few days after the onset of pumping. About half of
the full depletion effect occurs within approximately one
week. Within 2 months, the stream is affected at 90% of
the full depletion rate (Figure 6). For SDFs on the order of
100, significant effects on stream depletion are observable
within less than 1 month and increasing impacts occur
throughout the 4 month pumping season. Only wells with
SDF > 1000, have limited effect on stream depletion during
the 4 month pumping season. Climate variability would
therefore exacerbate stream depletion: dry years lead to
more stream depletion during the later summer months due
to reduced basin-wide spring and summer recharge (total
runoff in the Scott River, e.g., in 2009, was less than 45%
of average), while groundwater pumping to support crop
irrigation remains unchanged or maybe even somewhat
higher than in average or wet years due to increased crop
ET.

[70] Wells with SDF of less than 10 days represent 24%
of all wells, but 33% of the total pumping. This is consist-

ent with the alluvial hydrogeology of the valley, which dic-
tates that larger capacity wells are located closer to the
river, where aquifer thickness is large and sediments are
coarsest. For the same reason, wells with an SDF of over
1000 days represent less than one-fifth of all wells (17%)
delivering merely one-twentieth (6%) of the total pumpage
(Figure 6).

[71] Cyclical simulations based on average daily pump-
ing rates converge to a dynamic steady state only after 20
years, due to the long-term effects of wells with high SDF
on stream depletion. The CPU time for computing 20 years
of stream depletion due to daily varying net pumping
stresses across 163 wells and for performing the con-
volution is 470 s (0.13 h) on a PC with Intel(R) Core™
17-3520M CPU @ 2.90GHz and 64-bit operating system.
In comparison, a fully integrated, three-dimensional numer-
ical hydrological model with sufficient resolution to resolve
individual landuse parcels requires about 8 h using monthly
stresses for 21 years on the same platform.

[72] For the base scenario, the maximum total stream
replenishment (negative depletion) in the study area occurs
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from mid-December through mid-February, at approxi-
mately 125,000 m® d™' (50 cfs), while the largest stream
depletion occurs in August, at approximately 150,000 m>
d~' (60 cfs) (Figure 7). The latter represents slightly more
than one-third of the simulated peak groundwater pumping
rate, nearly 400,000 m* d~' (160 cfs) in July.

[73] Summed over the entire year, the stream depletion
model, which assumes an infinite aquifer, yields a small net
annual stream depletion despite the water budget of the
study area showing more recharge than pumping (Table 2).
Due to the high streamflows during November through
June (in excess of 250,000 m> d ' [100 cfs]), stream deple-
tion is here only of concern during the summer period. Dur-
ing that period, existing winter and spring recharge is not
sufficient to offset summer groundwater pumping effects
on stream depletion due to the large number of wells with
SDF <« 1000 days and especially those with SDF < 10
days.

[74] If the selected transmissivity values for the base sce-
nario consistently underestimated actual aquifer transmis-
sivity by a factor 2, actual stream depletion during the
critical period in July and August would be about 9200 m®
d™! (3.8 cfs) more than estimated with the base scenario
(Figure 7, Scenario 2a). Similarly, if actual transmissivity
in the Scott Valley consistently were only half of the values
assumed for the base scenario, actual stream depletion due
to the same stresses would be 9200 m* d™' (3.8 cfs) lower
than in the base scenario (not shown). The transmissivity
term in (13) is an effective transmissivity for the flow
between a well and the stream. If the aquifer is heterogene-
ous or flow paths are constricted, especially near the
stream, the lowest transmissivity values along the flow path
between a well and a stream would dominate the effective
value. If such factors reduced the effective field transmis-
sivity between Scott River and wells to 10% of that
assumed in the base scenario, actual stream dePIetion in
July and August would be about 80,000 m* d~' (33 cfs)
less than in the simulated base scenario. This shows that
estimated stream depletion is highly sensitive to actual hy-
draulic conductivity and flow configuration, especially near
the stream.

[75] To understand the accuracy of predictions based on
equation (15), Sophocleous et al. [1995] analyzed the pre-
dictive accuracy of the Glover [1954] stream-aquifer ana-
lytical solution with a numerical groundwater flow model.
Across a range of aquifer conditions, assumptions in the an-
alytical solution were tested, e.g., by removing the hydrau-
lic equilibrium conditions. Generally, the analytical
solution overestimated stream depletion suggesting that the
analytical solution approach leads to a relatively conserva-
tive assessment in guiding decisions about water rights
administration. A rank of the importance of the various
assumptions involved in the derivation of the analytical
solution was presented and the three most significant fac-
tors were: (1) streambed clogging, as quantified by
streambed-aquifer hydraulic conductivity contrast, (2)
degree of stream partial penetration, and (3) aquifer hetero-
geneity. Aquifer width, not considered by the SDF, has also
been demonstrated to be important [Miller et al., 2007].

[76] Streambed clogging or low streambed hydraulic
conductivities (relative to the aquifer) may be addressed
by applying the method of additional seepage resistance

[Sophocleous et al., 1995] to raise the SDF value. In our
study area, it is unlikely to play an overriding role due to
the absence of fine materials in the streambed and frequent
scouring and redeposition of streambed materials during
the high flow season. The effect of partial well penetration
on stream depletion has also been shown to be small
[ibid].

[77] The range of maximum stream depletion obtained
from this sensitivity analysis (54,000-143,000 m® d~
(22-55 cfs)) provides a coarse approximation of possible
actual stream depletion in July and August given the pump-
ing and recharge distribution simulated for the Scott Val-
ley. This range would be proportionally lower, if actual ET,
especially in alfalfa, will be shown to be lower in the Scott
Valley than simulated here, due, e.g., to deficit irrigation.

[78] A benchmark test (Scenario 3) is used to perform an
independent assessment of the order of accuracy provided
by this simplified stream depletion analysis, when used to
provide predictions of changes in stream depletion due to
certain changes in pumping and recharge. For the bench-
mark test, results of the coupled water budget-stream deple-
tion model are compared against a third-party fully 3-D,
numerical, cyclical steady-state groundwater model that
represents year 2000 conditions in groundwater pumping
and recharge. The spatial distribution of pumping and
recharge is qualitatively similar to that of our soil water
budget model, but not identical [SSPA, 2012]. The numeri-
cal model simulates a partially penetrating streambed and
its streambed hydraulic conductivity has been calibrated
against measurements of well water levels. Aquifer hydrau-
lic conductivities vary across the valley, but are of similar
magnitude in both models (7-45 m d~'). For the bench-
mark test, basin-wide net groundwater extraction (pumping
minus recharge) is reduced by approximately equivalent
amounts, 12.0 Mm® y ' (13.5 cfs) in the numerical model,
and 14 Mm® y~' (15.7 cfs) in the analytical model. The
resulting late summer reduction in streamflow (July—
September) depletion reported for the numerical ground-
water model is 39,000 m*® d~' (16 cfs). The corresponding
reduction estimated with our simple analytical model is
50,000 m®> d~' (21 cfs). The analytical model results, while
exceeding the numerical estimates by 25%, are sufficiently
consistent with the numerical results to consider this tool
useful for evaluating broad options for pumping and
recharge that can guide preliminary planning for alternative
groundwater management practices to evaluate.

6.3. Groundwater Management Scenarios

[79] With surface water storage not available at the scale
required for agricultural water use in the basin, the ground-
water basin is the de facto storage basin to hold water from
winter and spring recharge for irrigation water use during
the summer. As in other semiarid and arid basins, ground-
water is a key local water management instrument to
extend the cropping season beyond that possible without
power pumps, especially in dry years.

[s0] The water budget model indicates that there are
broad opportunities to redistribute surface water available
during the wetter periods of the year for irrigation water
use during the dry season. Alternative management prac-
tices may include those affecting groundwater recharge,
practices affecting groundwater pumping, or both. In the
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past, changes in recharge have occurred due to changes in
landuse, and due to changes in irrigation efficiency and
methods in the Scott Valley. Given the soil water budget
results, switching from mostly flood irrigation to wheel-
line sprinkler irrigation between the 1950s and the 1970s
had a significant impact on the timing and amount of
recharge. It also incentivized the much increased use of
groundwater since pumps were needed to pressurize wheel-
line sprinklers and, later, center pivot sprinklers (introduced
during the late 1990s and 2000s). Van Kirk and Naman
[2008] suggested considering the difference in irrigation ef-
ficiency between flood irrigation and sprinkler irrigation.

[81] Management scenarios 4 to 7 highlight potential
benefits to stream depletion during the critical summer
months by managing groundwater recharge during seasons
with high streamflow. Scenario 4 illustrates the effect of
recharge timing, while keeping the total annual recharge
amount the same as in the base scenario: recharge timing is
moved from spring and early summer months to January—
February, a difference that may occur naturally between
individual years due to interannual climate variability. Hav-
ing recharge occur earlier in the year, albeit at the same
total amount, increases stream dePletion in July and August
by nearly 10% (by 15,000 m> d', 6 cfs) over the base sce-
nario (Figure 7). In contrast, hypothetically doubling the
amount of (already high) recharge in January—February
while keeping recharge during other months identical to
that in the base scenario (Scenario 5) reduces July and Au-
gust stream depletion by 16,000 m* d~' (7 cfs) (Figure 7).
Additional recharge in January and February would not sig-
nificantly interfere with agronomic practices as crops are
dormant, if aquifer storage capacity is available.

[s2] Stronger reduction in streamflow depletion may be
expected when increasing the amount of recharge closer to
the period of high stress in July and August. Indeed, dou-
bling recharge in March through June rather than in Janu-
ary and February (Scenario 6) substantially decreases
stream depletion (relative to Scenario 5) during the months
with additional recharge (by as much as 30,000 m* d*, 12
cfs), but 3—4 weeks after the additional recharge seizes,
there are no observable differences between Scenarios 5
and 6 (Figure 7).

[83] Tripling the amount of recharge during the entire
first half of the year, but only in areas near the Scott River
(SDF < 100 d, Figure 1), yields large stream replenishment
(negative depletion) for most of the winter months and into
May (Scenario 7), much longer than in the base scenario.
Also, through much of July and August, stream depletion is
much lower than in the base scenario and never reaches
base scenario levels. Although additional recharge in this
scenario occurs only near the Scott River and ends on July
1, stream depletion is consistently smaller (by 8000 m’
d™', 4 cfs) in July and August when compared to Scenario
6. A significant delay in the onset of strong stream deple-
tion could benefit other streamflow management scenarios
that rely on the enhancement of instream flows: later onset
of stream depletion would result in shorter periods where
additional instream flow requirements are needed. Later
spring recharge (April-June) could therefore provide a par-
ticularly important management tool to limit stream deple-
tion during the critical period of July and August.
Additional surface water could be obtained through acqui-

sition of surface water rights from the valley margin (where
a discontinuation of recharge during the summer months
has no detrimental effect on Scott River flow), or by creat-
ing an external surface or subsurface storage capacity
[Schneider, 2010].

[84] Groundwater management options may not only
include additional recharge, but also altered groundwater
pumping patterns. These scenarios are designed following
the classification of SDF values by Bredehoeft and Kendy
[2008]:

[85] 1. Wells with SDF > 1000 d (17% of the wells, Fig-
ures 1 and 6, representing 6% of the total pumping) present
the most interesting pool of wells for the design of mitiga-
tion strategies. Significant recharge occurring in the areas
between the wells and the stream during the spring months
is sufficient to offset potential long term, delayed stream
depletion from pumping during the summer months.

[s6] 2. Wells with 10 d < SDF <1000 d (59% of the
wells, Figures 1 and 6, representing 61% of the total pump-
ing) represent the most uncertain situation. The pumping
causes significant seasonal fluctuations. Different patterns
of streamflow depletion can be produced depending on the
SDF value, which is subject to uncertainty due to varying
aquifer properties and boundary conditions not considered
in the analytical model. For example, a combination of sig-
nificant additional late spring and early summer recharge,
switching from groundwater pumping to surface water irri-
gation or increasing already ongoing surface water irriga-
tion, while streamflows are high, may significantly dampen
effects of summer pumping from these wells. In the Scott
Valley case, more detailed analysis using a numerical
groundwater-surface water model and additional data col-
lection will further guide specific future decision making.

[87] 3. Wells with SDF < 10 d (24% of the wells, Figures
1 and 6, representing 33% of the total pumping) have quick
impact on streamflows and produce large annual fluctua-
tions in stream depletion. Pumping may be offset by addi-
tional streamflow, which would require additional surface
water rights. Pumping may also be offset by groundwater
transfers that replace groundwater pumping from wells
with SDF < 10 d with groundwater pumping from wells
with SDF > 100 d, at least during the most impacted sea-
son (July—August).

[88] Scenarios 8a—8c investigate potential benefits
obtained by jointly managing groundwater recharge and
groundwater pumping. Increased recharge during spring
and early summer delays the onset of significant stream
depletion, while the translocation of pumping away from
the river during the sensitive summer period mutes the
groundwater stresses that impact streamflow most immedi-
ately. A 50% reduction of July and August pumping in the
wells closest to the river (SDF <100 d, Figure 1), and
replenishment of that water by additional pumping (1.6
fold) outside that zone (Scenario 8a) would potentially
yield reductions in July and August streamflow depletion
of 42,000 m®> d~' (17 cfs). Expanding to a hypothetical
75% reduction of pumping in the zone with SDF < 1000 d
(Figure 1), yields additional July and August streamflow
reductions of another 37,000 m> d~' (16 cfs) when com-
pared to Scenario 8a (Figure 7, Scenario 8b). Alternatively,
an additional streamflow depletion of 12,000 m*> d~' (5
cfs), when compared to Scenario 8a, are obtained when
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completely replacing groundwater pumping in the zone
with SDF < 100 d and providing that irrigation water by
transporting additional groundwater pumping from outside
that zone to those fields (Scenario 8c). The latter two sce-
narios are hypothetical designs to estimate the magnitude
of possible reductions in streamflow depletion. But Scenar-
ios 8b and 8c would impose unachievable pumping require-
ments on outlying areas (3.5 fold and 2.3 fold pumping
increases, respectively). Reductions in streamflow deple-
tion achieved by these scenarios therefore reflect unrealistic
goals.

[s9] The scenario analysis indicates that both, recharge
alone and the combination of recharge and selective
changes in groundwater pumping patterns yield some
reductions in streamflow depletion, which is here hypothe-
sized to yield equivalently larger instream flows. The mag-
nitude of the simulated reductions in streamflow depletion
is significant. Potential streamflow increases are on the
same order as current summer flow rates in the Scott River,
which sometimes fall below 24,000 m®> d~' (10 cfs) sug-
gesting that measurable gains in streamflow can be made.
Stream temperature modeling indicates that a 50% increase
of these low summer streamflows may substantially reduce
the extent of Scott River reaches that are above 25°C, con-
sidered lethal for salmon habitat [North Coast Regional
Water Quality Control Board (NCRWQCB), 2005]. Flow
increases also create opportunities for creating additional
local habitat.

[90] Regulatory agencies have not defined numeric
objectives regarding streamflow, largely because stream-
flow management to protect salmonid habitat via ground-
water management remains an emerging research arena
[Malcolm et al., 2012 ; Milner et al., 2012]. Salmonid eco-
system responses to streamflow are highly variable and
confounded by other factors. Local investigations of flow
impacts and solutions were identified as most promising
[Milner et al., 2012]. In the case of managing the salmonid
GDE in Scott Valley, regulators envision a broad range of
measures and assessments across hydrologic and ecological
disciplines [NCRWQCB, 2007].

[o1] All scenarios are based on average monthly 1991—
2011 recharge and pumping conditions. Other scenarios
that could be considered with this tool may account for cli-
mate variability, the transient effects of consecutive dry or
wet years, as have occurred in the recent past, and artificial
aquifer recharge (AR) and aquifer storage and recovery
(ASR) projects [Nelson, 2011 ; Sophocleous, 2012]. Scenar-
ios may include sensitivity analysis to parameters in the
soil water budget model. And the analytical stream deple-
tion model can also be implemented as a fully transient,
long-term impact analysis model.

[92] The scenarios presented here are purposefully
designed to mimic relatively simple, extreme management
cases. While not considered accurate and subject to signifi-
cant uncertainty, such scenarios enable scientists and stake-
holders to better understand the relationship between
management outcome (the amount of reduction in stream
depletion) and the associated magnitude of specific man-
agement changes needed to affect the outcome (change in
pumping and recharge operations). Such scenarios may
also enhance the interaction between stakeholders and sci-
entists [Margerum, 2008]. For example, the scenario analy-

sis has prompted stakeholders to identify large tracts of
alfalfa that have suitable infrastructure to use a combina-
tion of in lieu recharge (switching from groundwater pump-
ing to surface water irrigation) and increased recharge via
lowering irrigation efficiencies, during spring months while
streamflows are high. Stakeholders are further considering
to reintroduce beaver dams as a way to increase recharge to
groundwater in the immediate vicinity of the stream, while
also creating potential salmonid habitat improvements.

