ZUSGS

science for a changing world

Prepared in cooperation with Santa Barbara County Department of Public Works Water Agency

Hydrologic Models and Analysis of Water Availability in
Cuyama Valley, California

Scientific Investigations Report 2014—-5150
Version 1.1, May 2015

U.S. Department of the Interior
U.S. Geological Survey



Cover. Looking northwest from the south side of Cuyama Valley to the Caliente Range. Photograph taken by Randall T. Hanson,
U.S. Geological Survey, September 19, 2009.



Hydrologic Models and Analysis of Water
Availability in Cuyama Valley, California

By R.T. Hanson, Lorraine E. Flint, Claudia C. Faunt, Dennis R. Gibbs, and
Wolfgang Schmid

In cooperation with Santa Barbara County Department of Public Works Water
Agency

Scientific Investigations Report 2014-5150
Version 1.1, May 2015

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
SALLY JEWELL, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2015
First release: 2014
Revised: May 2015 (ver 1.1)

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment, visit http://www.usgs.gov or call 1-888—ASK—USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Hanson, R.T., Flint, L.E., Faunt, C.C., Gibbs, D.R., and Schmid, W., 2015, Hydrologic models and analysis of water
availability in Cuyama Valley, California (ver. 1.1, May 2015): U.S Geological Survey Scientific Investigations Report
2014-5150, 150 p., http://dx.doi.org/10.3133/sir20145150.

ISSN 2328-0328 (online)


http://www.usgs.gov
http://www.usgs.gov/pubprod
http://store.usgs.gov

Contents
ADSTIACT ..ttt bbbt bbb s R s bt en et s et st st enas 1
INEFOAUCTION. ettt 2
PUIPOSE @NA SCOPE vttt ettt s bbbt 2
AN 000 - T 4O 2
Description 0f the STUAY ArEa ..ot st es s 2
Hydrologic and Water-Balance SUDIregions ...t essssssssssssessessns 3
GEOIOGIC FrAMEBWOIK ...ceocvervececeeceeeteets ettt ss st s s 3
HYArogeologic UNItS ...ttt sttt ssse st sssssssssssssssssesssssssessessnsnns 3
Faults and the Groundwater FIOW SYSTEM..........ovrririniiniieieeseinsises st ssesssss s ssnes 4
Hydrogeologic FramMEWOIK ...ttt 4
Three-Dimensional Model of Grain-Size Distribution...........cocvveeeneneneneeneeneeneneseeeees 5
Hydrologic System
{0810 < OO U T
Effects of Water Use on the LandSCape ..ot ssssessessnsnns 6
SUMACE WAALET .ottt 7
GrOUNAWATET ..ottt ettt s et se s s essen st en s s s s s ensessnsnsanen 7
MOl DEVEIOPMENT ...ttt s et s s 7
Water-Balance MOGEL.. ...ttt b 8
Estimation of Recharge and RUNOTF ..o 8
Calibration and Comparison With Measured Streamflows.........cccocveevevcrnesercneneseennenn, 8
Development of BCM Results for CUVHM mModel.........coourevirineieeninineseeneenseseeeieenens 9
Integrated Hydrologic Model—CUVHM ...t sessessssssssssssnssns 9
D LT o =Y 14 o] OO OO
Spatial Discretization and LAYEIING ..ottt sesaes
Temporal diSCretiZation ..o ettt ee s snseenes
Initial Conditions and Recent Conditions
BoUNAAry CONGILIONS ....cueececiiicieiiseiseiseisie ettt s
NO-FIOW BOUNAATIES ...ttt bbb
General-Head BoUNGAries ...t 1
Surface-Water Inflows and QULFIOWS ..o 1
GroundWater PUMPAGE ...c.ccueeeececereieieeestestse ettt s 12
LY LoV U ST o o] T 12
WALEE SUPPIY oottt bbb bbb bbb bbb enaes 13
Landscape Use and Movement 0f Water ...t seseesenes 13
Delivery REQUIFBMENT. ..ottt sssssssessessss s ssssssssssssssessssssssnsesans 14
SOIIS bR 14

[ 1[0 I V£SO 14



Contents—Continued
LaNd-USE MAPS weuceeererrieeriieeeireereieeeesetsees et sessessss et esss s ses s sss st ssessssssssecas 15
L0 o B o= D | - OO 16
ClIMALE DATA ...ttt sttt 17
PreCiPITatioN ...ttt 17
Reference Evapotranspiration (ET ) ....coowwccoerevvevinnnesrssissneessvsisneesssssissssssinns 18
Groundwater Agricultural SUPPIY ... naes 18
NET RECNAIGE ettt sttt enaen
Aquifer Characteristics
TEXEUFAl ANAIYSIS ...ttt st
HYAraUliC PrOPEITIES ...ttt eaen 19
Hydraulic Conductivity of Lithologic End Members.......ccoecevevreereereeneeneseeneeneenenens 20
StOrage PrOPEILIES ..ottt s enaen 21
HydrogeologiC StIUCTUIES ....c.cveveeeireeeeeeee ettt 22
INItIA] CONAIIONS .ottt bbbt 22
Model Calibration and SENSIHIVILY .....cccvcuiueeieieiciseece et 23
Observations Used In Model Calibration ... sesssssssssens 24
Groundwater ODSEIVATIONS .....c.cuveeeeeeecireireeee ettt enaen 24
Water-LEVEI MAPS ..ottt 26
Land-Subsidence ODSEIVALIONS ......cc.ciuvcvieieeeeiesise ettt 26
PUMPAQE ODSEIVAtIONS . ....cuoveeeecireirreeseise ettt ennns
O] PAraMELETS ...ttt bbbt
Farm Process Parameters
HYdraulic PArameters ..ot sss e ssssssssssssssssessssssssnsessessssnsesses
StreamfloOW ProPertiBS ...ttt bbb naen
Multi-Aquifer Well PArameters ...t sseseesssssssessssssssssssssaes 28
General-Head Boundary Parameters......ooccecencinesesessisesesesss e sssssssssses 28
Horizontal Flow Barrier PAarameters. ... sseesesssaes 28
SUDSIAENCE PAramMEBLEIS ...vucvuceceeecicisetre ettt ettt sttt ettt enss 28
SENSIIVITY ANAIYSIS ..ruicirrerirrieerriseie et s et s e e s st es s st esses st snseens 28
Model Uncertainty, Limitations, and Potential Improvements .........cccocveveveecsvecsescseseesee e 29
Hydrologic Budget and FIOW ANAIYSIS ..ot sese st sssens 31
Projection of Potential Water Availability........c.ccccerrerreenenrenesnescseneese e sssseesessssnseens 32
Suggestions fOr FULUIE WOTK ..ottt bbb b 34
Summary and Conclusions
RETEIENCES CILBM ....ouevctcctect ettt sttt bbb bbbt ne
FIQUIBS ettt bbbt s e s e s et s bRt p s

Lo (=T T



Figures

1.

Maps showing A, Cuyama Valley watershed and groundwater basin, and
B,detailed location map with the active hydrologic model grid, groundwater
basin, and major rivers, Cuyama Valley, California.........c.cococeeueeeeececeeeccecceeeeeeeeeeevees

Maps showing A, groundwater hydrologic subregions and related geologic
structures; B, simplified Cuyama major groundwater regions; and C, groups of
landscape water-balance subregions for 1943-2010 in Cuyama Valley, California ........

Map showing generalized A, outcrops of geologic units and major faults within
model grid; B, axial hydrogeologic cross-section (A—-A’); and C, transverse
hydrogeologic cross-section (B—B’) of Cuyama Valley, California..........ccooceeuvceeeireernne.
Maps showing extent and percentage of coarse-grained deposits for the

A, Recent Alluvial aquifer; B, Older Alluvial aquifer; and C, Morales Formation
aquifer of Cuyama Valley, California......ccceeeererieeeeesissiseiseesiesessise et sssssessessensns

Graph showing cumulative departure of precipitation along with wet-dry periods,
land-use map periods, periods of application for land-use, land-ownership and
related farm wells, and selected crop attributes for Cuyama Valley, California..............

Maps showing average annual A, precipitation, and B, potential

evapotranspiration for the simulation period for Cuyama Valley, California....................
A, Timeline showing history of water and land-use development

through time, and B, graph showing population growth for Cuyama Valley,

(01710 4 - TP

Map showing distribution of streams with streamflow routing cells and
segments, and location of inflows, Cuyama Valley, California........c.ccocveecreeevecrecerennee.

Map showing distribution of agricultural, urban-supply, and domestic wells,

Cuyama Valley, CalifOrnia.....ccccccveeerecicieeieceseteeee et naen
Graph showing estimated groundwater pumpage from municipal and domestic
wells, Cuyama Valley, California ..ottt

Map showing the generalized distribution of bedrock, subwatersheds and
related inflow points used with the Basin Characterization Model
recharge-runoff estimates for Cuyama Valley ...

Graph showing comparison of Basic Characteristics Model simulated potential
evapotranspiration using the Priestley-Taylor approach with measured

reference evapotranspiration from California Irrigation Management

Information System station in Cuyama Valley, California ........c.ccoeveuveeeccvenceecccsescvenes
Graphs showing comparisons of basin discharge, estimated by using the Basin
Characterization Model, with measured streamflow for gaged basins in the

Cuyama Valley Model dOMAIN ..ottt sessssess st ssssessessensans
Graphs showing annual streamflow for all Streamflow Routing inflows in

Cuyama Valley, California, A, for 1939-2009, and B, in comparison to precipitation.......
Maps showing A, drawdown contours for 1947-66; and groundwater-level

contours for B, summer 1966; C, spring 2010; and D, summer 2010 for Cuyama

Valley, CalifOrNia ..ottt bbb bbb



vi

Figures—Continued

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

27.

Map showing distribution of model cells representing no-flow, groundwater
underflow, springs, streams, and horizontal groundwater flow barrier boundaries

in the Cuyama Valley, California.....cc.coveeeeeeneensiseeecsssssesess s ssessssssssssssssnes
Map showing agricultural soils for the Cuyama Valley simplified from Soil

Survey Geographic Database. ...

Maps showing early periods of land-use groups discretized to the model
grid, and pie chart of percentages of total land use over the modeled area for
A, 1952; B, 1959; C, 1966; and D, 1977 for Cuyama Valley, California .........cccccveveererncnnes

Maps showing land-use groups discretized to the model grid, and pie chart

of percentages of total land use over the modeled area for A, 1984; B, 2000; and

C, 2002 for Cuyama Valley, California ........cc.ecoceecuecueececeeeeeeeeeeeeeeeee et
Maps showing 200406 periods of land-use groups discretized to the model

grid, and pie chart of percentages of total land use over the modeled area for

A, 2004; B, 2005; and C, 2006 for Cuyama Valley, California........cccccococveeeevecveecreeniennnnns

Maps showing 2007-09 periods of land-use groups discretized to the model
grid, and pie chart of percentages of total land use over the modeled area for
A, 2007; B, 2008; and C, 2009 for Cuyama Valley, California .........ccococeeveveeevcrvcrrerneennennns

Maps showing A, actual major categories of land-use for 2010; B, equivalent
land-use groups discretized to the model grid, and pie chart of percentage of

total land use over the entire model area; and C, changes in percentages of
selected land use through time, Cuyama Valley, California ........cccocoveveuvervnrneeneererserennn,
Graphs showing monthly crop coefficients for A, orchards; B, grains and hay;

C, vegetables; D, general land use; and E, native vegetation in the Cuyama Valley,
CalIfOMNIA vttt bbbt bbb b et a st nnaees

Maps showing A, locations of wells with pumping tests, and the distribution

of parameter zones used for model calibration of hydraulic properties for

B, model layer 1; C, model layer 2; and D, model layer 3 in the Cuyama Valley,
CAlIFOMMIA .ttt bbb

Map showing calibration data sites of wells for groundwater levels and

water-level differences for the Cuyama Valley Hydrologic Model, Cuyama

VallEy, CalifOrNIa c.ucuceeeeececeeceeeecteeeee ettt et e esae e
Graphs showing simulated and measured hydrographs for selected wells in

A, Main-zone; B, Ventucopa Upland; and C, Sierra Madre Foothills subregions,
Cuyama Valley, CalifOrnia ...t sssssssssssssssssssssssssssssessessens

Graphs showing A, histogram of distribution of water-level residuals for the
Cuyama Valley hydrologic model model, B, correlation graph by subregions of
measured versus simulated water levels, and C, correlation between simulated

and measured vertical water-level differences for selected wells, Cuyama

Valley, CalifOrnia ..ottt s ae s



Figures—Continued

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Maps showing comparison of the contoured measured water levels with

simulated water levels A, for fall 1966; B, for spring 2010; and C, for fall 2010,