[93] Other issues and limitations will need to be consid-
ered in the process: Implementation of programs to translo-
cate summer pumping toward the valley margins would
require further feasibility analysis with a hydraulic ground-
water model to assess the limitations imposed, for example,
by the aquifer geometry and heterogeneity, with often
lower transmissivity near the valley margins. The scenarios
also sketch out potential routes for an assessment of legal
and political issues related to transferring groundwater
across property boundaries, and applying surface water to
increase groundwater recharge. The economic feasibility of
such management strategies would further require an
assessment of infrastructure needs and costs to install the
required groundwater pumping capacity and distribution
system.

[04] The approach presented here identifies important
groundwater management options that warrant additional
analyses including the design of useful scenarios to be
simulated with a fully developed numerical groundwater-
surface water model [Sophocleous, 1995; Neupauer and
Cronin, 2010]. The approach must therefore be considered
as only one of a broader range of tools that support moni-
toring and assessment programs and adaptive management
of groundwater-dependent streamflows under complex con-
ditions and at multiple scales. One potential option that
warrants further research is the application of this computa-
tionally efficient methodology in automated multiobjective
groundwater management optimization that considers vari-
ous management constraints and uncertainties. Such an
application would be particularly relevant because future
groundwater management in systems like the study area
typically consists of a portfolio of multiple management
options that optimize for economic cost, political accept-
ability, and desired ecologic outcome within the hydrologic
constraints of the basin.

7. Conclusion

[05] The modeling approach presented here, a combina-
tion of a spatiotemporally distributed soil water budget
model and an analytical streamflow depletion model, repre-
sents a powerful, computationally efficient, while concep-
tually simple means to effectively integrate science into a
social network watershed process driven by legal and
policy decisions. The tool has been applied to the Scott
Valley watershed in Northern California, a groundwater-
dependent ecosystem that relies on sufficient groundwater
discharge into the stream during July—September. The esti-
mation of spatiotemporally distributed recharge and pump-
ing stresses with the soil water budget model allowed us to
develop and implement a range of groundwater manage-
ment scenarios to broadly bracket options that can serve as
catalyst to direct stakeholder discussions, and to
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demonstrate the potential range of beneficial impacts from
groundwater management on stream depletion. The scenar-
ios provide significant insights into spatial and temporal
scales of measures and potential venues needed to mitigate
existing conflicts between stakeholders representing local
farms and those representing downstream fisheries:

[96] 1. Increased groundwater storage of winter and
spring streamflow, especially near the Scott River, may sig-
nificantly decrease the impact of the pumping season on
streamflow depletion during the critical summer period.

[97] 2. Groundwater pumping effects in August and July
could be further mitigated by transferring groundwater
pumping in the most sensitive areas to wells that are some
distance away from the Scott River. This would require
water trading and transport infrastructure. But the analysis
also identified significant limitations on the amount of
stream depletion reduction that can realistically be
expected.

[98] 3. Addressing uncertainty about the effective hy-
draulic conductivity between the stream and the aquifer
due to geologic heterogeneity, due to geomorphologic com-
plexity, and the unknown complexity of the flow field
between groundwater and the stream is critical to better
quantify actual stream depletion impacts. We also found
that the soil water budget significantly overestimates cur-
rently reported farm irrigation rates in center pivot and
wheel-line sprinkler systems, possibly due to significant,
but unreported deficit irrigation. Sensitivity analysis yields
a measure of uncertainty. More importantly it provides
direction for critical field measurement programs and the
design of more complex hydrologic models for site-specific
assessment and feasibility studies of specific recharge and
pumping management projects.

[99] The approach has broad merit in the initial phases of
a stakeholder driven process to address groundwater-
stream interactions through groundwater management, to
identify broad areas of potentially feasible projects, and to
convey information on the scope of potential projects and
expected outcomes. The approach may possibly also be ap-
plicable, e.g., for computationally demanding complex
management systems optimization applications. Further
research on such applications is warranted. The approach is
not intended as a tool to provide accurate, quantitative
answers for site-specific assessments. Some of its compo-
nents, especially in the soil water budget, can be signifi-
cantly improved (e.g., by addressing ditch and canal losses,
potential winter runoff, deficit irrigation and reduced ET).
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Modeling guides groundwater management in

a basin with river-aquifer interactions

A Scott Valley study shows gains in understanding seasonal dynamics of groundwater-surface
water fluxes as model tools address more complex natural phenomena.

by Laura Foglia, Jakob Neumann, Douglas G. Tolley, Steve B. Orloff, Richard L. Snyder and Thomas Harter

anagement of California’s water supplies
Abstract M serves diverse goals. Securing the needs of

urban and agricultural water customers is
The Sustainable Groundwater Management Act (SGMA) of 2014 seeks to a key goal. Meeting environmental health, ecosystem

maintain groundwater discharge to streams to support environmental services and stream water quality goals has also been
goals. In Scott Valley, in Siskiyou County, the Scott River and its an integral part of many California water management
tributaries are an important salmonid spawning habitat, and about 10% systems. To meet this range of goals, groundwater, soil
of average annual Scott River stream flow comes from groundwater. water and surface water will need to be managed con-
The local groundwater advisory committee is developing groundwater junctively, management will likely become more tightly
management alternatives that would increase summer and early fall linked with land use and land resources planning and
stream flows. We developed a model to provide a framework to evaluate management, and modelling will play a key role in the
those alternatives. We first created a water budget for the Scott Valley development of successful and useful management
groundwater basin and integrated the detailed, spatiotemporally plans.

distributed water budget results into a computer model of the basin The 2014 California Sustainable Groundwater

that simultaneously accounted for groundwater flow, stream flow Management Act (SGMA) and recent salt- and nitrate-
and landscape water fluxes. Different conceptual representations related regulations to protect groundwater quality have
(using the MODFLOW RIV package and MODFLOW SFR package) of the put a focus on groundwater resources management,
stream-aquifer boundary provided significantly different results in the both quality and quantity, particularly in agricultural
seasonal dynamics of groundwater-surface water fluxes. As groundwater regions (Harter 2015). They mandate that local agencies
sustainability agencies draw up plans to meet SGMA requirements, they pursue groundwater sustainability goals: avoiding long-
must choose and test simulation tools carefully. term groundwater storage depletion, land subsidence,

Online: https://doi.org/10.3733/ca.2018a0011

" The Scott River is an important salmonid spawning
habitat that depends on groundwater to maintain
stream flow during the summer. A hydrologic model
developed by UC researchers can help predict the
impact of different groundwater and surface water
management scenarios on stream flow.

Thomas Harter-
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seawater intrusion, groundwater management-re-
lated water quality degradation, and deterioration of
groundwater—surface water interactions.

Particularly important under the SGMA regulations
is the interaction between groundwater and surface wa-
ter: how do groundwater management decisions — by
individual landowners or by groundwater sustainabil-
ity agencies (GSAs) — impact not only beneficial users,
but also streams (Zume and Tarhule 2011) and ground-
water-dependent ecosystems (GDEs) (Boulton and
Hancock 2006; Hatton 1998). Prominent California
examples of areas where groundwater-surface water
interactions are already addressed include the Napa
River in Napa County and the Scott River in Siskiyou
County. Both feature important salmonid fish habitat
and therefore temperature is a critical issue (Brown et
al. 1994; Moyle and Israel 2005); and low or decreased
late-summer stream flow over the last half-century
has impacted the quantity and quality of fish habitat
(Kim and Jain 2010; NCRWQCB 2005; Nehlsen et al.
1991). During drought, portions of these rivers may
temporarily dry up. In intermontane Scott Valley, dry
sections disconnect lower sections of the stream from
tributaries in the headwaters. Summer stream tempera-
tures in the Scott River are affected by groundwater
discharge into the streambed and by riparian shad-
ing and were being addressed under the federal Clean
Water Act (NCRWQCB 2005) before SGMA.

Some measurements can be collected in the field
to evaluate groundwater—surface water interactions,
but computer models are needed to fully understand
groundwater basin flow dynamics and assess impacts
to stream flow under future groundwater management
scenarios. For example, computer models can show the
response of integrated water systems to management
decisions such as pumping and intentional recharge.
They are expected to play a key role in the implementa-
tion of SGMA and regulatory efforts.

Various modeling approaches have been developed
for groundwater-surface water interactions (Furman
2008; Harter and Seytoux 2013). These range from
analytical or spreadsheet tools (Foglia, McNally,
Harter 2013) and coupled or iteratively coupled nu-
merical model codes for computer simulations, such
as the MODFLOW river (RIV) package (Harbaugh
etal. 2000) and the MODFLOW stream flow routing
SFR1 package (Prudic et al. 2004) and SFR2 package
(Harbaugh 2005; Niswonger and Prudic 2005), to fully
coupled models such as ParFlow (Ashby and Falgout
1996; Kollet and Maxwell 2006) and Hydrogeosphere
(Brunner and Simmons 2012).

Fully coupled models provide the physically and
mathematically most consistent and complete integra-
tion of groundwater, surface water and soil water sys-
tems. But they are computationally more expensive and
require more parameterization (data input) than itera-
tively coupled models. In coupled or iteratively coupled
models, multiple models are coupled such that one
model provides input to the other model and vice versa,
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Almost 70% of Scott Valley
is used for agricultural
production, with a nearly
even split between alfalfa/
grain and pasture.

sometimes iteratively. Full coupling may not always
yield better results (Furman 2008). For some applica-
tions, statistical models or analytical tools, which are
based on highly simplified concepts and therefore have
the least data input requirements and are computation-
ally much less demanding, may be appropriate.

In Scott Valley, groundwater-surface water interac-
tions are analyzed as part of an action plan to meet
temperature TMDL (Total Maximum Daily Load)
requirements for the Scott River. Climate change and
groundwater pumping for irrigation in the valley have
impacted late-summer and early fall stream flows in
the Scott River (Drake et al. 2000). The local ground-
water advisory committee is developing potential
groundwater management scenarios that would in-
crease summer and early fall stream flows. To evaluate
those scenarios, we explored three levels of conceptual
complexity at which information can be obtained about
groundwater—surface water interactions: a water budget
approach, a groundwater model with a conceptually
simplified stream model (RIV) and a fully coupled
groundwater-surface water model (SFR).

Scott Valley study area

Our study area was Scott Valley in northern California.
Almost 70% of the valley is used for agricultural pro-
duction, with a nearly even split between alfalfa/grain
and pasture.

Geography and climate

Scott Valley is an intermontane 220-square-kilometer
agricultural groundwater basin at an elevation of 2,600
to 3,100 feet in Siskiyou County (fig. 1). The Scott River
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FIG. 1. The boundaries of
the groundwater model
study in Scott Valley, and
its surface waters. The Scott
River and its tributaries

are an important salmonid
spawning habitat, home to
native populations of the
threatened coho. Source:
Model extent derived

from Mack (1958) and

Soil Survey Geographic
Database (SSURGO) data.
Projection: North American
Datum 1983, UTM Zone 10.
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flows from south to north along the east-central and
northern portion of the valley. At the valley’s northwest
corner, the river descends into a gorge before joining
the Klamath River several miles below Scott Valley.

The Scott River watershed above Scott Valley extends
into the surrounding Klamath Mountains to elevations
of over 8,500 feet. The river and its tributaries are an
important salmonid spawning habitat, home to native
populations of the threatened Oncorhynchus kisutch
(coho).

Scott Valley formed primarily due to movement
along an eastward dipping normal fault, with uncon-
solidated, highly heterogeneous fluvial and alluvial fan
deposits forming an alluvial groundwater basin (Mack
1958). Surrounding the valley, the geology is comprised
of relatively impermeable bedrock composed of meta-
morphic and volcanic units, although fractures do yield
some water in the form of springs at the margins of the
valley and in surrounding upland areas.

Aquifer thickness may be as much as 400 feet in the
wide central part of the valley (Mack 1958). However,
there is no evidence of sufficiently coarse material to
support agricultural groundwater pumping below 250
feet (Foglia, McNally, Harter 2013). The aquifer pinches
out at the valley margin.

Climate in the valley is Mediterranean, with 89% of
the nearly 500-millimeter average annual precipitation
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falling between October and April. Daily mean tem-
peratures range from 70°F in July to 32°F in January.
Precipitation depths in the surrounding mountains
are much higher, and snowmelt is a major source for
ephemeral tributaries feeding the Scott River and re-
charging into the aquifer. Snowmelt dominates Scott
River flows through June. During the summer months,
flows in the Scott River immediately below the mon-
tane valley (USGS gage 11519500 Ft. Jones) can drop
to 4 cubic feet per second (cfs), while maximum flows
during winter can reach 40,000 cfs. After snowpack
storage has been depleted, the Scott River is dependent
on discharge from the Scott Valley aquifer to support
base flow. In dry years, sections of the Scott River over-
lying the valley floor become ephemeral.

Land use and irrigation

Land use was surveyed in 2000 (DWR 2000) and
further refined using aerial photo analysis and on-
the-ground verification through interviews with
landowners. A total of 2,119 land use parcels overlie
the Scott Valley groundwater basin (fig. 2): 710 par-
cels (17,400 acres) are alfalfa/grain (an 8-year rota-
tion with, on average, 1 year of grain crop followed
by 7 years of alfalfa), 541 parcels (16,600 acres) are
pasture, 451 parcels (20,400 acres) belong to land use
categories with significant evapotranspiration but no
irrigation (e.g., cemeteries, lawns, natural vegetation)
and 417 parcels (1,700 acres) represent land uses with
no evapotranspiration or irrigation (e.g., residential
areas, parking lots, roads, and — most significantly
— historic mine tailings).

The year 2000 land use survey by DWR (DWR
2000) also identified the irrigation type associated with
each land parcel. About 6,200 acres of cropland were
identified as nonirrigated, dry or subirrigated. In Scott
Valley, flood, center-pivot sprinkler and wheel-line
sprinkler irrigation are used almost exclusively. Over
the past 25 years, significant conversion from wheel-
line sprinkler (but also from flood irrigation) to center-
pivot sprinkler has occurred. For our study, we mapped
the location (extent) and year of such irrigation-type
conversions to land parcels by reviewing 1990 to 2011
aerial photos.

The beginning of the irrigation season is deter-
mined by soil moisture depletion but also by grower
peer behavior. Earliest irrigation dates reported by
local growers were March 15, March 24 and April 15
for grains, alfalfa and pasture, respectively. Growers
irrigate based on soil moisture data, experience, peer
behavior and established irrigation practices. The irri-
gation season typically ends on July 10, Sept. 1 and Oct.
15 for grain, alfalfa and pasture, respectively.

Water sources (identified for each land parcel by
the DWR 2000 land use survey and updated through
landowner survey) include groundwater, surface water,
subirrigated (shallow groundwater table, not actu-
ally irrigated), mixed groundwater-surface water,
and nonirrigated (dryland farming). Land parcels are



distributed across nine subwatersheds associated with
the major tributaries and the main stem Scott River.
Discharge on these streams into the Scott Valley de-
fines available maximum diversion rates for surface
water irrigations. Where surface water is the only
source of irrigation, lack of surface water will terminate
the irrigation season. Groundwater pumping for a land
parcel is from nearby or on-site irrigation wells. Well
locations and type for the study area were obtained
from DWR well permit records (fig. 2).

Hydrogeology

Within the alluvial groundwater basin of the Scott
Valley, Mack (1958) distinguished six subareas (fig. 3).
In our work, we also included the mine tailings at the
southern end of the alluvial basin, an important hydro-
geologic area consisting almost exclusively of reworked
boulders from mine dredging operations (Foglia, Mc-
Nally, Harter 2013).

Aquifer pumping tests were performed to determine
hydraulic properties in the main subarea of the valley,
along the Scott River corridor. The tests showed that
even within hydrogeologic subareas, hydraulic prop-
erty values vary greatly. Estimates of hydraulic prop-
erty values were also obtained from literature available
for the region (DWR 2000; Mack 1958; SSPA 2012). The
ratio of vertical hydraulic conductivity to horizontal
hydraulic conductivity was estimated to be 1:10, a rela-
tively high value representing relatively strong vertical
connectivity of the coarser sediments.

The aquifer receives recharge from excess rainfall
and irrigation but also from streams entering the ba-
sin on highly permeable alluvial fans. Groundwater
discharge generally occurs through groundwater-
dependent wetlands and riparian vegetation, pumping
(primarily for irrigation) and discharge to streams,
mostly along the valley thalweg.