Cuyama Valley, California......c.oceeeeeeeereereieiecesssssesesesessssssssssssssesssssssssssssssessesssssssssssssssses 105
Graphs showing historical subsidence as A, map of seasonal INSAR with

graphs of simulated and measured time series for selected locations of relative
land-surface deformation from Plate-Boundary Observation sites and Point

InSAR targets, and B, simulated total subsidence 1950-2010 for the calibrated

hydrologic flow model, Cuyama Valley, California .........ccccooeeverrneeseeneeneseeseessseeeeneens 108
Graph showing reported and simulated agricultural pumpage for Cuyama

Valley, CalifOrNia ..ottt s ae s 110
Graph showing relative composite sensitivity of computed observations at

calibration points to changes in selected parameters from analysis with PEST .......... m

Stacked bar charts showing hydrologic budget for the landscape with

A, the temporal distribution of total landscape inflows and outflows; and

B, pie chart showing average annual components of farm budget of the

simulated landscape flow system within the Cuyama Valley Hydrologic Model,

Cuyama Valley, CalifOrnia ...t ssssssssssssssssssssssssssssssssesssens 112
Graphs showing A, the simulated net flow of groundwater in the hydrologic cycle;

B, pie chart showing average annual components of simulated groundwater flow;

C, the cumulative change in storage; and D, changes in groundwater storage,

Cuyama Valley, California ..ot 114
Chart showing the percentage of simulated groundwater pumpage for the
water years 1950-2010 for all three model layers, Cuyama Valley, California ............... 118

Stacked bar charts showing A, percentage of total recharge by
aquifer model layers; and B, Net downward flow between model layers,
Cuyama Valley, CalifOrnia ...t ssssssssssssssssssssssssssssssssesssens 119

Maps showing A, projected simulated water levels; and B, the difference in

water levels between projection of simulated water levels in fall 2071 and

simulated water levels in fall 2010 for the hydrologic flow model of Cuyama

Valley, CalifOrNia ..ottt s ae s 121
Three projected scenarios showing projected A, cumulative change in net
groundwater storage, B, potential groundwater levels at CVKR and CVBR

monitoring sites, and C, potential land subsidence near Cuyama,

Cuyama Valley, California......ccoceeeeeeinrreieiecsssssesssesesssssssssesessessssssssssssssessesssssssssssessses 123

vii



viii

Tables

1.

10.
11.

12.

13.

14.

15.

16.

Summary of groundwater regional zones and subregions for the Cuyama Valley
Hydrologic Model, Cuyama Valley, California.....c..cooeoeeeenerneirerieceesensiseseeseesessesessesenens 127
Summary of climate periods for the Cuyama Valley Hydrologic Model, Cuyama

Vallgy, CalifOrNIa ...ttt bbb bbb s 128
Scaling coefficients for estimation of streamflow for MODFLOW Streamflow

Routing from recharge and runoff maps developed by the Basin
Characterization Model for ungaged basins in three geologic types in Cuyama

VAIIBY ..ttt bbbt n s 129
Streamgages used for Basin Characterization Model calibration with

calibration statistics for Cuyama Valley, California .......c..ccoveveeeeneneseeneiecseseseseiesens 130
Summary of One-Water Hydrologic Flow Model Packages and processes used

with the hydrologic flow model of Cuyama Valley, California ..........ccooeeeveeveccrnniernnnns 131
Coordinates of the hydrologic flow model of Cuyama Valley, California..........cccoeu.c.... 132
Percentage of different virtual crop categories in Cuyama Valley Hydrologic

Model for selected 1and-USE PEHIOAS ..o seees 133

Summary of Cuyama Valley Farm process virtual-crop crop category,
crop-index number, and select properties for the Cuyama Valley Hydrologic

Model, Cuyama Valley, California ........cocceveernieereieecieeceeeceeeee e 134
Summary of fractions of transpiration and evaporation by month, for Cuyama

Valley Crop CAtBUOTIBS ..cviuiieieecrecteieie ettt 135
Irrigation efficiency, by month, for each crop of the Cuyama Valley, California............ 138

Summary of reference evapotranspiration comparisons between
Pennman-Montieth from California Irrigation Management Information System
stations and Priestley-Taylor estimates from regional climate data, Cuyama

Vallgy, CalifOrNIa ...ttt bbb bbbt 139
Summary of hydraulic properties estimated from the Cuyama Valley hydrologic
MOAE] CAIIDIATION ..ocevee e 140

Summary of parameter zones and related property parameter names used to
calibrate horizontal hydraulic conductivity, vertical hydraulic conductivity, and
aquifer specific storage and specific yield in the Cuyama Valley hydrologic

model, Cuyama Valley, California ...ttt 141
Summary of selected parameter values estimated for the Cuyama Valley

hydrologic model, Cuyama Valley, California .......ccooceeeeeeeeeecreceeeeeeeceeeeeeee e 142
Summary of streambed conductivity parameters and current values, Cuyama

Valley, CalifOrNia ..ottt b 147

Summary of groundwater-flow budgets for selected periods, Cuyama Valley,
CalIfOIMIA vttt bttt a sttt 149



Conversion Factors

Inch/Pound to Sl

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
Acre 4,047 square meter (m?)
Acre 0.4047 hectare (ha)
Acre 0.4047 square hectometer (hm?)
Acre 0.004047 square kilometer (km?)
square foot (ft?) 929.0 square centimeter (cm?)
square foot (ft?) 0.09290 square meter (m?)
section (640 acres or 1 square mile) 259.0 square hectometer (hm?)
Volume
acre-foot (acre-ft) 1,233 cubic meter (m®)
acre-foot (acre-ft) 0.001233 cubic hectometer (hm?)
Flow rate

acre-foot per day (acre-ft/d) 0.01427 cubic meter per second (m?/s)
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m?/yr)
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year (hm?/yr)

Hydraulic conductivity

foot per day (ft/d)

0.3048

meter per day (m/d)




Abbreviations

BCM Basin Characteristics Model

CADWR California Department of Water Resources
CIR Consumptive irrigation requirement

CUVHM Cuyama Valley Hydrologic Model
SBDPWWA Santa Barbara Department of Public Works Water Agency
ENSO El Nino-Southern Oscillation

ET,, ET. Reference evapotranspiration

ET. Actual evapotranspiration

K. Crop coefficient

K, Horizontal hydraulic conductivity

K, Vertical hydraulic conductivity

MF2K5 MODFLOW-2005

OWHM One Water Hydrologic Flow Model
NAMS/PE North American Monsoon-Pineapple Express
PDO Pacific Decadal Oscillation

PEST Parameter Estimation Program

SOSWR Sum of squared weighted residual

TFDR Total farm delivery requirement

USGS U.S. Geological Survey

WBS Water-balance subregions



Acknowledgments

The authors acknowledge Alan Flint, Chris Harich, Donald Martin, Sarah Falk, and Katherine Paybins,
who contributed to the technical content of this study. The authors also thank Larry Schneider of the
U.S. Geological Survey for completion of the technical illustrations in this document.