Modeling tools

We developed the Scott Valley Integrated Hydrologic
Model (SVIHM) to (1) provide a tool that integrates a
diverse set of data and information within a consistent
physical, hydrological framework; (2) estimate water
budget components and their seasonal and interannual
dynamics in the groundwater, stream and landscape-
soil system; (3) better understand the relationship
between land use, irrigation, groundwater pumping
and stream flow; (4) provide a tool to predict potential
impacts on stream flow from future groundwater and
surface water management scenarios; and (5) provide
an educational and decision-making tool for local
stakeholders, regulators and policy- and decision-
makers engaged in developing solutions to support and
protect groundwater-dependent salmon habitat in the
Scott Valley watershed.

For the simulation, we considered the period from
October 1991 through September 2011, a period that in-
cludes the transformation of the Scott Valley landscape

Landuse
I Alfalfa/grain
Pasture

ET/no irrigation
Il No ET/noirrig
[ ] Model extent
A Irrigation well

25 5 Miles
1 L ! |

1
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o —To

from predominantly sprinkler to significant center-
pivot irrigation, a series of wet periods (1996 to 1999,
2006) and dry periods (1991, 2001, 2007 to 2009) and a
series of years with potentially higher temperature. We
developed several distinct model elements, represent-
ing the 1991 to 2011 period of the different hydrologic
system components at varying levels of complexity that
meet the modeling objectives. These were linked to-
gether into the SVIHM:

The upper watershed was represented by a statis-
tical regression model to simulate incoming stream
flows in the Scott River and its tributaries from the
upper watershed to the valley, which are also used
for irrigation. The Scott Valley landscape overlying
the groundwater basin was represented by a tipping-
bucket-type soil water budget model (SWBM) that
simulates daily and monthly landscape-related water
fluxes at the land parcel scale (see description above),
including irrigation from diversions of surface water
inflows to the valley and by groundwater pump-
ing, evapotranspiration and groundwater recharge.
Valley groundwater and surface water were simu-
lated using a numerical model capable of simulating
groundwater flow dynamics and the groundwater-
surface water interface at sufficient detail to guide
future data collection and simulate future water
management scenarios.

http://calag.ucanr.edu

FIG. 2. Land use
information and well
locations in Scott Valley.
ET/no irrigation reflects
nonirrigated vegetation,
e.g., lawns and riparian
vegetation. No ET/no
irrigation represents
nonvegetated land
surfaces including

the mine tailings near
Callahan. Well location
information was obtained
from well logs filed with
the Department of Water
Resources and verified in
the field. Source: Model
extent derived from
Mack (1958) and SSURGO
data. Land use polygon
data source: DWR (2000).
Revised to reflect 2011
land use patterns (GWAC,
Groundwater Advisory
Committee). Projection:
North American Datum
1983, UTM Zone 10.
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work, the authors also
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at the southern end of
the alluvial basin, an
important hydrogeologic
area consisting almost
exclusively of reworked
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Upper watershed stream flows

Surface water inflows to Scott Valley from the upper
watershed are an important source of irrigation water.
During the summer, incoming low flows may limit or
terminate surface water diversions for irrigation. This
in turn affects groundwater pumping in some crop par-
cels equipped for dual irrigation (surface and ground-
water). Quantitative estimates of surface water inflows
are also an important input to simulation of stream
flow dynamics (including tributaries) within the valley,
where streams are in direct connection with groundwa-
ter (the groundwater—surface water interface).

Since only limited stream gauging data were avail-
able on inflowing streams, a stream flow regression
model was developed (Foglia, McNally, Hall 2013).
Several factors were considered in developing the re-
gression model, including precipitation, precipitation
history, snowpack, and stream flows at the valley outlet,
where the USGS Ft. Jones gage has provided nearly con-
tinuous records since the early 1940s. Foglia, McNally,
Hall (2013) showed that the latter was the most criti-
cal factor to predict available monthly total incoming
stream flow measured near the valley margins.

Soil water budget model, SWBM

In California, no water rights permits are issued for
groundwater pumping, and wells, including wells in
the study area, are largely unmetered. The primary
purpose of the soil water budget model (SWBM) was
therefore to estimate spatially and temporally varying
recharge and pumping across the groundwater basin.
A second goal was to quantify crop evapotranspiration
(crop ET) and irrigation water use from surface water
and from groundwater, and to understand the role of
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soil water storage. Conceptually, the soil water budget
model encompasses the managed and unmanaged
landscape including its vegetation and soil root zone
and also the managed components of the surface water
system (diversions) and of the groundwater system
(well pumping).

SWBM does not account for fluxes at the ground-
water-stream interface (stream recharge, groundwater
discharge to streams) or for evapotranspiration due to
root water uptake directly from groundwater by nonir-
rigated crops or in natural landscapes with a shallow
water table. These processes were instead accounted for
by the groundwater-surface water models MODFLOW
RIV or MODFLOW SER.

SWBM provided daily estimates of groundwater
pumping, groundwater recharge, and evapotranspira-
tion from Oct. 1, 1991, to Sept. 30, 2011, for each of the
2,115 parcels delineated in the land use survey of Scott
Valley. Storage routing and mass balance were calcu-
lated for each land parcel as

6;=max (0,8;_1 + Padj; + AW; + actualET;— Recharge;) (1)

actualET;= min(ET;, 6;_1 + Padj; + AW)) (2)

Recharge; = max(0,6;.1 + Padj; + AW; — actualET; — WC4)) (3)

where 0; is the water content at the end of day i; Padj;

is the precipitation that infiltrates into the soil and is
available for recharge or evapotranspiration on day i;
AW; is the applied water (irrigation) amount on day i;
ET; is the evapotranspiration on day i (computed as the
product of the crop coefficient Kc and measured refer-
ence ET); Recharge; is deep percolation to the ground-
water below the 1.22 meter (4 foot) deep root zone; and
W(C4; is the soil-dependent water holding capacity of
the 1.22 meter (4 foot) root zone (Foglia, McNally, Har-
ter 2013).

SWBM approximated growers’ irrigation decisions
in a simplified fashion: In the model, daily irrigation
depths, AW, were controlled by crop evapotranspira-
tion depth and effective precipitation, which in turn
were computed from daily climate data, using appro-
priate crop coefficients:

_ lactualET, - Padj)
" AE
100

where AE is the water application efficiency, which was
assumed to be constant over the growing season. The

AE values were based on published values (Canessa et al.
2011) adjusted for local conditions: 90% for center-pivot
sprinkler, 75% for wheel-line sprinkler and 70% for flood
irrigation. The model accounted for the strong relation-
ship between crop evapotranspiration and irrigation, but
it did not represent temporal details of the actual irriga-
tion schedule or alfalfa cuttings, as these have negligible
impact on variations in groundwater conditions. The
model also did not account for delivery losses.



MODFLOW simulations

A water budget model accounts for water fluxes into
and out of a groundwater basin, the associated land-
scape and streams, and it provides some insight into
large-scale, regional groundwater-surface water in-
teractions. But integrated groundwater—surface water
computer models, such as the MODFLOW packages,
are more useful to fully assess and understand ground-
water-surface water dynamics that are also driven by
human impacts (e.g., pumping).

We used the MODFLOW-2005 code to build the
groundwater-surface water model element of SVIHM
(Harbaugh 2005). MODFLOW-2005 is a computer-
based groundwater-surface water model that simulates
groundwater flows and surface water flows by repre-
senting the aquifer basin and overlying stream system
through discretized blocks (much like the way pixels
on a TV screen are a representation of a continuous
image). Aquifer and stream properties were defined for
each block, which allowed the model to not only take
on the actual shape of a groundwater-surface water
system but also to represent the internal variability in
aquifer and streambed properties that best reflects that
actual system.

At the core, the model code solved the equations
governing groundwater flow and stream flow, one time
step after another. The entire Scott Valley groundwater
basin (fig. 1) was discretized into 50-meter-by-50-meter
cells, and it was divided into two vertical layers to
better capture vertical fluxes associated with ground-
water-surface water interactions. Due to the basin
geometry, the bottom layer is not laterally expanding
as much as the top layer (see supporting information S1
online).

Figure 3 summarizes the boundary conditions
used to develop the groundwater model. The model
simulates groundwater—surface water interactions
along the Scott River, along major tributary streams
(Shackleford, Mill, Kidder, Oro Fino, Moffett,
Patterson, Etna, Crystal, Johnson, Clark Miner’s and
French Creeks) and along two major irrigation ditches
(Farmers Ditch Company and Scott Valley Irrigation
District). These features were simulated using different
combinations of the river, stream flow routing (SFR1)
and drain (DRN) packages of MODFLOW.

In our study, we developed two versions of SVIHM
to represent two levels of conceptual complexities in
the simulation of the groundwater-surface water in-
terface. Both used the same algorithm to determine
groundwater—surface water exchanges based on water
level differences between the stream and groundwater,
and as a function of streambed hydraulic conductivity.

In SVIHM-RIV, using the MODFLOW RIV pack-
age (Harbaugh 2005), stream water levels were user
assigned and might vary in time and space. The ad-
vantage of SVIHM-RIV is that it is computationally
much less expensive (has a much lower simulation run
time) than SVIHM-SEFR, since it does not simulate
the stream flow system. The computational efficiency

is advantageous in model calibration. In Scott Valley,
only sparse data were available on stream water levels.
As an initial modeling design step, we chose a simple
approximation of stream water levels using a constant,
average stream depth uniform across the valley at all
times.

In SVIHM-SFR, using the MODFLOW SFR pack-
age (Prudic et al. 2004), inflows from the upper water-
shed (obtained from the statistical model of watershed
inflows), after irrigation diversions (obtained from
SWBM), were physically routed by simulation through
the valley’s stream system. The simulation computed
stream water level as a function of flow rate, stream
slope, streambed morphology and stream roughness
(Manning’s equation). Detailed streambed morphol-
ogy was available from two LIDAR surveys (SSPA
2012). With SFR, stream flow varied from stream cell
to stream cell due to diversions, tributary inflows or
groundwater-surface water exchanges. In this way,
MODFLOW SFR tracked stream water depth variations
in time and along the stream system. It could also es-
timate the timing and location of stream sections that
fell dry.

The land parcel-based output results of SWBM
— agricultural groundwater pumping, groundwater
recharge and irrigation — were used as input to the
MODFLOW RIV and MODFLOW SER versions of

Fort Jones

(D Gaging stations
River parameters
= Riv1/SFR1
Riv2/SFR1
Riv5/SFR1
—— Tributary/SFR3
Ditches

—— Scott Valley Irrigation
District ditch

—— Farmers Ditch
Company ditch

Hydrostratigraphic zones
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FIG. 3. Representation of
the main characteristic

of the modelled area,
including boundary
conditions, hydraulic
conductivity and specific
storage as defined by
hydrostratigraphic zone,
irrigation ditches, stream
flow gaging stations

and river segments
(represented as Riv1, Riv2
and Riv5). Source: Model
extent derived from Mack
(1958) and Soil Survey
Geographic Database
(SSURGO) data. Projection:
North American Datum
1983, UTM Zone 10.
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SVIHM, which simulated the 21-year period using
monthly variable boundary conditions (monthly stress
periods). Recharge was applied to the top of the high-
est active cell in the model using the recharge (RCH)
package. Evapotranspiration rates were calculated us-
ing SWBM for irrigated and for nonirrigated vegetated
areas. In addition, in vegetated areas where irrigation
water was not applied, additional evapotranspira-

tion from shallow groundwater was calculated within
MODFLOW using the evapotranspiration segments
(ETS) package (Banta 2000).

Groundwater pumping rates for individual land
parcels were assigned to the nearest irrigation well.
The sum of groundwater pumping assigned in a
given month to a well by SWBM was the input for the
MODFLOW well (WEL) package. Surface water ir-
rigations estimated by SWBM were subtracted from
the incoming tributary stream flows prior to routing
surface water through Scott Valley with MODFLOW.
Hydraulic parameters and other relatively uncertain
components of the conceptual model were separately
evaluated with the numerical model using sensitiv-
ity analysis and calibration (Tolley et al., unpublished
data).

For SVIHM-RIV, groundwater level measurements
across the valley and the net gain or loss in stream
flow for three stream reaches along the Scott River
were used as calibration targets. For SVIHM-SFR, the
same valleywide groundwater level measurements have
been included, but flow discharges were calibrated
against the time series in the four locations used in
the SVIHM-RIV and in the Fort Jones station gaging

Base water budget scenario

station, since SVIHM-SFR tracks stream gains and
losses for computing stream flows.

Soil water budget calibrated
collaboratively

The results of the initial version of SWBM (Foglia, Mc-
Nally, Harter 2013) were vetted with the Scott Valley
Groundwater Advisory Committee, local growers and
the UC Cooperative Extension (UCCE) farm advisor.
The initial SWBM estimated an average applied irriga-
tion on (mostly sprinkler-) irrigated alfalfa of about 33
inches per year. However, landowners in the valley re-
ported irrigation equipment to be set up for only about
20 to 24 inches per year.

To understand the origin of the discrepancy between
simulated and grower-reported irrigation depths,

a manual sensitivity analysis was performed with
SWBM. SWBM was implemented with varying param-
eter combinations to quantify the effect these param-
eters had on water budget results.

To account for the possibility of deficit irrigation
and deep soil moisture depletion during the irriga-
tion season, the irrigation model in SWBM (Foglia,
McNally, Harter 2013) was modified: Under deficit ir-
rigation, application efficiency is assumed to be 100%,
evapotranspiration is assumed to be met by precipita-
tion and applied water but also by soil moisture deple-
tion, where applied water demand is computed from
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Sensitivity parameter combinations

FIG. 4. Sensitivity of the simulated soil water fluxes to application efficiency, soil moisture depletion, root zone depth, and crop evapotranspiration
(represented as crop coefficient Kc). For the soil water budget model sensitivity analysis, we adjusted root zone depth, from 4 feet (base value) to 8 feet
(root8) and 12 feet (root12); alfalfa crop coefficient, from 0.95 (base value, Kc95) to 0.7; application efficiency for center-pivot from 90% (base value,
CP90) to 100% + 20% SMDF (CP100 + 20), and for wheel-line from 75% (base value, WL75) to 100% + 5% SMDF (WL100 + 5); and (for deficit irrigation)
the soil moisture depletion fraction (SMDF).
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and SMDF is the soil moisture depletion fraction, de-
fined as the ratio of soil moisture depletion to applied
water during the irrigation season:

Y(soil moisture depletion)
during the irrigation season

SMDF = X 100%

Y(AW) during the irrigation season

For the sensitivity analysis, root zone depth, alfalfa
crop coefficient (Kc), application efficiency and (for
deficit irrigation) SMDF were adjusted (fig. 4).

The scenarios offered several combinations of
these parameters that resulted in irrigation amounts
of 24 inches or less: Reducing the Kc value led to
lower irrigation needs but conflicted with previously
measured Kc values (0.95). Increasing application ef-
ficiency, increasing the soil moisture depletion frac-
tion for deficit irrigation and increasing root zone
depth all led to significant reductions in simulated
irrigation without significantly affecting simulated
evapotranspiration. It remained unclear which pa-
rameter option to choose.

A 3-year field research project was launched in
cooperation with local growers to measure evapo-
transpiration, irrigation water applications and deep
soil moisture profiles in eight alfalfa fields distributed
across representative locations in Scott Valley. The
study established a new, slightly lower Kc value of 0.9.
For alfalfa, the soil water profile from 5 feet to 8 feet
was found to generally decline in soil water content
throughout the irrigation season. Thus, alfalfa was
found to be effectively deficit irrigated, that is, the ap-
plication efficiency was 100%. Experimental results
better constrained input choices in SWBM. Using an
8-foot root zone for alfalfa, the new Kc = 0.9 value and

soil moisture depletion fractions of 5% for wheel-line
irrigation and 15% for center-pivot irrigation (on both
alfalfa and grain), the total annual simulated irrigation
depth on alfalfa, computed by the adjusted SWBM, av-
eraged 22 inches per year instead of 33 inches per year,
corresponding with measured irrigation rates (blue
oval in fig. 4).

Aggregated water budget results from this cali-
brated SWBM provided some important insights into
understanding the groundwater—surface water inter-
face dynamics (table 1): The total amount of groundwa-
ter pumping (an output from the groundwater account)
was equal to about two-thirds of the estimated total
landscape recharge (an input to the groundwater ac-
count). Since long-term groundwater levels were bal-
anced, the surplus in recharge relative to pumping,
14,000 acre-feet per year, was the net contribution of
the landscape to base flow, that is, to the groundwater
discharge to the Scott River.

A small portion of the 14,000 acre-feet per year may
also contribute to evapotranspiration from ground-
water (e.g., riparian vegetation). Note that actual net
groundwater discharge to the Scott River is higher, as
SWBM does not account for about 44,000 acre-feet per
year of mountain-front recharge from tributaries and
leakage to groundwater from irrigation ditches (a result
obtained from the groundwater-surface water model-
ing, below). The total amount of net groundwater dis-
charge to streams is only about one-tenth of the much
larger Scott River total annual flow, most of which
originates from the upper watershed. However, during
the low flow period (July/August through September/
October) the Scott River outflow from the basin is
mostly groundwater dependent, particularly in dry
years. Over that period, total stream outflow from the

TABLE 1. Aggregated average annual water budget model results over the 21-year simulation period by land use

Crop ET* Actual ETt  Irrigationt irrigS:Zion pur?\‘:)ving Recharge Area

Inches per year Acres

Alfalfa 39.2 36.8 215 2.8 18.7 6.3 13,893
Grain 16.1 16.1 10.3 1.6 8.7 10.6 1,985
Pasture 38.2 348 26.0 20.5 55 11.6 11,909
ET/no irrigation 14.0 11.0 0.0 0.0 0.0 10.8 20,383
No ET/no irrigation 0.0 0.0 0.0 0.0 0.0 21.6 1,695
Acre-feet per year Acres

Alfalfa 45,384 42,065 24,871 3,207 21,665 7,294 13,893
Grain 2,663 2,663 1,707 263 1,444 1,753 1,985
Pasture 37,910 34,536 25,791 20,351 5,440 11,512 11,909
ET/no irrigation 23,780 18,684 — — — 18,345 20,383
No ET/no irrigation — — — — — 3,051 1,695

Note: All calculations assume that the water table is below the root zone.
* Annual evapotranspiration rate if optimal irrigation was applied year-round.

t May be less than crop evapotranspiration due to discontinued irrigation in late summer (lack of surface water) or fall (no irrigation is typically applied after August).

% Includes irrigation with surface water and irrigation with groundwater.
SW = surface water, GW = groundwater.
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FIG. 5. Groundwater
levels and flow direction

in August 2001. This is

one of the results from

the groundwater—surface
water model. Other output
from the groundwater—
surface water model
included monthly water
levels, groundwater flow
directions and amounts,
and groundwater-surface
water exchanges for

water years 1991 to 2011.
Arrows indicate the flow
direction but are not
scaled to groundwater flow
velocity. See supporting
information S1 for
comparison of simulated
water levels and flow rates
to measured water levels
and flow rates. Source:
Model extent derived from
Mack (1958) and SSURGO
data. Projection: North
American Datum 1983,
UTM Zone 10.
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) o Callahan

During the low flow period (July/
August through September/
October) the Scott River

outflow from the basin is mostly
groundwater dependent,
particularly in dry years.

valley may amount to less than 10,000 acre-feet, and in
exceptionally dry years (e.g., 2001, 2014, 2015) to less
than 2,000 acre-feet. Relative to these flows, landscape
recharge contribution to base flow was significant.

SWBM did not account for recharge contributions
to groundwater from streams or for the dynamics of
groundwater discharge to streams. SWBM also did
not provide insight in how those may be affected by
groundwater pumping and recharge or by intentional
groundwater storage in the basin (a potential future
project). For these additional analyses, SWBM must be
coupled to a more complex groundwater—surface water
model.

Importantly, SWBM was an important tool for
outreach and education. That outreach led to initiation
of the new field research, results from which improved
model development. Refinement of SWBM was made

+ VOLUME 72, NUMBER 1

possible through regular interactions between local
stakeholders and growers on the groundwater advisory
committee, the local UCCE farm advisor, the model-
ing team and the new field research. The collaboration
on the SWBM increased the community’s trust of

the groundwater-surface water (MODFLOW) model
component of SVIHM. (SWBM drives the pumping
and recharge condition in the MODFLOW component,
which in turn drives the dynamics at the groundwater—
surface water interface.)

Water fluxes: RIV versus SFR
representations

The groundwater—surface water model component of
SVIHM, represented using both the RIV and SFR pack-
ages, simulated 21 years of groundwater and stream
flow dynamics driven by monthly data of the statisti-
cally simulated stream inflows at each tributary from
the upper watershed, by pumping in nearly 200 wells
and by recharge from over 2,000 land parcels. Output
included monthly water levels, groundwater flow direc-
tions and amounts, and groundwater—surface water ex-
changes at the 50-meter scale throughout Scott Valley
for water years 1991 to 2011 (fig. 5).

Sensitivity analysis and calibration of the numeri-
cal MODFLOW-based groundwater—surface water
simulation model were completed to assess model
performances and to fine-tune model parameters (sup-
porting information S1 and Tolley et al., unpublished
data). These steps were taken to ensure that SVIHM’s
input and structure yielded simulation results that were
consistent with 1991 to 2011 measured water level and
long-term stream gauging information on the Scott
River.

Groundwater budgets, including groundwater-sur-
face water fluxes, will be one of the critical components
evaluated and discussed by groundwater sustainability
agencies. It’s important to understand how to read the
groundwater budget outputs from the conceptually
very different RIV and SFR models and how the dif-
ference in the model can affect predictions of future
scenarios.

SVIHM-RIV and SVIHM-SFR fundamentally dif-
fer in the representation of the elevation of the stream's
water surface (stream state) — one user defined, one
based on a streamflow model. In all other aspects,
they are identical. The RIV representation, which lets
the user specify stream stage (water level elevation) at
each river cell, is an excellent option where water depth
in the stream does not vary significantly in time or
measurements are available about changes in stream
stage at high spatial resolution and where these are not
impacted or impacted in known ways under future
scenarios of interest. Our very simplified RIV represen-
tation (constant, uniform stream water depth) was de-
veloped as a simplified conceptual approach to generate
a first-order approximation of the groundwater-surface
water interface, and we had no stream depth data.
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In contrast, in the SFR representation, stream
stage is simulated by a stream flow routing model that
internally computes stream water levels while preserv-
ing water balance within the stream system dynami-
cally. Stream stage at each grid cell is a function of
stream flow into the cell, of physical characteristics
of the stream available from detailed surveys and of
groundwater—surface water fluxes at each grid cell. The
SER representation also accounts for the confluence
of streams and for diversions to surface water users,
which in turn affect local stream flow rates. When
flow is insufficient to support stream flow, the stream-
bed falls dry until either upstream inflow becomes
available or groundwater begins to emerge into the
streambed due to a higher water table. Given data avail-
able for Scott Valley and the dynamics of its stream
system, MODFLOW SFR provided a physically more
accurate, if computationally more expensive, model
representation.

Aquifer water budgets for both the irrigation sea-
son (summer) and the nonirrigation season (winter)
(fig. 6) showed that exchange of water between surface
water and groundwater was about three times larger
in SVIHM-RIV than SVIMH-SFR. All other bound-
ary fluxes were identical due to both models having
otherwise identical boundary conditions. In figure 6,
the exchange between surface water and groundwater
is represented in green and labeled “Stream”. For all the
terms in figure 6, the flow “in” represents the amount
of water entering into the aquifer from various sources,
while the flow “out” is the flow leaving the aquifer.

The difference between stream recharge (input to
the water budget) and groundwater discharge (output
from the budget), however, is the same in both models
— a net groundwater discharge to the stream of 80 cfs
(58,000 acre-feet per year), when averaged over the en-
tire year. This is not coincidental: The net groundwater
discharge of 58,000 acre-feet per year is independent
from the groundwater—stream connectivity. It is in-
stead entirely driven by the average annual difference
between mountain-front recharge (determined by the
upper watershed model), ditch losses to groundwater
(user input based on measured data) and landscape
recharge (SWBM result) on the one hand and ground-
water pumping (SWBM result) and evapotranspira-
tion losses from groundwater (MODFLOW result)
on the other hand, none of which is a function of the
choice of RIV or SFR package. The exception was the
MODFLOW simulated evapotranspiration losses from
groundwater near streams, which may be affected by
the model choice (RIV or SFR).

With SVIHM-SFR, net groundwater discharge (fig.
6, difference between the Stream “in” and the Stream
“out”) was only slightly smaller over the summer
months than over the winter months (about 60 cfs in
both seasons). In contrast, with SVIHM-RIV, the net
discharge to streams was about 50 cfs in summer but
almost 140 cfs in winter. This large seasonal varia-
tion was driven by seasonal variations in groundwater

storage that operate differently in the SVIHM-RIV
model than in the SVIHM-SFR model: Groundwater
storage during winter increased in SVIHM-RIV by
just 40 cfs, or 15,000 acre-feet per 6 months, half the
increase in SVIHM-SFR (80 cfs, or 29,000 acre-feet per
6 months), due to the larger winter net groundwater-to-
stream discharge in SVIHM-RIV. By the same token,
groundwater storage during summer decreased in
SVIHM-RIV by just half of that in SVIHM-SFR due to
the much lower net groundwater-to-stream discharge
in SVIHM-RIV in summer.

The difference between the simulated fluxes was
caused by differences in the stream stage between
SVIHM-RIV and SVIHM-SER. The SVIHM-SFR
model relied on measured and estimated stream flow
entering the valley, which in turn drove the local and
seasonal dynamics of stream stage and the magnitude
of groundwater—surface water interaction. Inflows to
the valley are highly dynamic and vary strongly be-
tween winter and summer. The SVIHM-RIV model
with its uniform, constant stream water depth that
we chose did not sufficiently capture the spatial and
temporal changes in stream flow dynamics. In this
simplified representation, the stream became an ar-
tificial buffer to groundwater level changes. SVIHM-
RIV added recharge from streams during the low flow
periods when no exchange occurred in SVIHM-SFR
simulations.

When using SVIHM-RIYV, it would therefore be
important that dry stream sections are properly char-
acterized a priori for simulating future management
projects. Also, even in flowing sections of the stream,
characterization could be improved by providing
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Scott Valley Irrigation
District diversion and

fish ladder. The river

and its tributaries are

an important salmonid
spawning habitat, home to
native populations of the
threatened Oncorhynchus
kisutch (coho).

Irrigation well in Scott
Valley.
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spatially more detailed, seasonally varying water level
depth within the stream network as part of the RIV
representation. In Scott Valley, however, one of the
future scenario modeling goals for which the model
will be used is to predict the change in the timing and
extent of dry stream sections in response to ground-
water management actions. For that purpose, only the
SVIHM-SER approach can be used.

Our Scott Valley study suggests that knowledge of
stream stage at high spatial and temporal detail is criti-
cal when representing the groundwater-surface water
boundary with a RIV approach. More detailed cali-
bration that has been carried out for the SVIHM-SFR
model (Tolley et al., unpublished data) demonstrated
that the presence of river reaches that become dry dur-
ing a certain time in the summer was a critical observa-
tion to calibrate or validate SVIHM-SFR.

Models for SGMA implementation

Under California’s new groundwater governance,
groundwater sustainability agencies across the
state have to consider the potential impact of new

e
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groundwater management measures on groundwater—
surface water interaction and specifically on estimat-
ing the effect of groundwater management on surface
water depletion. Only a groundwater model that also
has some representation of streams can provide the
spatially and temporally more detailed information on
groundwater—surface water exchange that may be re-
quired when evaluating individual groundwater man-
agement projects and their impacts to stream flow.

As shown in our Scott Valley study, the choice of
stream representation will depend on availability of
data, data density in space, and data continuity in
time for stream flow and stream stage. Depending on
implementation, significantly different results may be
obtained. The value of the model outcome will increase
with better physical representation of the integrated
hydrologic system, which in turn is driven by good data
availability.

Integrated numerical modeling tools represent
and link upper watersheds, the basin soil-landscape
systems, the groundwater system and the basin sur-
face water system. These tools will be useful to evalu-
ate groundwater conditions (in SGMA referred to as
sustainability indicators) and the benefits of manage-
ment actions to address undesirable results. Some of
these conditions, such as depletion of surface water by
groundwater pumping, are otherwise difficult to mea-
sure from field data alone.

For the broader audience among groundwater
agency stakeholder groups, the important take-away
from our work is that numerical groundwater modeling
tools are all based on the same mathematical represen-
tation of groundwater flow. But other elements of the
hydrologic cycle to which a groundwater model must
inevitably be linked — for example, the soil-landscape
system, including the ways in which urban and agri-
cultural water demands operate; the stream system;
and the upper watershed system — are subject to more
varied model representations. This variability affects
the simulation of groundwater-surface water interface,
pumping, recharge from various sources, and flows of
surface water and groundwater at the basin boundaries.



As we demonstrated, an integrated model is not
only a platform for a unifying, scientifically defensible
framework to connect spatially and temporally distrib-
uted data of many different kinds and to represent a
range of groundwater (and surface water) sustainability
indicators. It is also a tool to explore conceptual uncer-
tainties and initiate additional research and data collec-
tion to improve representation of the driving elements
of groundwater—surface water interactions and other
drivers of groundwater dynamics. The integration of
various model components also (1) allows representa-
tion of fluxes within the basin and between different
basins, (2) allows evaluation of the sensitivity of the
integrated model to different parameters and observa-
tions, (3) facilitates an estimate of the uncertainty in
the results (Tolley et al., unpublished data) and (4) sup-
ports the design of future management scenarios (not
yet implemented here).

Our Scott Valley study shows that models of vari-
ous complexity (regression model, mass balance model,
and numerical dynamic model) can be successfully
integrated and provide a useful interface to communi-
cate with and successfully engage stakeholders in de-
veloping groundwater sustainability plans. Our results

demonstrate the importance for stakeholders to fully
understand the conceptual implications of the differ-
ent assumptions of model development and how these
can impact water budgets and management of fluxes
between basins. This understanding is fundamental for
the successful development of groundwater sustainabil-
ity plans as required by SGMA. [&
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Abstract while sensitivity analysis and calibration are common practice in integrated hydrologic
modeling, little work has been done to understand how the design of the sensitivity analysis and
calibration affects the simulation outcome in these often highly nonlinear models. This is especially true
for irrigated agricultural basins with a strong connection between land use, groundwater, and surface
water. Using a range rather than a single set of initial parameter values, multiple sensitivity analyses,
calibrations, and linearity tests were performed using UCODE_2014 on the Scott Valley Integrated
Hydrologic Model. Calibration results show that parameters related to crop demand and applied irrigation
water are most sensitive. Influence statistics show that low streamflow observations provide the most
information during model calibration, indicating preference should be given to these observations during
model development, sensitivity analysis, and calibration. Importantly, due to the nonlinearity of the
integrated model, significant differences are found in results when initial parameter values are sampled
from within their respective expected ranges. Estimates for some parameters varied up to an order of
magnitude between calibrations, while all produced similar final objective function values, groundwater
elevations, and stream flow. Confidence intervals for individual sensitivity analyses and calibration runs
only spanned a fraction of the ensemble estimated parameter range across multiple runs. Our work
suggests that a calibration design with multiple sensitivity analyses and calibrations of integrated
hydrologic models, each using one of several widely varying sets of initial values, provides a frugal
approach to identify parameters across the global parameter space.

1. Introduction

Groundwater and surface water resources are increasingly being stressed due to changes in population, land
use, management practices, and climate (Van Roosmalen et al., 2009; Hanson et al., 2012; Taylor et al., 2012;
Klove et al., 2014; Dettinger et al., 2015). In order to gain insight and understanding of system behavior and
complex feedbacks inherent between groundwater, the landscape, and surface water, numerical models that
approximate physical flow processes are typically used. Although interactions between groundwater and
surface water and between groundwater and the irrigated landscape have been known since the inception of
numerical modeling, these systems have traditionally been handled separately with little to no connection
between them. This was primarily due to computational limitations and different response times and spatial
scales between surface and subsurface routed water (Prudic, 1989; Brunner et al., 2010; Unland et al., 2013;
Singh, 2014).