Xi



Xii

This page intentionally left blank.



Hydrologic Models and Analysis of Water Availability in

Cuyama Valley, California

By R.T. Hanson, Lorraine Flint, Claudia C. Faunt, Dennis Gibbs, and Wolfgang Schmid

Abstract

Changes in population, agricultural development
practices (including shifts to more water-intensive crops), and
climate variability are placing increasingly larger demands
on available water resources, particularly groundwater, in
the Cuyama Valley, one of the most productive agricultural
regions in Santa Barbara County. The goal of this study was to
produce a model capable of being accurate at scales relevant
to water management decisions that could be considered in
the evaluation of the sustainable water supply. The Cuyama
Valley Hydrologic Model (CUVHM) was designed to simulate
the most important natural and human components of the
hydrologic system, including components dependent on
variations in climate, thereby providing a reliable assessment
of groundwater conditions and processes that can inform water
users and help to improve planning for future conditions.
Model development included a revision of the conceptual
model of the flow system, construction of a precipitation-
runoff model using the Basin Characterization Model (BCM),
and construction of an integrated hydrologic flow model
with MODFLOW-One-Water Hydrologic Flow Model
(MF-OWHM). The hydrologic models were calibrated to
historical conditions of water and land use and, then, used to
assess the use and movement of water throughout the Valley.
These tools provide a means to understand the evolution
of water use in the Valley, its availability, and the limits of
sustainability.

The conceptual model identified inflows and outflows
that include the movement and use of water in both natural
and anthropogenic systems. The groundwater flow system
is characterized by a layered geologic sedimentary sequence
that—in combination with the effects of groundwater
pumping, natural recharge, and the application of irrigation
water at the land surface—displays vertical hydraulic-head
gradients. Overall, most of the agricultural demand for
water in the Cuyama Valley in the initial part of the growing
season is supplied by groundwater, which is augmented
by precipitation during wet winter and spring seasons. In
addition, the amount of groundwater used for irrigation varies
from year to year in response to climate variation and can
increase dramatically in dry years. Model simulation results,
however, also indicated that irrigation may have been less

efficient during wet years. Agricultural pumpage is a major
component to simulated outflow that is often poorly recorded.
Therefore, an integrated, coupled farm-process model is used
to estimate historical pumpage for water-balance subregions
that evolved with the development of groundwater in the
Valley from 1949 through 2010. The integrated hydrologic
model includes these water-balance subregions and delineates
natural, municipal, and agricultural land use; streamflow
networks; and groundwater flow systems. The redefinition

of the geohydrologic framework (including the internal
architecture of the sedimentary units) and incorporation of
these units into the simulation of the regional groundwater
flow system indicated that faults have compartmentalized

the alluvial deposits into subregions, which have responded
differently to regional groundwater flow, locations of recharge,
and the effects of development. The Cuyama Valley comprises
nine subregions grouped into three regional zones, the Main,
Ventucopa Uplands, and Sierra Madre Foothills, which are
fault bounded, represent different proportions of the three
alluvial aquifers, and have different water quality.

The CUVHM uses MF-OWHM to simulate and assess
the use and movement of water, including the evolution of
land use and related water-balance regions. The model is
capable of being accurate at annual to interannual time frames
and at subregional to valley-wide spatial scales, which allows
for analysis of the groundwater hydrologic budget for the
water years 1950-2010, as well as potential assessment of the
sustainable use of groundwater.

Simulated changes in storage over time showed that
significant withdrawals from storage generally occurred
not only during drought years (197677 and 1988-92)
but also during the early stages of industrial agriculture,
which was initially dominated by alfalfa production. Since
the 1990s, agriculture has shifted to more water-intensive
crops. Measured and simulated groundwater levels indicated
substantial declines in selected subregions, mining of
groundwater that is thousands to tens of thousands of years
old, increased groundwater storage depletion, and land
subsidence. Most of the recharge occurs in the upland regions
of Ventucopa and Sierra Madre Foothills, and the largest
fractions of pumpage and storage depletion occur in the
Main subregion. The long-term imbalance between inflows
and outflows resulted in simulated overdraft (groundwater
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withdrawals in excess of natural recharge) of the groundwater
basin over the 61-year period of 1949-2010. Changes in
storage varied considerably from year to year, depending

on land use, pumpage, and climate conditions. Climatically
driven factors can greatly affect inflows, outflows, and

water use by more than a factor of two between wet and dry
years. Although precipitation during inter-decadal wet years
previously replenished the basin, the water use and storage
depletion have lessened the effects of these major recharge
events. Simulated and measured water-level altitudes indicated
the presence of large areas where depressed water levels have
resulted in large desaturated zones in the younger and Older
Alluvium layers in the Main-zone subregions. The results

of modeled projection of the base-case scenario 61 years

into the future indicated that current supply-and-demand are
unsustainable and will result in additional groundwater-level
declines and related storage depletion and land subsidence.
The reduced-supply and reduced-demand projections
reduced groundwater storage depletion but may not allow for
sustainable agriculture under current demands, agricultural
practices, and land use.

Introduction

Cuyama Valley is north of Sierra Madre Mountains
in south-central California (fig. 1) and is one of the most
productive agricultural regions in Santa Barbara County.
Increases in population in the Valley and transitions to crops
that consume additional water have increased the demand for
water within Cuyama Valley groundwater basin (CUVGB).
Although a small amount of urban supply is provided by
groundwater, irrigated agriculture is solely supplied by
groundwater pumpage. The aquifers in the Valley have been
subject to overdraft (groundwater withdrawals in excess of
natural recharge) since the 1950s (Singer and Swarzenski,
1970), and more recently, land subsidence related to increased
and sustained groundwater pumpage has occurred (Everett and
others, 2013). The water levels throughout most of the central
parts of Cuyama Valley have not substantially recovered
since the onset of industrial agriculture in the 1970s. As a
part of a resource assessment process, the U.S. Geological
Survey (USGS) undertook the study described in this report
in cooperation with the Santa Barbara Department of Public
Works Water Agency (SBDPWWA) to better understand the
hydrologic budget and limits of availability and sustainability.