A variety of models have been developed in the last two decades that simulate the flux of water between
the surface and subsurface to varying degrees. These include (1) analytical or spreadsheet models (S. S.
Papadopulos and Associates, Inc, 2000; Manghi et al., 2012; Foglia, McNally, & Harter, 2013; Lane et al.,
2015), (2) iteratively coupled models like the Integrated Water Flow Model (IWFM; California Department
of Water Resources, 2016a, 2016b), MODFLOW (Harbaugh, 2005) with the stream package (STR; Prudic,
1989), streamflow routing (SFR) package (Prudic et al., 2004), and/or farm process package (FMP2; Schmid
et al., 2000; Schmid & Hanson, 2005), MODFLOW One-Water Hydrologic Model (MF-OWHM; Hanson,
Boyce, et al., 2014), and GSFLOW (Markstrom et al., 2008), and (3) fully coupled models such as ParFlow
(Ashby & Falgout, 1996; Kollet & Maxwell, 2006) and Hydrogeosphere (Therrien & Sudicky, 1996; Brunner
& Simmons, 2012). Iteratively coupled models solve multiple systems of equations (e.g., saturated flow,
unsaturated flow, and surface flow) at each time step and iteratively pass fluxes between these systems until

TOLLEY ET AL.


http://publications.agu.org/journals/
https://orcid.org/0000-0002-4715-7879
https://orcid.org/0000-0001-8526-3843
http://dx.doi.org/10.1029/2018WR024209
http://dx.doi.org/10.1029/2018WR024209
https://doi.org/10.1029/2018WR024209
https://doi.org/10.1029/2018WR024209

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2018WR024209

convergence is achieved. Fully coupled models assemble the entire system into a single system of equations.
This is computationally much more expensive and generally requires a greater degree of parameterization
than simpler iteratively coupled models. Superiority of full coupling over iterative coupling is largely appli-
cation dependent, since full coupling may lead to numerical difficulties resulting from the different nature
of the equations used to describe flow (Furman, 2008). Effective water management requires an accurate but
also efficient method to represent the hydrologic system with sufficient detail, including appropriate cou-
pling of subsystems, to answer specific questions, yet simple enough to reflect data availability, economic
cost, and serve stakeholder needs (La Vigna et al., 2016).

In areas with Mediterranean climate (wet winters and dry summers) and dominated by irrigated agriculture,
the connection between groundwater and surface water is highly pronounced due to significant alteration
and seasonality of the water resources availability and use in the landscape. Application of surface water
for irrigation generally increases groundwater recharge in the spring and early summer (Roark & Healy,
1998; McMabhon et al., 2003). Groundwater pumping for irrigation and urban water use can result in stream-
flow depletion (Chen & Yin, 2001; Barlow & Leake, 2012) and adversely impact groundwater-dependent
ecosystems by decreasing flows and increasing temperatures in critical fish habitat (Stark et al., 1994).

Rates of groundwater extraction and recharge in irrigated agricultural areas often lack historic data and are
not commonly measured even though they are significant portions of a basin's water budget (Ruud et al.,
2004; Yin et al., 2011). Where metering data are not available, groundwater pumping is usually estimated
as the difference between crop water demands and applied surface water and precipitation (Ramireddygari
et al., 2000; Pokhrel et al., 2015; California Department of Water Resources, 2016a). Groundwater recharge
is estimated by closure of the water balance and may include consideration of vadose zone flux constraints
(Ruud et al., 2004; De Silva & Rushton, 2007). These estimates are sometimes made a priori and used as
boundary conditions for numerical groundwater-surface-water models. Some integrated hydrologic mod-
els allow for a dynamic calculation of groundwater pumping for irrigation and recharge, as they include an
iterative coupling between a crop water demand model and a hydrologic model within a time step. This is
available in software such as MODFLOW with FMP2, MF-OWHM, and IWFM. Coupling the crop water,
vadose zone, groundwater, and streamflow models allows shallow groundwater to influence crop water
demands, which can ultimately affect groundwater pumping, recharge, and evapotranspiration (ET) rates in
the model. Irrigated agriculture accounts for about 45% of consumptive water use in the United States and
about 78% in western states like California (Dieter et al., 2018). Despite this large proportion of consump-
tive water use and due to lack of regulatory pressures, there are few studies focusing on sensitivity analysis
and calibration of integrated groundwater-surface-water models in agricultural areas when compared, for
example, to the large body of literature on groundwater contaminant models (Miller & Pinder, 2004; Jousma
et al., 2012; Singh, 2014) developed primarily for regularly compliance. Regional integrated models of Cal-
ifornia's Central Valley have been developed by James M. Montomery Consulting Engineers (1990), Faunt
et al. (2009), and Brush and Dogrul (2013). Basin-scale models are available for the Pajaro Valley near Santa
Cruz, CA (Hanson, Schmid, et al., 2014), and Butte Basin near Chico, CA (CDM, 2008), among others.

As for groundwater models developed at contaminant sites, sensitivity analysis and calibration are an essen-
tial part of integrated hydrologic model development (Hill & Tiedeman, 2007). However, unlike many
contaminant site groundwater flow (and transport) models, integrated hydrologic models include numer-
ous nonlinear cross dependencies between model subsystems (e.g., stream-aquifer flux is a function of the
head difference, but heads in the stream and aquifer are also a function of stream-aquifer flux). When mul-
tiple sources of nonlinearity are present in a model, their effects are compounded (Cooley, 2004). Also,
in significant departure from the site modeling practice, basin models typically use both, larger horizon-
tal cell dimensions (on the order of 10> m) and coarser time steps (days and months). Perhaps because of
the longer-standing, dominant groundwater modeling practice for contaminant sites, integrated hydrologic
model development has mostly utilized the same calibration tools (Huntington & Niswonger, 2012; Hanson,
Schmid, et al., 2014).

When applied to nonlinear models, however, these tools may be problematic, leading to nonglobal min-
ima in parameter estimation and to ill-defined uncertainty predictions (Hill & Tiedeman, 2007). Clark and
Kavetski (2010) and Kavetski and Clark (2010) have shown that hydrologic model nonlinearities make sen-
sitivity analyses and calibration more difficult. New statistical tools in sensitivity analysis and calibration
to address some of these difficulties have been developed and demonstrated (e.g., Foglia et al., 2009;

TOLLEY ET AL.



~1
AGU

100

Water Resources Research

10.1029/2018WR024209

USGS gage

Lower

Shackleford Shackleford

Creek

2
Kidder

Creek 9 A

Patterson ¢
Creek

Crystal
Creek

Johnson
Creek

Etna
Creek

% Moffett

Creek
¢’

AA
A

gage Creek A
Mill Oro Fino

Above Serpa
Creek Lane gage
£ A
¢
S0 S A
Eastside
A

Slough
VT i

Scott
River

Q0

a8y |

A Below Young's
Dam gage

Hydrologic Property Zone

Stream
gage — Company

Farmers

1

2 .

3 ¢ Monitoring ditch

4 well Scott

5 , lrrigation Valley

6 well — Irrigation
District

7 SFR1 ditch

8

9

— SFR2 )
Discharge
— SFR3 zone
N

Kilometers

French
Creek

Sugar {
Creek

Rakovec et al., 2014). The work shows the need to not only select from
alternative parameters but also evaluate alternative model structures,
including alternative structures for designing sensitivity analysis and cal-
ibration (Clark et al., 2008; Mendoza et al., 2015; Borgonovo et al., 2017).
Using frugal methods to overcome potential computational inefficiencies
in such a complex model development process has been shown to be a
necessary and potentially successful alternative for integrated hydrologic
models (Hill et al., 2016).

This paper contributes to the small but increasing collection of integrated
hydrologic models developed to support management of irrigated agri-
cultural groundwater basins with groundwater-dependent ecosystems in
interconnected streams (e.g., Faunt et al., 2009; Brush & Dogrul, 2013;
Hanson, Schmid, et al., 2014; Phillips et al., 2015; Hanson et al., 2018).
Specifically, this paper investigates two related questions: What is the rel-
ative importance of and uncertainty about a diversity of parameters across
the physical submodels in these systems? And how does the design of
the sensitivity analysis and calibration affect the assessment of parameter
importance and uncertainty?

The Scott Valley Integrated Hydrologic Model (SVIHM) con-
sists of a soil water budget model (SWBM) weakly coupled to a
groundwater-surface-water model. UCODE_2014, a universal inverse
modeling software suite, was used to perform sensitivity analyses and
calibrate the model, yielding information about parameter importance
and uncertainty. In a frugal approach to test the sensitivity analysis and
calibration design, we focus on examining the influence of the initial
parameter values. Varying initial parameter values across a physically
realistic range would potentially provide a conceptually simple and

0o 2 4

8

computationally efficient alternative for evaluating highly nonlinear

integrated hydrologic models as a best practice approach when using

Figure 1. Map of Scott Valley showing model domain, major hydrologic

such models to inform water management and policy decisions.

features, irrigation wells, and monitoring wells used in the model. Aquifer

properties were distributed among nine zones and streambed properties

2. Study Area

were distributed to tailings reaches (SFR1), nontailings Scott River (SFR2),

and tributaries (SFR3). USGS = U.S. Geological Survey; SFR = streamflow

routing.

The Scott Valley (Figure 1) in Northern California was chosen as a type
case for an agricultural groundwater basin with Mediterranean climate
and a groundwater-dependent ecosystem. Part of the larger Klamath
Basin watershed that straddles the California-Oregon border, the Scott
River watershed drains 2,100 km? and provides key spawning habitat for native anadromous fish species,
including Oncorhynchus tschawytscha (Chinook salmon) and the threatened Oncorhynchus kisutch (coho
salmon) (NCRWQCSB, 2005). A large portion of the Scott River has been mapped as medium to high ranking
on a groundwater-dependent ecosystem index by Howard and Merrifield (2010), indicating a high degree of
connectivity between groundwater and surface water.

The montane valley, at over 800 m above mean sea level, is approximately 200 km? and formed during the
Pleistocene by extension along a steep normal fault that dips to the east and strikes to the northwest (Mack,
1958). The surrounding uplands are part of the Klamath Mountains province, a sequence of accreted terranes
and granitic intrusions associated with subduction of the Farallon plate beneath the North American plate
(Irwin, 1990). Valley floor aquifer sediments are highly heterogeneous fluvial and alluvial deposits composed
of gravels, sands, silts, and clays. Thickness reaches a maximum of more than 120 m (390 ft) in the central
portion of the valley between Etna and Greenview and thins toward the valley margins. However, below
76 m (250 ft) the aquifer is not productive (Foglia, McNally, Hall, et al., 2013). Groundwater levels show
interannual variation depending on the water year type but do not indicate long-term overdraft in the basin
(University of California at Davis, 2016).

Climate in the area is Mediterranean with cold, wet winters and warm, dry summers. Mean annual pre-
cipitation on the valley floor is about 500 mm and accumulates predominantly during the winter and early

TOLLEY ET AL.



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2018WR024209

spring months (October-May). The mountains surrounding the valley receive higher precipitation rates
due to their elevation. Mean temperature for January and July are 0 °C (32 °F) and 21 °C (70 °F), respec-
tively. Mean annual runoff from Scott Valley, measured at the U.S. Geological Survey (USGS) stream gage
(11519500) located in the Scott River Canyon just below the valley, is 543 x 10° m3 (U.S. Geological Survey,
2015). Winter and spring flows (December-May) average about 28.3 m3/s (1,000 ft3/s) but have peaked at
1,120 m3/s (39,500 ft3/s). Mean summer streamflow is about 0.85 m3/s (30 ft3/s) but commonly drops below
0.57 m3/s (20 ft3/s) in the late summer and early fall. Maintaining sufficient instream flow during this critical
low flow period is a key policy driver for water management in Scott Valley.

Land use in the valley is predominantly agricultural. There is a nearly even split between alfalfa hay/grain
and pasture, which together account for 136 km? (68%) of land use (California Department of Water
Resources, 2000). Both surface water and groundwater are used as sources of irrigation water. Reliance on
groundwater increased following the 1976-1977 drought with the widespread introduction of pressurized
wheel line sprinkler systems and eventually center pivots to replace flood irrigation, although all three irri-
gation methods are still used in the valley (Van Kirk & Naman, 2008). The growing season typically lasts
from mid-April to mid-September but varies depending on the year. The southern, narrow upstream por-
tion of the valley has been heavily modified by dredging operations that left behind tailings 6 m (20 ft) high,
forming a zone of highly permeable open-framework gravels. The main stream channel was straightened in
many parts of the valley by the Army Corps of Engineers in the early 1930s for flood control purposes (U.S.
Department of War, 1938), which has resulted in channel incision at some locations.

The Scott River flows from south to north through the valley, fed by 10 major tributaries (Figure 1). Two
large irrigation diversions, Farmer's Ditch and the Scott Valley Irrigation District (SVID) Ditch, have their
point of diversion located near river km 87 and 74, respectively. These two ditches are primarily active from
April to July and run along the east side of the valley. In the north central area of the valley is a drainage
slough (“eastside slough”) that collects agricultural tailwater for discharge back into the Scott River. Several
other minor irrigation ditches exist on most tributaries in the valley.

3. Methods

3.1. SVIHM Overview

The SVIHM simulates hydrologic conditions in the Scott Valley from 1 October 1990 to 30 September 2011 by
integrating three different models representing four subsystems: the upper watershed, and the alluvial basin
landscape water, groundwater, and surface water. A statistical model is used to estimate tributary inflows at
the valley margins when upper watershed flow data are unavailable (“streamflow regression model”; Foglia,
McNally, Hall, et al., 2013). A land use/crop-soil water budget model (“soil water budget model”) simulates
agricultural practices in the valley to estimate hydrologic fluxes at the individual field scale using a tipping
bucket approach (Foglia, McNally, Hall, et al., 2013), including determination of recharge and agricultural
pumping rates. A finite difference groundwater-surface-water model simulates spatial and temporal ground-
water and surface water conditions in the valley overlying the alluvial basin (“MODFLOW model”). The
SVIHM is weakly coupled in that fluxes are passed from the SWBM to the MODFLOW model, but there are
no direct feedbacks from the MODFLOW model to the SWBM.

Workflow for SVIHM involves running the streamflow regression model to generate average monthly
streamflows at the valley margins. This is a preprocessing step as we assume no feedback from the valley to
the upper watershed, and therefore, estimated values do not change unless the regression is modified. In a
typical SVIHM run the SWBM is called which writes the necessary MODFLOW input files for streamflow,
recharge, pumping, and ET. The MODFLOW model is then called, which calculates groundwater heads and
streamflow in the valley. Flow into tile drains (see section 3.4) is extracted from the MODFLOW output, and
the SWBM and MODFLOW model are run once more to route flows from tile drains to the surface water
system. A summary of input data, key parameters, and model outputs is available in the supporting informa-
tion. The SWBM takes about 10 min to run, and the MODFLOW model takes less than 2 hr using a desktop
computer with Intel” Core™ i7-4770 @3.4-GHz processors with 16 GB of RAM for a total run time of typ-
ically less than 4 hr. Tighter integration of the landscape, groundwater, and stream subsystems is available
in some software (e.g., INFM or OWHM) but was not considered necessary for this study and avoided due
to run time concerns.

TOLLEY ET AL.



...........

Water Resources Research 10.1029/2018WR024209

3.2. Streamflow Regression Model

Upper watershed stream inflow data are available for limited and differing time periods for most tributaries
as either daily mean flow values or monthly volumes (see the supporting information for date ranges and
data available for each tributary). The streamflow regression model is used to fill in data gaps for tribu-
tary inflows to the valley, which are used as model boundary conditions. Data from all tributary gages are
regressed against the USGS gaging station, where continuous daily streamflow data are available. When
tributary flow data are available, measured values are used as model inputs. When tributary inflow data are
unavailable, monthly streamflow is estimated using the regression model. Two of the tributaries, Johnson
Creek and Crystal Creek, do not have any streamflow observations and therefore could not be included in
the regression. Inflows for these two tributaries are calculated by scaling the estimated values for nearby
Patterson Creek using the ratio of the subwatershed areas (Foglia, McNally, Hall, et al., 2013).

3.3. SWBM

The purpose of the SWBM is to estimate the unknown rates of groundwater pumping and recharge using
a mass balance approach that incorporates local agricultural management practices (Foglia, McNally, Hall,
et al., 2013). Fluxes of water in the shallow vadose zone are simulated on a daily basis using a tipping
bucket style approach for 2041 fields identified from the California Department of Water Resources land use
survey (California Department of Water Resources, 2000). Field areas vary from 5.2E3 to 6.6E6 m? (1.3 to
1,600 acres), with a median area of 6.9E4 m? (17 acres). The daily water budget for each field is calculated
according to

6, = max (0,6,_, + P, + AW, —ET, - R;) @

max (0, %) when AE < 100%

AW, = 2

ET—Py
’ 1+SMDF

max (0 ) when AE = 100%
Y soil moisture depletion

SMDF =
Y AW

(during irrigation season) 3)
Ry = max(0, 0;_, + P + AW, — ET; — 0,1, )

ET, = ETy, * K, (5)

0 when P, <0.2 % ET,
Pk — { k = 0 (6)

P, when P, > 0.2 * ET,

where 6 is available soil moisture, 6,,, is the soil field capacity, P is effective precipitation, AW is applied
water, ET is actual evapotranspiration, ET,, is the reference evapotranspiration, K, is the crop coefficient, R
isrecharge, AE is application (irrigation) efficiency, SMDF is the soil moisture depletion factor, and the sub-
script k denotes the day. The SWBM takes into account land use, irrigation method, water source, and soil
storage properties for each field. Irrigation demand (equation (2)) for each field is driven by daily reference
ET (ET,) in excess of daily effective precipitation (P, ), land use crop coefficient (K,), and soil moisture deple-
tion factor (SMDF) specific to the land use and irrigation type. The SMDF allows for actual ET to exceed
applied water to account for deficit irrigation, for contributions from deep soil moisture below the depth of
the simulated soil zone (Foglia, McNally, Hall, et al., 2013), or for other generic sources of water (Dogrul et al.,
2018). For fields with access to groundwater, pumping is assigned to the nearest well. Groundwater is
assumed to be available at all times as there have been no reports of wells going dry in the valley, even dur-
ing the 2012-2015 drought. Runoff from fields is considered to be negligible. Soil moisture in excess of field
capacity at the end of each day is assumed to recharge groundwater. Daily values of pumping and recharge
are converted to monthly average rates to match the stress period of the MODFLOW model.

3.4. Groundwater-Surface-Water Model
Groundwater fluxes, heads, groundwater-surface-water exchange, and streamflow are simulated with MOD-
FLOW and the SFR package using monthly stress periods and daily time steps. The domain consists of 440
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rows, 210 columns, and two layers with 100-m (328 ft) lateral resolution ranging from 0 to 61 m (0-200
ft) thick. A combination of remotely sensed elevation data using a digital elevation model and light detec-
tion and ranging (LiDAR) with horizontal resolutions of 10 and 1 m, respectively, is averaged within each
model cell to determine ground surface elevation. LIDAR data from the valley has a 2o relative accuracy
of 4 cm (Watershed Sciences, 2010) and covers more than 90% of the model domain. Bedrock surrounding
and outcropping within the valley is assumed to be impermeable relative to the valley sediments. Hydraulic
conductivity and storage properties for the valley aquifer are spatially distributed between nine hydroge-
ologic zones (Figure 1), similar to those proposed by Mack (1958). The model simulates unconfined flow
with variable storage and transmissivity using the Newton formulation of MODFLOW (MODFLOW-NWT;
Niswonger et al., 2011) to allow for rewetting of cells that go dry during the simulation, especially along the
valley margin. Newton solver variables are set to default values corresponding to the “COMPLEX” option
defined in the user manual, as “SIMPLE” and “MODERATE” result in shorter run times but unsatisfactory
numerical errors.

Groundwater pumping is simulated at 164 agricultural wells (Figure 1) located in the second layer using
the well (WEL) package (Harbaugh, 2005). The wells and their locations were identified through well logs,
stakeholder feedback, aerial photography, and field surveys when possible. Due to the low population den-
sity of the valley, domestic pumping is not included in the model as it is a small portion of total groundwater
extractions (Mack, 1958). The default value of 0.05 for PHIRAMP in the WEL package is used for reduc-
ing pumping rates in cells when there was not enough water to satisfy the applied pumping rate. The weak
coupling between the SWBM and MODFLOW can result in a mass balance error between the two submod-
els, as the SWBM is not aware of pumping reductions that happen within MODFLOW. Pumping reductions
range from 0% to 7.6% on a monthly basis, with a mean of 3.7%, so it is not considered to be a significant
limitation of SVIHM at this time.

Seepage from the SVID and Farmers Company ditches (Figure 1) have been determined using field seep-
age experiments. They are represented using injection wells with rates of 1.8 x 102 m3/s per km (1.0 ft3/s
per mile) and 8.8 x 1073 m3/s per km (0.5 ft3/s per mile), respectively (Echols, 1991; S. S. Papadopulos and
Associates, Inc, 2012). Water is diverted from the stream using “ghost” SFR segments at the respective points
of diversion at the same rate it is injected via the WEL package in order to conserve mass. Ditches in the
valley are generally active from April to July and primarily used for stock watering and limited irrigation
(S. Sommarstrom, personal communication, June 21st, 2017). As most of the flow is needed to generate suf-
ficient head for water to reach the end of the ditches (P. Harris, personal communication, June 21st, 2017),
diversions from the Scott River into ditches are greater than the ditch seepage rate supplied to the WEL
package to account for evaporation losses and stockwater use. These consumptive losses are assumed to
be 5.7E—2 m3/s for each ditch, or 12.5% and 25% of the Farmers Company ditch and SVID ditch diversion
rates, respectively. Mountain front recharge (MFR), used here to describe the diffuse portion of recharge to
adjacent basins from surrounding mountains (Wilson & Guan, 2013), was simulated only along the western
model boundary using injection wells placed in the first layer. Rates and spatial distribution of MFR seg-
ments were estimated by S. S. Papadopulos and Associates, Inc. (2012) using a water balance approach. No
MFR occurs along the eastern valley boundary as these mountain ranges are lower and in the rain shadow
of the western ranges of the watershed.

The SFR package was used to simulate the surface water system (Figure 1) and its interactions with ground-
water. Bed elevations for each SFR node were extracted from the elevation data sets using the nearest thalweg
data point to the stream node. Inflows for each tributary and the main stem of the Scott River are specified
at the model boundaries for each stress period using the streamflow regression model described above. Sur-
face water used by SWBM is subtracted from the inflow estimated by the streamflow regression model at the
model boundary, as most diversions from tributaries occur near or upstream of the model boundary. The
stream channel is assumed to be rectangular with flow calculated using Mannings equation. Stream prop-
erties (e.g., bed conductivity and roughness) were assigned using one of three groups: (1) tailings reaches,
(2) nontailings Scott River, and (3) tributaries (Figure 1).

Drains were placed at the land surface within the Discharge Zone shown in Figure 1. This area is known to
have a water table very near or at the land surface (Mack, 1958), resulting in lateral fluxes of water between
fields that SWBM does not account for. Water intercepted by these drains is routed into a nearby stream seg-
ment, approximating overland flow. In the Discharge Zone, crop water demands are met primarily through
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subsurface irrigation (direct uptake from groundwater). A tight integration of landscape/crop-soil water
and groundwater subsystems would be most suitable in this zone. Here, a work-around was applied: Fields
with subirrigation were not irrigated in SWBM, resulting in “dry” soils and underestimation of crop ET. To
compensate, the MODFLOW ET package was employed instead to simulate ET from these fields, using an
extinction depth of 0.5 m. The applied ET rate for these fields is equal to the average potential ET rate for the
specific stress period and crop, scaled by the fraction of time per month when the field was “dry” (and there-
fore ET was not occurring) in SWBM. For example, a field within the Discharge Zone that had 0 m/day of ET
in SWBM simulation for 5 days in July because available soil moisture dropped to 0 m* would be simulated
in MODFLOW with an applied ET rate equal to the average potential ET rate for that month multiplied by
0.16 (5 of 31 days). This ensures that ET is neither double counted between SWBM and MODFLOW, nor
significantly underestimated, given the water table depth.

3.5. Sensitivity Analysis and Calibration

Sensitivity analysis and calibration of SVIHM was performed using the universal inverse modeling software
suite UCODE_2014 (Poeter & Hill, 1998; Poeter et al., 2014), which compares observed and simulated values
to create an objective function given by

ND
o= (yi—y)w" (7)
i=1
where ¢ is the objective function value, y; is the observed value, ylf is the simulated value, w; is the observa-
tion weight, and ND is the number of observations. Given the nonlinear structure of SVIHM, global methods
for sensitivity analysis and calibration would provide the most rigorous approach. However, this is imprac-
tical due to the large number of model runs required and the long (>>1 hr) single-run CPU time for SVIHM.
Gradient-based perturbation methods are more efficient, but computed parameter sensitivities can vary as
a function of the starting values (Hill & Tiedeman, 2007). As an alternative design for the sensitivity anal-
ysis and to account for model nonlinearity, multiple forward difference sensitivity analyses using different
starting parameter combinations (referred to as parameter sets 1-5) were performed. This is similar to the
distributed evaluation of local sensitivity analysis methodology proposed by Rakovec et al. (2014) and the
use of multiple sensitivity indices (e.g., variance based and local sensitivity) by Borgonovo et al. (2017),
although less rigorous to preserve computational efficiency. Starting values for the different sensitivity runs
(Table 1) were selected either from a previous model calibration using the river package (RIV; Harbaugh,
2005; Foglia et al., 2018) or from within an expected range based on professional judgment. Parameters were
log-transformed and increased by 1% from their starting values for all sensitivity analyses.

Measured groundwater elevations at 55 wells (Figure 1) accounted for 2,197 observations (47% of total). The
majority of these were collected monthly beginning in 2006 as part of the voluntary Scott Valley Community
Groundwater Monitoring Program. Weights for groundwater head observations were set to the inverse of
the measurement error variance (Hill & Tiedeman, 2007) given by

w = 1 (8)

1 612

where af is the measurement error variance and assumed to be 1.0 m? for all head observations. This
accounts for measurement errors in both well reference point elevation and depth to water.

Streamflow data at four gage locations (Figure 1) were also included as calibration targets in the objective
function and separated into three categories: (1) below 2.44 x 10° m3/s (100 ft3/s; 68% flow exceedance
probability), (2) between 2.44 x 10° and 2.44 x 10° m3/s (100-1,000 cfs), and (3) greater than 2.44 x 10° m3/s
(1,000 cfs; 22% flow exceedance probability). These reflect low, medium, and high streamflow rates for the
Scott River, respectively. A total of 2485 streamflow observations, consisting of 1,385 at the USGS Fort Jones
gage, 500 at the Lower Shackleford Creek gage, 300 at the Above Serpa Lane (AS) gage, and 300 at the Below
Young's Dam (BY) gage, was randomly selected from data available during the model simulation period so
the total number of streamflow observations was similar to the number of groundwater head observations.
Streamflow observation weights were determined using the equation

W= — ©)

(v CVi)Z
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Table 1
Parameters Adjusted During Sensitivity Analysis With Initial Starting Values

Initial value
Parameter Description Parameter Set 1 Parameter Set 2 Parameter Set 3 Parameter Set 4 Parameter Set 5
Kx1 100 20 60 200 250
Kx2 11 60 2 100 100
Kx3 100 80 100 50 100
Kx4 Hydraulic 20 2 50 10 30
Kx5 conductivity 10 1 80 10 25
Kx6 (m/day) 30 200 70 10 50
Kx7 1,000 500 50 1,000 500
Kx8 30 90 5 10 10
Kx9 60 2 100 10 20
Kvarl 100 10 50 20 71
Kvar2 100 10 50 50 73
Kvar3 100 10 50 100 92
Kvar4 Vertical 100 10 50 80 95
Kvar5 anisotropy 100 10 50 40 10
Kvar6 (=) 100 10 50 30 77
Kvar7 1 1 1 10 55
Kvar8 100 10 50 60 94
Kvar9 100 10 50 50 46
Syl 0.1 0.15 0.05 0.1 0.12
Sy2 0.15 0.05 0.12 0.07 0.08
Sy3 0.15 0.2 0.1 0.1 0.11
Sy4 Specific 0.1 0.12 0.11 0.1 0.1
Sy5 yield 0.15 0.15 0.1 0.1 0.13
Sy6 (=) 0.15 0.08 0.1 0.1 0.09
Sy7 0.3 0.25 0.15 0.3 0.25
Sy8 0.15 0.11 0.06 0.1 0.05
Sy9 0.15 0.12 0.15 0.1 0.07
Ss1 1.00E—05 5.00E—04 2.00E—04 6.40E—-05 1.50E—05
Ss2 1.00E—-05 5.00E—04 2.00E—04 5.90E—-05 9.00E—05
Ss3 1.00E—05 5.00E—04 2.00E—04 2.70E—-05 2.60E—04
Ss4 Specific 1.00E—-05 5.00E—04 2.00E—04 8.30E—-05 3.10E-04
Ss5 Storage 1.00E—-05 5.00E—04 2.00E—04 1.30E—-05 8.00E—-05
Ss6 (1/m) 1.00E—-05 5.00E—04 2.00E—04 2.00E—-05 2.00E—05
Ss7 1.00E—-05 5.00E—04 2.00E—04 6.50E—05 7.00E—05
Ss8 1.00E—-05 5.00E—04 2.00E—04 2.90E—04 3.00E-04
Ss9 1.00E—05 5.00E—04 2.00E—04 8.00E—04 1.00E—05
Wel5 2.34E+02 2.34E+03 1.17E+04 2.34E+03 8.19E+02
Wel6 6.30E+03 1.05E4+04 5.25E+02 1.05E+04 2.10E+03
Wel7 Mountain front 1.20E+04 8.60E+02 2.58E+04 1.72E+03 5.16E+03
Wel8 recharge 2.24E+04 8.94E+03 2.98E+03 1.12E+04 2.98E+04
Wel9 (m3/day) 2.00E+03 2.00E+04 4.00E+04 6.00E+03 4.00E+03
Wel10 3.86E+03 1.93E404 3.86E+02 9.65E+02 2.90E+03
Welll 2.43E+03 2.70E+02 2.70E+01 1.89E+03 3.24E403
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Table 1 (continued)

Initial value
Parameter Description Parameter Set 1 Parameter Set 2 Parameter Set 3 Parameter Set 4 Parameter Set 5
Wel20 Ditch seepage 1.45E+04 2.42E+04 6.44E+03 1.61E+04 2.42E+04
Wel21 (m3/day) 7.02E+04 4.68E+04 1.17E4+04 2.34E+04 7.02E+04
BedK1 Streambed 10 0.1 10 10 10
BedK2 conductivity 10 0.1 10 5 10
BedK3 (m/day) 10 0.1 10 15 10
Roughl Streambed 0.035 0.03 0.04 0.035 0.035
Rough2 Roughness 0.035 0.03 0.04 0.035 0.035
Rough3 (d/m'/3) 0.035 0.03 0.04 0.035 0.035
RD_Mult 1 0.9 1.1 1 1.2
SMDF_Flood SWBM 0.7 0.75 0.55 0.7 0.55
SMDF_WL_LU25 parameters 1.05 1.09 1.01 1.09 1.1
SMDF_CP_LU25 (—) 1.1 1.15 1.01 1.15 1.1
SMDF_WL_LU2 0.85 0.81 0.99 0.81 0.95
SMDF_CP_LU2 0.95 0.91 0.91 0.95 0.99
Kc_alfalfa_mult 1 1.04 0.96 1 1.05
Kc_grain_mult 1 0.96 1 1.05 0.98
Kc_pasture_mult 1 1 0.96 1.04 0.95
Kc_noirr 0.6 0.7 0.79 0.65 0.65

Note. Sensitivity analysis was performed using a 1% forward difference perturbation. Note that the reported soil moisture depletion factor (SMDF) is the sum of
the application efficiency (AE) and SMDF but is reported as a single value for convenience.

where CV;, is the coefficient of variation. The low, medium, and high streamflow categories were assigned
coefficients of variation equal to 10%, 20%, and 40%, respectively. Low flows at the non-USGS gages were
the only exception as they included observations at or very near 0, and weights approach infinity when
observation values approach 0 using the coefficient of variation weighting method. The median weight of
the USGS low flow observations, equal to 1 x 10~ d?/m?, was assigned to the low flow category for the
non-USGS gages to prevent weights from becoming too large and dominating the objective function.

Physical hydrologic properties or fluxes were represented by 61 parameters (Table 1) contained within
SWBM and MODFLOW portions of SVIHM. These include seasonal crop coefficient multipliers (e.g.,
Kc_Alfalfa_Mult) and aquifer parameters for each zone such as hydraulic conductivity (e.g., Kx1) and stor-
age (e.g., Syl and Ss1). Specific cuttings of alfalfa were not represented using a variable crop coefficient as
cutting times vary across the valley due to distributed ownership, management practices, and climate condi-
tions. Instead, crop coefficients for alfalfa and pasture were set to seasonal averages of 0.9 during the growing
season and zero otherwise. A variable K, was used for grain due to growers having similar management
practices and ranged from 0 to 1.15 with an average of 0.62 over the 4-month growing period. Effective root
zone depth was assumed to be 2.44 m (8 ft) for alfalfa and 1.22 m (4 ft) for grain and pasture (Weaver, 1926),
adjusted by the use of a single root zone depth multiplier (RD_Mult). Each of the five simulated combina-
tions of land use (alfalfa/grain, A/G; pasture, P) and irrigation (flood; wheel line sprinkler, WL; center pivot
sprinkler, CP) was assigned specific AE and SMDF values (Table 1). Channel roughness and bed conduc-
tivity (Figure 1) parameters were distributed among the three stream segment classifications (see section
3.4). Seepage fluxes from MFR and ditches were also included as parameters. Recharge and groundwater
pumping were not explicitly included as calibration parameters because they are accounted for with SWBM
parameters. SWBM parameterization also affects surface water inflows to the simulated stream network via
simulated surface water diversions from streams at the model boundary. In contrast, daily total precipita-
tion across the valley was considered to have relatively small measurement error and was not considered in
the sensitivity analysis.
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Figure 2. Annual water budgets for SWBM (top) and MODFLOW (bottom)
portions of Scott Valley Integrated Hydrologic Model. Values are water year
totals, with colors along the bottom of the lower plot indicating dry (red)
and wet (blue) years. Positive and negative storage values correspond with
decreases and increases in storage, respectively. ET = evapotranspiration;
SW = surface water; GW = groundwater; SWBM = soil water budget
model; MFR = mountain front recharge.

minimize the objective function and therefore provide the best match
between observed and simulated values. Convergence was met when
either parameter values did not vary by more than 1% (TolPar = 0.01), or
the objective function did not change by more than 1% for three consec-
utive iterations (TolSOSC = 0.01). Nonlinearity of SVIHM was evaluated
using the modified Beale's measure (Cooley & Naff, 1990) calculated
by the program MODEL_LINEARITY, available in the UCODE_2014
distribution (https://igwmc.mines.edu/ucode/).