The purpose of the study was to quantify the water
availability of the Cuyama Groundwater Basin under varying
cultural and climatic scenarios to inform regional stakeholders’
potential constraints of water-supply availability options for
the aquifer system, which is the sole source of water supply
for the basin. A regional hydrologic flow model capable
of being accurate at scales relevant to water management
decisions was developed with the SBDPW WA for the Cuyama
Valley, California.

Purpose and Scope

This report documents (1) an analysis of the conceptual
model of the hydrologic system of the Cuyama Valley,
(2) the description of the hydrologic features used in the
hydrologic flow models of the Valley groundwater system,
(3) development and calibration of a three-dimensional
(3D) regional flow model, and (4) an analysis of water
availability with respect to current water and land use and
potential climate variability and change. Because the regional
hydrologic model incorporates time-varying inflows and
outflows, the model can be used to evaluate the basin-scale
effects of temporal changes in groundwater recharge and
pumping. Overall, the development of the geohydrologic
and hydrologic models, data networks, and hydrologic
analyses provide a basis for assessing water availability
and formulating and assessing water-resource management
strategies.

Approach

The creation of the first set of hydrologic models of
Cuyama Valley for this study required the updating of the
conceptual model, the geohydrologic framework, and the
estimation of the components of the hydrologic cycle. The
conceptual model was realigned with recent information
about the framework of recharge, land use, and streamflow
infiltration (Everett and others, 2013; Sweetkind and others,
2013). Refinement of the geohydrologic framework required
the remapping of geologic surfaces and reconciliation
of recent geologic information available from wells and
investigations (Sweetkind and others, 2013).

The Cuyama Valley Hydrologic Model (CUVHM)
was constructed on the basis of the new conceptual and
geohydrologic models to simulate the flow and use of water
for the period September 1949 through December 2010. This
model includes new layering, inflows and outflows, and more
detailed representation of the current land cover/land use and
vegetation. The new valley-wide model (fig. 1B8) includes
estimates of runoff from the surrounding watersheds simulated
by using the Basin Characterization Model (BCM) (Flint
and Flint, 2012), a regional-scale precipitation-runoff model
(fig. 14).

Description of the Study Area

Cuyama Valley is a high desert watershed with a surface-
water drainage area of about 690 square miles (mi®) and an
underlying main alluvial basin covering about 230 mi® that
straddles the northeastern part of Santa Barbara County and
parts of San Luis Obispo, Ventura, and Kern Counties (the
Cuyama River forms part of the county boundary) within the
CUVGB (figs. 14, 1B). This high desert watershed trends
northwesterly from the Sierra Madre Mountains on the south



to the Caliente Range on the north (fig. 14). Land-surface
elevations in the watershed range from 800 feet (ft) above
NAVDS8S near Twitchell Reservoir to greater than 8,000 ft at
Mt. Pinos, and land surface elevations within the groundwater
basin proper range from about 1,950 ft to 3,600 ft above
NAVDSS. The valley is drained by the Cuyama River and

its tributaries, of which Santa Barbara Creek is the largest
(fig. 1B). The valley has been developed predominantly for oil
production since the 1950s and for agriculture since the 1930s
but also contains the towns of Cuyama and New Cuyama and
other small towns (fig. 1B). The CUVGB encompasses about
230 mi%, of which about 30 percent is used for agriculture,
about 69 percent is natural vegetation, and one percent is
urban land as of 2010. The residents of the valley rely almost
exclusively on groundwater for their drinking-water supply
and for irrigation (Gibbs, 2010). As a result, the aquifer is
susceptible to overdraft (groundwater pumpage in excess

of recharge) and related secondary effects such as land
subsidence and poor water quality when outflows (including
pumpage) exceed inflows for an extended period of time.

Hydrologic and Water-Balance Subregions

The assessment and analysis of groundwater availability
relative to the components of the hydrologic cycle required
the division of Cuyama Valley into subregions that can be
analyzed individually with respect to supply-and-demand
components. This study also required a more precise
delineation of the groundwater basin. The delineation
described by the California Department of Water Resources
(2003) includes several extraneous regions that are not part
of the main regional aquifer systems within Cuyama Valley.
Thus, the extent of the groundwater basin was redefined as a
part of this study (fig. 1B). The basin was further divided into
nine groundwater hydrologic subregions (fig. 24, table 1).
These subregions separate the aquifers into regions that:
are fault bounded; represent different proportions of the
three alluvial aquifer systems; have different water-quality
characteristics; and where the response to the use, movement,
and consumption of water is similar in specific parts of the
aquifers but differ from the responses in the other subregions.
In this context, these subregions of Cuyama Valley may
be considered a collection of subbasins that are partially
hydraulically connected, but have different hydrologic
features or hydraulic properties and consequently respond
differently to natural and anthropogenic stresses. To facilitate
regional water-availability analysis, these nine subregions
were grouped into three simplified major regional zones that
represent the Main zone, Ventucopa Uplands, and Sierra
Madre Foothills (fig. 2B).

The valley also was divided into multiple water-
accounting units called water-balance subregions (WBS), to
create the associations between demand for water for irrigation
and supply from wells that link the supply-and-demand
components driven by changing land use and land ownership
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(fig. 2C). These subregions comprise a combination of private
and public lands from which data can be used to estimate

the water-balance components of land use, streamflow, and
groundwater flow relative to the use and movement of water
at the land surface. The increase in the number—from 2 in
1949 to 83 in 2010—reflect the historical development of the
valley across the landscape. The changing number of WBS
generally represents changes in land ownership and use that
occurred during 10 different periods within the 61 years of
simulation. Superimposed on these WBS are cell-by-cell
distributions of changes in land use that include different
natural vegetation, urban, and agricultural uses throughout the
valley (described later in the “Model Development” section).
The most recent WBS are based on land-use parcels of 2010
and were sequentially changed for earlier periods to provide

a logical progression of land-use and ownership changes over
the 61-year simulation period (1949-2010). These WBS are
also combined with the nine groundwater subregions for the
purposes of water-supply analysis and are generally coincident
with those subregions (fig. 24).

Geologic Framework

The Cuyama Valley is a down-faulted block or graben
that is bordered on the north by the Morales and Whiterock
Faults and on the south by the South Cuyama and Ozena
Faults (fig. 34). The eastern part of the valley is underlain by
the Cuyama syncline, with a strike parallel to the elongation
of the valley, which plunges toward the northwest. The north
limb of this fold is truncated against the Morales Fault (Singer
and Swarzenski, 1970).

Hydrogeologic Units

The hydrogeologic framework of Cuyama Valley was
developed through a reevaluation and synthesis of geologic
information from previous studies, which resulted in a
simplified grouping of geologic units into hydrogeologic
units (Sweetkind and others, 2013). Geologic units within the
Cuyama Valley groundwater basin include unconsolidated
Pleistocene and Holocene alluvial deposits and fluvial deposits
of the Cuyama River drainage, and the underlying, partly
consolidated nonmarine Morales Formation of Pliocene
to Pleistocene age (Upson and Worts, 1951; Singer and
Swarzenski, 1970). These deposits unconformably overlie a
late Cretaceous to middle Cenozoic succession of consolidated
marine and nonmarine sedimentary rocks, which themselves
overlie crystalline granitic and gneissic rocks (Hill and others,
1958; Dibblee, 1982; Lagoe, 1987; Bazeley, 1988; fig. 34).
Previous USGS studies of Cuyama Valley (Upson and Worts,
1951; Singer and Swarzenski, 1970) delineated aquifers in
the saturated parts of the Recent and Older Alluvium, units
that historically have yielded most of the water pumped in the
study area. Since these studies were completed, water levels
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have declined in some areas into the deeper units such as the
Morales Formation. The hydrogeologic framework that was
used to represent the three discrete hydrologic model layers
as determined by Sweetkind and others (2013) is illustrated in
figure 34:

1. Recent Alluvium aquifer—one layer of the younger
alluvial deposits representing an alluvial deposit layer.

2. Older Alluvium aquifer—one layer of the older alluvial
deposits.

3. Morales Formation aquifer—one layer representing the
uppermost units of the Morales Formation.

Collectively, these aquifers are variable in areal extent and
range in thickness from a few feet up to thousands of feet. The
outcrops and extent of these units are superimposed onto the
BCM and the CUVHM active model grids (fig. 34).

Faults and the Groundwater Flow System

Faults of hydrologic significance occur at the basin
margins, where fault offset juxtaposes basin-fill sediments
against older consolidated rocks, and within the basin,
where basin-fill units of differing water-transmitting ability
are juxtaposed. Faults within the basin fill have been
recognized previously as being associated with historical
surface springs or lateral changes in groundwater elevations
(Singer and Swarzenski, 1970). Sweetkind and others (2013)
identified three faults within the basin that offset the basin-
filling deposits and are associated with known water-level
changes (Upson and Worts, 1951; Singer and Swarzenski,
1970): the thrust faults that bound Turkey Trap Ridge and
Graveyard Ridge, the Santa Barbara Canyon Fault, and the
Rehoboth Fault (fig. 34). Upson and Worts (1951) reported
the presence of springs and seeps along the base of Turkey
Trap and Graveyard Ridges in 1946. Singer and Swarenski
(1970) reported water-level drawdowns of 80 to 100 feet in
the area near these ridges and indicated that water removed
by pumping from this region is slow to replenish because
faults restrict movement of water. The impediment to flow
might be related to the hydraulic properties of the fault
itself or fault juxtaposition of older, slightly less permeable
material. A fault (or fault zone), here called the Santa Barbara
Canyon Fault (SBCF; fig. 34), was suggested by Singer and
Swarzenski (1970) as the cause of a steep hydraulic gradient
in the southeastern part of Cuyama Valley, where water levels
in the vicinity of Ventucopa are at least 100 ft higher than
water levels a couple miles to the northwest. The relatively
small amount of vertical offset on the Santa Barbara Canyon
Fault indicates that changes in water levels across this fault
documented in previous studies are caused by distinct fault-
zone properties, rather than juxtaposition of units of differing
water-transmitting ability. Another fault, here called the

Rehoboth Fault (fig. 34), is inferred from lateral water-level
changes in the west-central part of the valley. The other major
faults in Cuyama Valley (figs. 24, 34), such as the Russell,
Morales, South Cuyama, Ozena, and Whiterock Faults, are
represented as no-flow groundwater boundaries along the
outer edge of the alluvial basin.

Hydrogeologic Framework

A digital 3D hydrogeologic framework model of the
alluvial basin was developed and is described in detail by
Sweetkind and others (2013). The framework model uses
information from a variety of datasets, including existing
lithologic and electrical geophysical logs from oil and gas
wells and water wells, cross sections, and geologic maps,
to delineate the volumes of the aquifer system bounded by
faults and relevant depositional or formational boundaries.
The model is the digital representation of the interpreted
geometry and thickness of subsurface geologic units and
the geometry of folds and faults that bound the basin and lie
within it. Specifically, the model was constructed to represent
the subsurface geometry of the Recent Alluvial aquifer, the
Older Alluvial aquifer, the Morales Formation aquifer, and a
composite pre-Morales Formation bedrock unit. This model
provides the fundamental hydrogeologic framework for the
subsequent development of a transient numerical model of
groundwater flow in the study area.

The framework model may be explored and visualized by
slicing the model volume at any chosen location (for example,
figs 3B, C). Two sections were cut from the framework model
along the same two section lines as published by Singer and
Swarzenski (1970). One section (A—A’, fig. 3B) is aligned
roughly east-west , parallel to the trace of the interbasin thrust
faults that bound the Turkey Trap Ridge and Graveyard Ridge,
and a second (B-B’, fig. 3C) is a roughly north-south section
transverse to the major structural grain of the basin. Together
with the map, the sections show the extent and thickness of the
aquifers. The sections show the thickness of Recent Alluvial
aquifer in the axis of the valley, underlain by Older Alluvial
aquifer. The Older Alluvial aquifer dominates the southern part
of the valley, beneath its outcrop exposures, with the Morales
Formation aquifer underlying it. The Morales Formation
aquifer predominates in the Cuyama Badlands area, where it is
virtually the only permeable stratigraphic unit except for thin
Recent Alluvium along the trace of the Cuyama River channel.
The Morales Formation aquifer is also exposed at the ground
surface in the western part of the valley, where it is locally
overlain by thin deposits of alluvium in the channel of the
Cuyama River. The effect of fault offset is not obvious at the
scale of figure 34, except for the appearance of Older Alluvial
aquifer at land surface at Graveyard Ridge and Turkey Trap
Ridge.