The influence that observations exerted during the calibration process were evaluated using the DFBETAS
and Cook's D statistics. The DFBETAS statistic provides information about the influence of an observation
on each calibration parameter, with more influential observations having greater absolute values. Cook's D
measures how influential an observation is on the entire parameter set by calculating how much regres-
sion estimates would change if the observation was omitted. Like DFBETAS, greater values indicate greater
influence. Both statistics have critical values for defining when observations are considered influential. For
DFBETAS and Cook's D this is equal to 4/(ND + NPR) and 2/(ND + NPR)Y2, respectively, where ND is
the number of observations and NPR is the number of prior information equations (Yager, 1998; Hill &
Tiedeman, 2007). Prior information equations were not used in this version of SVIHM.

3.6. Streamflow Matching
Comparison of simulated streamflow to observed values at gages was done both graphically and using a
modified version of the Nash-Sutcliffe model efficiency coefficient (NSE; Nash & Sutcliffe, 1970)

i, (log [y, —log ¥/])*
Y, (log [yi —log },-] )2

where n is the number of streamflow observations for the gage. A NSE of 1.0 indicates the model perfectly
matches observations, while a value of 0.0 means the model is no more accurate than predicting the mean
value. Streamflow data were log-transformed because they span nearly 4 orders of magnitude in the Scott
Valley and large variance can produce high NSE values even if model fit is relatively poor (Jain & Sudheer,
2008). Therefore, NSE values presented in this paper are conservative.

NSE=1- (12)
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Figure 3. Monthly water budgets for SWBM (left column) and MODFLOW (right column) portions of SVIHM for dry
(top row), average (middle row), and wet (bottom row) years. Positive and negative storage values correspond with
decreases and increases in storage, respectively. Colors along the bottom of the plot indicate dry/critical (red)

and wet (blue) water year types according to the Sacramento Valley water year hydrologic classification.

ET = evapotranspiration; GW = groundwater; SW = surface water; SWBM = soil water budget model;

MFR = mountain front recharge.

3.7. Qualitative Model Validation

To validate the usefulness of SVIHM for informing water management decisions related to the critical late
summer period when stream connectivity is most compromised, a model validation was performed to test
SVIHM's capability to predict late summer dry reaches. Data obtained from the U.S. Department of Agricul-
ture's National Agriculture Imagery Program (NAIP) in combination with direct observations by landowners
and resource professionals were used to map dry/disconnected stream reaches in the Scott Valley. Imagery
and direct observations from August 2005 and 2014, representing average and dry water year conditions in
the Scott Valley, respectively, were digitized using ArcGIS. Water year 2014 was used as a proxy for water
year 2001 in the model since NAIP data only extend back to 2003 and SVIHM terminates in 2011. Both
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Figure 4. Monthly fluxes of selected basin water budget components for dry (2001), average (2010), and wet (2006)
years. Negative values for net stream-aquifer flux correspond with groundwater discharge to surface water. Relative
aquifer storage is the cumulative change in groundwater storage from initial conditions. Gray shaded area
indicates growing season. GW = groundwater; SW = surface water.
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Figure 5. Spatiotemporal heat map of fluxes between groundwater and
surface water for the Scott River with geographic locations noted. Fluxes are
highly spatially variable, despite relatively homogeneous parameterization
of the stream. White areas indicate dry reaches. Colors along the bottom of
the plot indicate dry/critical (red) and wet (blue) water year types according
to the Sacramento Valley water year hydrologic classification. The absolute
value is the magnitude of the flux, while the sign indicates flux direction:
Red and blue indicate losing and gaining reaches, respectively.

years show similarities in timing and magnitudes of streamflow. Reaches
were assigned one of four categories: dry/disconnected, flowing, ques-
tionable, and no data. These mapped sections were compared with
streamflow values produced by SVIHM at the end of the corresponding
month. Modeled stream reaches with flows less than 2.8 x 1072 m3/s
(1 ft3/s) were considered dry/disconnected, whereas all other reaches
were considered flowing.

NAIP imagery is taken during the growing season but generally before
field observations were collected, typically at the seasonally lowest
streamflow in late August or September. Where only NAIP imagery is
available, the data may therefore be biased toward wetter conditions than
would have been observed later in the year. However, it was considered
to be a useful data set for qualitative model validation.

4. Results

4.1. Water Budget and Groundwater-Surface-Water Interactions
In order to provide context for the sensitivity analysis and calibration
results, we first present model results from one of the calibrated param-
eter sets. Run 4 was chosen because it had the lowest objective function
value. Annual water budgets were computed separately for the soil land-
scape (SWBM) and groundwater (MODFLOW) systems (Figure 2). Land-
scape inflows consist of precipitation and irrigation, while outflows are to
ET and groundwater recharge. Groundwater inflows include landscape
recharge and stream recharge. Groundwater outflows include pump-
ing, drains, discharge to streams, and ET within the discharge zone and
along the riparian corridor. Precipitation varies considerably from year
to year, ranging from 22.5 cm (8.9 inches) to 98.1 cm (38.6 inches).
Applied irrigation from groundwater and surface water in the valley also
varies interannually from 31.7 cm (12.5 inches) to 50.4 cm (19.8 inches).
Groundwater pumping accounts for about 50% of irrigation water in wet
years but nearly 75% in dry years. Evapotranspiration has small inter-
annual variability and is the largest flux out of the soil zone due to the
dominant presence of agriculture in the valley. Given that interannual soil
moisture storage changes are small (0.2% to 15% relative to field capacity),
interannual fluctuations in recharge therefore follow those of precipita-
tion, with which it is highly correlated (R* = 0.89). Monthly and annual
water budgets are available in the supporting information.

At the basin scale, landscape recharge is the largest inflow to the aquifer
on an annual basis. In the current version of the model, canal seepage and
MEFR are constant and constitute the second largest inflow to the aquifer.
Dry years show reductions in groundwater storage. At the valley scale,

groundwater is a net contributor to streamflow in all but the driest years. In those years, streams are net
contributors to the groundwater budget but only after significant depletion of groundwater storage in the
preceding year (Figure 2). Groundwater pumping and discharge to the stream are the two largest annual
outflows from the aquifer and show large variations, with 50% more groundwater pumping in dry years than
wet years. Drains in the Discharge Zone account for approximately 4% of the annual aquifer outflow during
dry years and nearly 15% during wet years. A small volume of water is removed from the aquifer directly via
ET due to shallow water table conditions in the Discharge Zone (Figure 1, see section 3.4). Annual change
in aquifer storage is highly variable and largely dependent on water year type.

Monthly water budgets for dry (2001), average (2010), and wet (2006) water type years (State Water Resources
Control Board, 1999; Deas, 2006) demonstrate significant intra-annual, seasonal variations that drive the
system (Figure 3). Generally, recharge is high and both, soil and groundwater storage increase during the
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Figure 6. Normalized composite scaled sensitivities (CSS) for each parameter set (top) and the 14 most sensitive
parameters in Scott Valley Integrated Hydrologic Model (bottom). Parameters with a value less than 5% for all
sensitivity runs have been excluded for plotting purposes in the top graph. Colors represent either the parameter set
(top) or the contribution of different observation groups to parameter sensitivity (bottom). Low streamflow
observations, particularly those at the U.S. Geological Survey gage, are the most sensitive to changes in model
parameter values.

winter months. Storage decrease, groundwater pumping, surface water irrigation, and high ET dominate
from spring to early fall, leading to the lowest aquifer storage each year by late summer, although some
recharge may again occur during the irrigation season (Figure 4).

While the general patterns persist, timing and magnitude of some fluxes contribute to significant differences
in seasonal patterns between water year types. In a dry year, winter precipitation is lacking, soil moisture is
not refilled, and pumping starts at the beginning of the growing season in March, whereas it is delayed until
May during an average and wet year. Groundwater pumping is similar between most year types during the
summer months, but dry years cause significant spring abstractions of groundwater, while summer recharge
from irrigation return water is lower (Figures 3 and 4). In a wet year, cloud cover and precipitation days
during the growing season can significantly reduce ET (Figure 3). Seasonal aquifer storage trends are very
similar between a wet and a dry water year types, with similar reduction in storage between March and
September. But with a dry winter, aquifer storage is significantly more depleted in March when compared
to a wet year. In an average year, winter storage increases are not as large as in a wet year, while summer
depletion is not as significant as in a dry year. Hence, an average year type tends to see the least groundwater
storage change between March and October (Figure 4).
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Table 2

Initial and Final Values for Five Calibration Runs

Adjustable parameter values

Calibration Run 1 Calibration Run 2 Calibration Run 3 Calibration Run 4 Calibration Run 5 Calibration
Parameter Initial Final Initial Final Initial Final Initial Final Initial Final Bounds
Kx1 100 40 20 26 60 74 200 194 250 46 1077-103
Kx2 11 4 60 4 2 6 100 7 100 9 1077-103
Kx3 100 56 80 116 100 9 50 10 100 7 1077-103
Kx4 20 24 2 25 50 24 10 16 30 23 1077-103
Syl 0.1 0.09 0.15 0.08 0.05 0.13 0.1 0.13 0.12 0.09 0.01-0.35
Sy3 0.15 0.03 0.2 0.06 0.1 0.04 0.1 0.05 0.11 0.04 0.01-0.35
RD_Mult 1 2 0.9 1.7 1.1 1.9 1 14 1.2 1.2 0.5-2
SMDF_Flood 0.7 0.67 0.75 0.74 0.55 0.8 0.7 0.72 0.55 0.68 0.5-0.8
SMDF_A/G_WL 1.05 1.02 1.09 1.04 1.01 1.05 1.14 1 1.03 1.17 1-1.2
SMDF_A/G_CP 1.1 1.11 1.15 1.01 1.01 1 1.15 1.16 1.1 1.13 1-1.2
SMDF_P_WL 0.85 1 0.81 0.8 0.99 0.99 0.9 0.85 0.95 1 0.8-1
SMDF_P_CP 0.95 0.9 0.91 0.85 0.91 0.91 0.95 0.87 0.99 1 0.8-1
Kc_Alfalfa_Mult 1 0.97 1.04 1.05 0.96 1.05 1 1.05 1.05 1.01 0.95-1.05
Kc_Pasture_Mult 1 1.05 1 1.01 0.96 0.98 1.04 1.05 0.95 1.02 0.95-1.05
Objective function value 9.33E+04 9.57E+04 9.08E+04 8.90E+04 9.66E+04

Note. The only differences between the five runs was the starting value of the adjustable parameters. Note that the reported soil moisture depletion factor (SMDF)
is the sum of the application efficiency and SMDF but is reported as a single value for convenience.

Simulated stream-aquifer fluxes are highly variable along the stream profile (Figure 5). Exchange fluxes
between groundwater and the stream vary from tens to thousands of cubic meters per day. Gaining stream
reaches alter with losing stream reaches at a rate of typically 200 to about 1,000 m.

The lower 10 km of the Scott River (river km 37-47) is mostly gaining reaches interspersed with small seg-
ments of losing reaches. The same general pattern is observed for the 17 km (river km 67-84) of the Scott
River below the Tailings section. In contrast, the 20-km-long midsection of the river, from just downstream
of the confluence with Etna Creek to the confluence with Oro Fino Creek (river km 47-67), and much the
Tailings section in the uppermost 10 km of the Scott River (river km 84-94) are dominated by losing reaches.

In contrast to the high variability of groundwater-surface water fluxes along the stream profile, local fluxes
remain relatively constant over the 21-year simulation period. Some seasonal variations are observed in the
simulation, involving either a slight upstream or downstream translocation of a gaining/losing reach tran-
sition (Figure 5). Transitions are often consistent between seasons, year after year, regardless of water year
type. Some reaches show seasonal expansion/contraction patterns or reaches, with a longer area recharging
the aquifer during the winter and spring months and longer sections of groundwater discharging to the
stream in the summer and fall. Reaches consistently showing either gains or losses during the entire
simulation period each accounted for about 25% of the length of the Scott River (Figures 5 and 10).

4.2. Sensitivity Analysis

CSS showed considerable variation across the parameter sets (Figure 6). The alfalfa crop coefficient multi-
plier (Kc_AlfalfaMult) was the most sensitive, having the highest value for each parameter set tested. The
soil moisture depletion factor for wheel line irrigation of alfalfa and grain (SMDF_A/G_WL) and the pasture
crop coefficient (Kc_Pasture_Mult) also showed a large degree of sensitivity for all runs. Aside from these
three parameters, ordering of CSS values between sets was highly variable. Twenty-two parameters did not
show sensitivity within 5% of Kc_Alfalfa_Mult (normalized CSS < 0.05) for any of the runs. A few parame-
ters (e.g., Kx5, Kx9, and Kc_Native) showed relatively high sensitivity for a single run but were insensitive
for other combinations of parameters.

Low streamflow at the USGS gage was the most sensitive observation group to changes in parameter values
(Figure 6), followed by low flow observations at the other gages and then by groundwater heads. Medium
and high streamflow observation groups did not show large sensitivities to parameter perturbations. Using
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Figure 7. (a) Observed and simulated values of streamflow at the U.S. Geological Survey FJ gage using optimized
values from all five calibration runs. (b-e) Observed and simulated streamflow exceedance probabilities at the four
gaging stations in the valley. (f and g) Observed and simulated groundwater heads and head residuals for the five
calibrations. Low, medium, and high flow categories are below the dashed line, between the dashed and dotted line,
and above the dotted line, respectively. FJ = Fort Jones; AS = Above Serpa Lane; BY = Below Young's Dam;

LS = Lower Shackleford Creek.

the same weight for all three stream flow categories (CV = 10%) does not affect the much larger sensitivity
of the low streamflow observation group when compared to the medium or high streamflow observation
groups (not shown).

Parameter correlation coefficients exceeding 0.95, the general threshold at which parameters become
nonuniquely estimable (Hill & Tiedeman, 2007), were only observed in two of the parameter sets. A nega-
tive correlation was found between specific storage and specific yield for hydraulic property Zones 6 and 8
in Parameter Set 2, which is expected given their relation to storativity. In Parameter Set 4 there was a strong
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Figure 8. Optimized parameter values for the five calibration runs. Error bars show 95% linear confidence intervals
calculated by UCODE_2014. SWBM = soil water budget model.

negative correlation between Wel5 and Wel7, two parameters that control MFR along the eastern boundary
of the southern portion of the valley. While correlated, the parameters themselves were found to have low
CSS values indicating that they were not suitable for calibration. None of the parameters selected for the
calibration were correlated, suggesting that unique calibration estimates may be obtained.

4.3. Calibration

Based on information obtained from the sensitivity analyses, 14 parameters (Table 2) were selected for
calibration. Streamflow and groundwater heads simulated by all five calibrated models show very good
agreement with observed values (Figure 7). Both interannual and intra-annual streamflow variations are
captured at all gage locations, with log-transformed NSEs ranging from 0.61 to 0.91 at all gages for the five
calibration runs. Streamflow values are consistently underpredicted at the USGS gage during the winter
and spring months when high flow events typically have a time scale much shorter than the monthly stress
period. Low flows simulated at gages other than the USGS gage tend to be overestimated during the summer
and fall (Figure 7). Simulated groundwater heads show a very strong correlation (R* > 0.98) with observed
values, having root-mean-square errors between 2.28 and 2.78 m. Residuals less than or equal to 1, 2, and 3
m accounted for approximately 50%, 70%, and 80% of head observations, respectively.

All five of the calibration runs converged because the objective function did not change more than 1% for
three consecutive iterations (TolSOSC convergence). Final objective function values varied between about
1% and 8% difference of each other (Table 2). Although the objective function reached a similar value for
all runs, estimates of several parameters varied significantly between calibrations (Figure 8). The largest
variations were observed in Kx1, Kx3, and Syl, which ranged over an order of magnitude for hydraulic
conductivity and varied up to 50% for specific yield. Parameters contained within SWBM showed simi-
lar variations across runs but with much less variability due to tighter imposed constraints. None of the
parameters were calibrated to unreasonable values, with only a few limited by upper or lower calibration
bounds.

Linear 95% confidence intervals estimated by UCODE_2014 are relatively narrow for the MODFLOW
parameters when compared to the range of estimated values across all five calibration runs. For example, the
largest confidence interval for Kx1 was observed in Calibration Run 4 and spanned 38 m/day. This is only
22% of the range in estimated values across all five calibration runs. Conversely, individual linear confidence
intervals for SWBM parameters compared to the range in ensemble estimated parameter values are much
greater, ranging from 52% to 386%. These linear confidence intervals may not reflect the true parameter
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Figure 9. Influence statistics DFBETAS (top row) and Cook's D (bottom row) for streamflow observations at the U.S.
Geological Survey gage. Lines show observed (gray) and simulated (red and blue) streamflow values that have been
log-transformed and scaled to fit the DFBETAS and Cook's D axes to provide timing context. DFBETAS values are only
differentiated by calibration run and not by parameter for plotting purposes. The most influential observations
generally occur during or immediately following the lowest streamflow period of the year.

confidence intervals, as the modified Beale's measure ranged from 1.6 to 2.9 times the upper critical value
and indicates a highly nonlinear model.

Values of DFBETAS and Cook's D (Figure 9) show that timing of the most influential observations occurs
during or immediately following the lowest period of streamflow during the year. Although the seasonal
timing of influential observations between the two statistics is similar, the most influential observations
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Figure 10. Observed and simulated stream status from Calibration Run 4 at all locations for the month of August in an
average and dry water year. Simulated streamflow status shows strong agreement with observed values, indicating the
model provides a good representation of streamflow spatially in addition to temporally at the streamflow calibration
points (Figure 8).

for the two are located in different years highlighted by the shaded regions in Figure 9. The percentage
of observations exceeding critical values ranged from about 15% to 18% for DFBETAS and 6% to 7% for
Cook's D. Streamflows accounted for about 64-79% of the observations exceeding critical values, which were
predominantly (>90%) low streamflow observations.

4.4. Model Validation

Qualitative streamflow observations of dry and flowing reaches for August in an average (2010) and dry
(2001) year were matched by simulated conditions along 81% and 87% of the total stream length, respectively
(Figure 10). This binary, spatially continuous information was not included during the calibration process
and provides an independent check of model performance. Nearly the entire length of the main stem Scott
River and most of the tributaries are accurately predicted for flowing and dry conditions. Some reaches,
such as French Creek and portions of the tailings section, Patterson Creek, Big Slough, and Shackleford
Creek, appear to have flows that are underpredicted by the model for both water year types (Figure 10). The
qualitative, binary validation information suggests SVIHM not only is an excellent prediction tool for flow
hydrographs at few existing stream gages but also performs well in predicting the spatial distribution of dry
stream sections, the most critical low streamflow predictor for water managers.

5. Discussion

The water budget produced by the model shows the highly dynamic nature of the Scott Valley both season-
ally and interannually. This is especially true for groundwater pumping and net groundwater-surface-water
fluxes. While we typically associate wet years with less groundwater pumping in agricultural areas (Faunt
et al., 2009), this is not always the case. Annual volume of precipitation is important from an overall water
budget perspective, but precipitation amounts during the early spring, when the rainy season may overlap
with the growing season, influence groundwater pumping rates. For example, 2006 had approximately 50%
more total precipitation but also 12% more pumping compared with 2010 (Figure 4). This is because more
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precipitation in 2010 fell during the growing season and helped satisfy crop ET demand, thereby reducing
the amount of irrigation. Similar instances of this occurrence have been shown in Ruud et al. (2004) and
Faunt et al. (2009).

Net fluxes between groundwater and surface water in the first half of the growing season appear to be largely
controlled by precipitation and timing of runoff entering the valley from the upper watershed, while the
second half is controlled by aquifer storage and groundwater pumping. Seasonal decrease in relative aquifer
storage (i.e., cumulative change of groundwater storage relative to the first stress period) over the grow-
ing season (March-October) are similar in wet and dry years (Figure 4) due to the Mediterranean climate.
In wet years, large gains in storage during the winter contribute to groundwater pumping and increased
baseflow during the late summer. In dry years, initial groundwater storage is less and then reduced fur-
ther by groundwater pumping. In the example average water year type shown, summer pumping affects
groundwater storage but recovery begins already in late summer due to early arrival of storms in October
(Figure 4). Similar patterns of storage change are observed in other Mediterranean, irrigated groundwater
basins (Fleckenstein et al., 2004; CDM, 2008; Brush & Dogrul, 2013).

For highly nonlinear models like SVIHM, sensitivity analysis results show that CSS values and therefore the
ranking of parameters by CSS vary as a function of the parameter starting value (Figure 6, top). Since selec-
tion of calibration parameters is done by CSS ranking, choice of calibration parameters varies, sometimes
drastically, between sensitivity analyses. Simultaneously considering the CSS rankings from multiple sen-
sitivity analyses provides additional information that overcomes the dependency of the (local) sensitivity
analysis on the starting values. The very different parameter ranking that appeared in only one of the five
sensitivity analyses (Parameter Set 2, Figure 6, top) was considered an outlier. In their more rigorous sensitiv-
ity analysis using distributed evaluation of local sensitivity analysis, Rakovec et al. (2014) found that model
parameters (including those identified to be most sensitive generally) were insensitive for about 20% of the
tested combinations. Here we see the reverse, with parameters that are insensitive in other runs showing
greater sensitivity.

The seemingly anomalous sensitivity results for Parameter Set 2 are likely a consequence of overestimation
of groundwater heads for one well in Zone 9 and two wells in Zone 5. Although the initial hydraulic conduc-
tivity for these zones in Parameter Set 2 is still relatively high at 1-2 m/day (Table 1), they are the lowest of
the ensemble. The final calibration values indicate highly conductive aquifer sediments in these zones. The
reason for increased sensitivity of some parameters in set three (e.g., Kx3, Kx4, Sy3, and Sy4) is not clear,
as there does not appear to be a strong relationship between observations in zones three and four and their
initial parameter values.

The most sensitive parameters in SVIHM are crop coefficients for alfalfa and pasture, which control water
demand (ET), and the SMDF for alfalfa/grain fields, which affects how much irrigation water is applied
and therefore recharge rates for that land use type. At first this appears to be counterintuitive since these
parameters are contained in SWBM and subsequently filtered through the MODFLOW model. However,
local differences between recharge and pumping (net extraction values) in SVIHM are highly dependent
on these parameters. Head distributions resulting from groundwater pumping cannot fully explain this,
as head observations generally contribute less than 20% to the CSS values. Instead, a likely driver for this
sensitivity to net extraction is streamflow depletion due to groundwater pumping as low flows are propor-
tionally most affected and those observations show the greatest contribution to CSS values. This suggests
that groundwater-surface-water models in agricultural areas that fix typically unmeasured pumping rates or
adjust them uniformly instead of estimating them based on spatially distributed crop demands and irriga-
tion efficiencies (or SMDF if deficit irrigating) are missing important parameters that significantly influence
calibration results. Uncertainty estimates of predicted outcomes obtained from models that do not include
the most sensitive model parameters are not likely to span the true range of possible outcomes.

Seasonal average crop coefficient values for alfalfa estimated during model calibration range from 0.88 to
0.95, similar to previously published values of 0.94 for the Scott Valley (Hanson et al., 2011). The SMDF
factors for alfalfa also agree with preliminary results from recent research in the Scott Valley that show
alfalfa is deficit irrigated in large part due to cutting schedules (S. Orloff, personal communication, July 14th
2017) and irrigation events do not provide enough water to fully satisfy demand. Instead, storage within the
effective root zone is continuously depleted as the growing season progresses. This shuts off groundwater
recharge under those fields during the growing season. It is not clear whether such deficit irrigation in alfalfa
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is common elsewhere. When present, not accounting for deep soil moisture depletion during the growing
season would overestimate recharge from alfalfa fields (Luthin & Bianchi, 1954; Orloff & Hanson, 2000;
Sanden et al., 2003).

Results from the various calibration runs indicate the model is generally converging to two locations in
parameter space. Runs 1, 2, and 5 show lower values for Kx1 and Syl compared to those of Runs 3 and
4 (Figure 8). A heuristic explanation for this may be found by considering that the calibration is trying to
match low streamflow values during the late summer: If storage near the Scott River (Zone 1) is low, then
the hydraulic conductivity must be low as well to keep heads in the aquifer high enough in the late summer
to provide a positive gradient to the stream. If heads in the aquifer drop too low streamflow is underesti-
mated. Likewise, if storage near the river increases then the discharge per unit gradient between the aquifer
and the stream increases. To compensate, near-stream hydraulic conductivity must increase to reduce the
gradient between the aquifer and the stream; otherwise, low streamflow will be overestimated. This correla-
tion between storage and hydraulic conductivity was not observed during the sensitivity analyses, possibly
due to the lack of higher-order observations used to define the objective function. This may provide some
insight for integrated groundwater-surface-water models in areas where knowledge of aquifer properties is
limited and/or higher-order observations are not readily available.

Seasonality of fluxes between groundwater and surface water is driven by high winter and spring flows that
recharge the aquifer, which in turn sustain baseflow during the summer and fall. The model produces a large
amount of spatial heterogeneity in fluxes between groundwater and surface water for the Scott River, despite
reaches having nearly homogenous hydraulic and cross-sectional (conductance) parameterization. Instead,
the large spatial heterogeneity is due to undulations in the longitudinal streambed profile: Streambed eleva-
tions in the model were assigned using observed thalweg elevations obtained from high-resolution LiDAR
and digital elevation model data and are the only stream parameters that have significant spatial variation.
Even in a predominantly flat agricultural area like the Scott Valley, the profile of streambed elevations is not
uniformly sloping. At the 100-m resolution of the model grid, significant nonuniformity in streambed eleva-
tions reflects typical variations in stream geomorphology. This leads to highly variable groundwater-surface
water interactions, such as those seen in models that take into account geologic heterogeneity (Fleckenstein
et al., 2006) or streambed geomorphic factors at multiple scales (Cardenas, 2009; Stonedahl et al., 2012).
Assigned streambed elevations therefore exert a large control on interactions between groundwater and
surface water in numerical models.

Influential observations were consistently representing periods of low streamflow. The low sensitivity of
the model to medium and high streamflow observations stems from their origin: Medium and high stream-
flows are largely controlled by specified inflow to the SFR package and not by aquifer properties. During
high streamflow, upper watershed streamflow input determines streamflow out of the Scott Valley at the
downgradient boundary. It is orders of magnitude larger than baseflow and therefore provides little to no
information about aquifer properties. During periods when baseflow dominates (summer and fall), stream-
flow provides significant information about aquifer flow and storage properties since flow in the stream
predominantly reflects groundwater contributions. By extension, low flows also provide information about
SWBM parameters that affect groundwater contributions during this time (e.g., crop coefficient and SMDF).

The ensemble calibration results show nonunique parameter estimations when calibration runs start at dif-
ferent locations in the parameter space. This occurred even though the inverse problem is well posed for
SVIHM as the number of observations far exceed the number of parameters and no significant correla-
tions were found between calibration parameters. Simulated streamflow and groundwater heads are similar
across calibration runs despite some parameter values varying up to an order of magnitude.

Uncertainty estimates from an individual calibration run are lacking as they do not span the entire param-
eter space over which similar heads and streamflow are produced. Linear confidence intervals are often the
only feasible measure of parameter uncertainty for models with significantly long run times as nonlinear
analysis methods such as Markov chain Monte Carlo require far too many runs to be of practical use. The
minimum number of model runs for a combined sensitivity analysis and calibration in this study was 202,
which took a total of 5.8 days to complete when parallelized using five processors. A Markov chain Monte
Carlo analysis, assuming (conservatively) a minimum of 1 x 10* nonparallelizable model runs that take 2
hr each, would require 2.3 years. Our results suggest that integrated hydrologic models need to be rigor-
ously evaluated as much as feasibly possible for nonlinear behavior and sensitivity relationships to more
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accurately capture sensitivities and resulting uncertainties in parameter estimation and predicted values.
This is particularly important in basin-scale simulation models that will ultimately be used to inform deci-
sion makers and establish uncertainty ranges as part of project risk analyses and sustainability compliance.
The results presented here do not provide a conclusive, rigorous evaluation of sensitivity, such as those pro-
vided in other methods (Rakovec et al., 2014; Borgonovo et al., 2017), due to long model runs times. Instead,
running a limited number of sensitivity analyses and calibrations using a wide range of starting values pro-
vides a frugal heuristic method to capture some key uncertainties associated with nonlinearity inherent in
basin-scale integrated groundwater-surface-water models.

6. Conclusions

Agricultural demands and groundwater-surface water conditions for the Scott Valley were simulated
over 21 years by weakly coupling a streamflow regression model, a soil-water budget model, and a
groundwater-surface-water model. The soil-water budget model operates at the field scale, providing
high spatial resolution of groundwater recharge and pumping across the model domain. Coupling the
groundwater-surface-water model with the soil-water budget model provided a simple, efficient, and trans-
parent method of estimating groundwater pumping and recharge, two of the biggest forcings for agricultural
groundwater basins. Multiple sensitivity analyses show that the most sensitive model parameters are those
that control pumping and recharge, which are typically unmeasured and therefore often only available by
employing estimation methods. Our work suggests it is important to embed the pumping and recharge esti-
mation model into the sensitivity and calibration process for a a posteriori estimation rather than using
values estimated a priori. This provides a quantitative measure of parameter importance across submodels
and a more realistic representation of spatially distributed groundwater pumping and recharge across the
agricultural landscape. Streamflow observations, particularly during the driest times of the year, provide the
most information about model parameters. We did not include higher-order observations (e.g., drawdowns
and streamflow differences) in this analysis, but their contributions and if/how they alter the parameter
rankings should be explored in future work.

Performing multiple (local) sensitivity analyses and calibrations of this nonlinear integrated model was
essential to develop a more comprehensive, quantitative understanding of model parameter importance and
uncertainty. As complexity, and likely nonlinearity, of hydrologic models increases, sensitivity analyses and
model calibrations must explore more of the parameter space by using multiple sets of initial parameters to
gain a better understanding of which model parameters are sensitive overall as opposed to sensitive within a
particular area of the parameter space. Calibration of the Scott Valley Integrated Hydrologic Model generally
converges to two different areas in parameter space, with both producing results that show good agreement
with observations. The use of multiple parallel calibrations revealed greater uncertainty in some model
parameters that a single calibration could not detect. Optimized parameter values indicate that groundwa-
ter recharge from alfalfa fields is negligible during the growing season due to deficit irrigation. Linear 95%
confidence intervals of parameter values calculated within each calibration run are generally very different
than the range in estimated parameter values obtained across the five calibrations. Further research into
parameter and prediction uncertainty of these weakly coupled, highly nonlinear models may utilize more
rigorous nonlinear methods to more precisely define parameter uncertainty.

The Scott Valley Integrated Hydrologic Model shows that a weakly coupled, computationally efficient model
can be successfully employed in lieu of an iteratively or fully coupled integrated model to simulate highly
dynamic groundwater-surface-water interactions in an agricultural watershed. Computational efficiency
and the ability to adjust model structure is an important consideration when developing models to meet
the needs of various water managers and stakeholders. The model needs to be complex enough to capture
salient hydrologic processes yet usable, modifiable, and capable of having its results communicated to and
understood by a broad audience. California is an example of where models like this are likely to see expanded
use, as integrated groundwater basin modeling and stakeholder outreach is an important component of the
Sustainable Groundwater Management Act regulation that is currently being implemented.

Notation
0 Available soil water
0. Field capacity
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P Precipitation
ET Evapotranspiration
ET, Reference evapotranspiration
AW  Applied water
R Recharge
AE  Application efficiency (irrigation efficiency)
SMDF Soil moisture depletion factor
K. Crop coefficient
X Subscript denoting the day
¢ Objective function value
Vi Observed value
yi’ Simulated value
w; Observation weight
i Observation number
ND  Total number of observations
o’ Observation error variance
CV;  Coefficient of variation for streamflow observation
Vi Mean of observations
n Number of observed-simulated data pairs
b; Jjth parameter
b vector containing initial parameter values
CSS;; Composite scaled sensitivity of the jth parameter for parameter set s
CSS, Array of CSS values for parameter j
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