Three-Dimensional Model of Grain-Size
Distribution

An analysis of variability of lithology and grain size
was conducted for the three principal basin-filling units, the
Recent Alluvial aquifer, Older Alluvial aquifer, and Morales
Formation aquifer. The details of this analysis are documented
by Sweetkind and others (2013). Textural variability in the
basin-filling units is ultimately a function of the sedimentary
facies, environment of deposition, and depositional history
of the basin. Textural data such as grain size, sorting, and
bedding characteristics form the geologic basis for estimating
the hydraulic properties within the numerical hydrologic-flow
model.

The spatial distribution and the characteristics of the
sediments forming the three aquifers are related to the
Pliocene and Pleistocene tectonic evolution and uplift of
the basin, the progressive narrowing of the valley, and the
gradually increasing channelization of the Cuyama River
drainage. The Morales Formation is a widespread unit that was
deposited prior to the constriction of the basin by encroaching
thrust faults. As a result of tectonic uplift, the previously
deposited Morales Formation was exposed and eroded.
Streams deposited and reworked sediment from the Morales
Formation into a narrower basin that resulted in the deposition
of the Older Alluvial aquifer. The Recent Alluvial aquifer is
confined to the center of Cuyama Valley and alluvial channels
tributary to the Cuyama River. Textural variations in the
Recent Alluvial aquifer appear to be primarily climate-driven
and reflect regional rainfall variations that control stream
incision and aggradation.

Sediment grain size, a textural parameter commonly
reported in oil-well and water-well data as well as in outcrop
observations, was analyzed and modeled. Boulders, gravels
and sands are considered coarse-grained, whereas silts and
clays are considered fine-grained. As part of a statistical
and geostatistical analysis, the percentage of coarse-grained
sediment was calculated for the entire thickness of each
aquifer for all 218 available wells. Percent coarse-grained
sediment was calculated as the total thickness of coarse-
grained intervals divided by the total thickness of the aquifer.
The global mean percentage of coarse-grained texture is
34 percent, with the Recent Alluvial aquifer being significantly
more coarse-grained than the Older Alluvial aquifer or the
Morales Formation aquifer.

Initially, the interpreted grain-size and bedding-frequency
parameters derived from data from the oil and gas exploration
boreholes were used to construct a 3D model of textural
variations within the basin by extrapolating data away from
boreholes using a nearest-neighbor 3D-gridding process for
a cell size of 500 meters (m) horizontally and 10 m vertically
(Sweetkind and others, 2013). Using geostatistical methods,
this model was refined to a higher resolution 250-meter
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grid for producing a series of plan-view estimates of texture
variation of grain-size variability for each aquifer that is
coincident with the gridding of the hydrologic model (fig. 4).
The two-dimensional (2D) kriged estimates of percentage of
coarse-grained texture highlight textural distributions within
and between the aquifers.

The spatial patterns of the percentage of coarse-grained
texture for each aquifer show significant heterogeneity in
the texture of the sediments, which reflects the depositional
environment and the geomorphic evolution of the region
since Pliocene time. The texture model of the Recent Alluvial
aquifer has the highest percentage of coarse-grained deposits
(fig. 44). It is coarsest in the eastern part of the valley,
becomes finer grained with distance downstream to the west,
and, although not evident at the scale of these maps, is also
coarsest in the vicinity of the active Cuyama River channel.
The coarse-grained nature of the Recent Alluvial aquifer
reflects a number of factors, including the short distances
between the sediment sources in the surrounding uplands and
the sites of sediment deposition as well as the high-energy
nature of Cuyama River and tributary creeks that transport
sediments during winter storms and summer monsoonal rains.
The spatial structure of the kriged textural model for the
Recent Alluvial aquifer can be attributed to the alignment of
the active drainages, whereas the textural models of the older
aquifers are less correlated to modern topography.

The texture model for the Older Alluvial aquifer differs
in spatial structure from the Recent Alluvial aquifer in being
overall much finer grained and generally unrelated to the
modern active drainages (fig. 48). The Older Alluvial aquifer
is moderately coarse-grained in the eastern half of Cuyama
Valley, but transitions to fine-grained at the western end of
the valley. Much of (the) Older Alluvial aquifer is derived
from erosional reworking of uplifted parts of the Morales
Formation. The Older Alluvial aquifer is generally coarser
than the Morales Formation aquifer and has more numerous
medium- and coarse-grained lenses that probably represent
alluvial channel deposits.

The Morales Formation aquifer is much finer-grained
than the overlying units (fig. 4C). This aquifer has relatively
few coarse-grained intervals and is characterized by relatively
fine-grained material, particularly in the axis of the valley,
where Older Alluvial aquifer contains some of the coarsest
intervals. The Morales Formation aquifer is particularly fine
grained in the western half of Cuyama Valley, where surface
geologic mapping identifies a lacustrine facies in this unit
(Upson and Worts, 1951; Dibblee and Minch, 2005; DeLong
and others, 2008). However, the Morales Formation aquifer
becomes more coarse-grained along the southern flank of
the valley and to the southeast, perhaps reflecting available
sediment supply from uplifting areas outside the valley at the
time of deposition.
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Hydrologic System

The conceptual model for the hydrologic cycle starts
with inflows from precipitation and streamflow. Streamflow
enters Cuyama Valley through the Cuyama River and as
runoff from the side slopes and local stream networks that
drain the surrounding mountains. Infiltration of runoff along
with percolation of some precipitation and irrigation below
the root zone contribute to groundwater recharge. Additional
underflow of groundwater occurs along the Cuyama River
channel as inflows at the eastern and outflows at the western
boundaries of the valley in all three aquifers (fig. 24). Outflow
also occurs as evapotranspiration from natural vegetation,
urban landscapes, and irrigated agriculture. Additional outflow
occurs as groundwater pumpage for agricultural, urban, and
domestic uses. These natural and man-made inflows and
outflows represent the supply-and-demand components of
water use within the hydrologic cycle in Cuyama Valley. Since
the 1990s, the developed hydrologic system now also includes
the pumpage of water in one groundwater subregion that is
exported to adjacent subregions for irrigation use.

Climate

The climate of the Cuyama Valley is arid, with hot
summers and cool winters. The record of cumulative departure
from the mean of precipitation for the late 1940s or 1950s
(depending on when records were available) to 2010 shows
that major and minor wet periods and dry periods are typical
of the climate variability for Cuyama Valley (figs. 5, 6A4).
The map of average annual precipitation indicates that higher
precipitation occurs within the large mountain-front inland
regions (fig. 64).

On figure 5, 16 wet and dry periods are shown, and 15
major wet and dry periods are coincident with the period
of simulation and related stress periods from October 1949
through December 2010 (fig. 5; table 2). Average rainfall
ranges from about 7 inches per year on the valley floor to
about 15 inches per year in the eastern part of Cuyama Valley
(Gibbs, 2010; fig. 64).

Time-series analysis of the residuals from the cumulative
departure of precipitation from the Santa Barbara Canyon
(Reyes Ranch) long-term hydrologic time series from
Cuyama Valley suggest a significant influence in climate
variability. The estimated periodicities include 6 percent
of the oscillations coincident with the El Nino-Southern
Oscillation (ENSO, 2—6 years), 0 percent of cycles from the
North American Monsoon-Pineapple Express (NAMS/PE,
7-10 years), and 94 percent of the variation from the Pacific
Decadal Oscillation (PDO, 10-30 years) (Hanson and others,
20006; Dickinson and others, 2014). This long-term record
shows periods of 27 years (55 percent of the variation),

22 years (36 percent of the variation), 13.5 years (3 percent

of the variation) (PDO), and 2—6 years (ENSO) that explain
variation in precipitation (fig. 5). Thus, almost all of the
variation in precipitation and streamflow occurs in the longer
climate cycles. No records of streamflow or groundwater
levels are long enough for estimation of climate cycles. The
longer cycles will be important periods for the evaluation of
interdecadal sustainability of the water resources.

The average annual reference evapotranspiration (ET,)
values show the orographic effects similar to those in the
precipitation values. The ET, in the Cuyama Valley transitions
from values of about 55 to 56 inches per year (in/yr) at the
base of the Caliente Mountains to lower values of about
45 to 53 in/yr toward the south end of the Cuyama Valley
near Ventucopa (fig. 6B8). Values of ET, in the inland areas of
Cuyama Valley consistently range from 53 to 55 in/yr with
very little variation (fig. 6B). Variations in ET, are higher in
the southeastern part of Valley, where they range from 45 to
57 in/yr due to shading effects from the rugged terrain.

Effects of Water Use on the Landscape

An integral part of the hydrologic system is the use and
movement of water across the landscape, which in this study
includes the shallow subsurface defined by the root zone. This
includes the evolution of the development and use of land in
Cuyama Valley, from the tracts of the Spanish land grants to
modern agriculture, urbanization, and industry. Several major
periods of development occurred in Cuyama Valley, including
the transformation of the land grants into cattle ranches with
the eventual need for alfalfa, the introduction of the petroleum
industry and founding of the town of Cuyama by the Atlantic
Richfield Company (ARCO) , and the introduction of large-
scale agriculture with orchards, vineyards, and organic
farming (fig. 7). Also farming has evolved from the planting
of predominantly potatoes and alfalfa during the 1940s—1970s
to a doubling of the acreage of grain crops and a tripling of
the acreage in carrot crops by the mid-1980s (fig. 74). Carrot
and grains represent more than half of the crops grown in the
Cuyama Valley in recent decades (fig. 74).

Population growth in Cuyama Valley was estimated from
census tract data (U.S. Census Bureau, 2014a, b) and showed
a steady increase from just over 1,000 inhabitants to more
than 8,600 inhabitants from 1950 through 2010 (fig. 7). The
town of Cuyama was established along with the discovery
and development of petroleum resources (fig. 7). Cuyama,
along with New Cuyama and the smaller town of Ventucopa,
represent the three clusters of housing in the valley. These
urban clusters represent less than 1 percent of the land on
the valley floor. The towns of Cuyama and New Cuyama are
served water from the Cuyama Community Service District
supply wells, while the schools and other residents are served
water by their own local wells.



The evolution of the landscape occurred as a combination
of changes in land use and related land ownership in Cuyama
Valley. For the purpose of modeling the hydrologic system,
temporal changes in the land ownership were represented by
using a sequence of 10 different periods over the 61 years of
historical simulation 1949-2010 (figs. 2C, 5). These periods
were first defined for 2010 on the basis of current land use and
ownership and then discretized from recent years to past years
to represent the multi-year periods of 1943-50, 1951-59,
1960-69, 1970-79, 1980-85, 1986-92, 1993-95, 1996-2000,
2001-09, and 2010 (fig. 5). The changing water-balance
subregions (WBS; fig. 2C) reflect the evolution of land
ownership and land-use that required groundwater pumpage,
as well as regions of native vegetation using precipitation only,
and urban and domestic areas served by separate specified
sources of groundwater pumpage. The more detailed land-use
changes that cover 14 periods (fig. 5) are described later in the
“Land Use” section.

Surface Water

Streamflow infiltration together with deep percolation of
precipitation, is a major source of natural recharge in Cuyama
Valley. Streamflow within the valley occurs primarily from
runoff that originates from rainfall and snowmelt in upstream
tributary drainages, entering the valley through the Cuyama
River and Reyes Creek and other ungaged tributaries. During
occasional large storms that can result in flood flows, runoff
is also generated within Cuyama Valley and flows through
the tributaries to the Cuyama River (fig. 8). Streamflow is
currently measured at two gages that record the flow into
Cuyama Valley: the Cuyama River near Ventucopa (11136500,
1937-58; 11136501, 2002—-10); and, Santa Barbara Canyon
Creek near Ventucopa (11136600, 2002—10; fig. 8). There is no
downstream gage to measure outflow prior to the streamgage
at Buckhorn and inflow to Twitchell Reservoir (fig. 1),
which include flows from other large tributary watersheds
downstream of Cuyama Valley. The remainder of the tributary
canyons and outflow from the Valley along the Cuyama River
remain ungaged with the exception of occasional flood-flow
measurements.

Groundwater

Under predevelopment conditions, groundwater flowed
from the foothills of the surrounding mountains of the Cuyama
Valley toward the Pacific Ocean. Under developed conditions,
pumpage in excess of recharge has occurred for decades,
altering the predevelopment flows in response to groundwater
storage depletion and regional cones of depression (or
drawdown) in groundwater levels in the center of the valley.
Groundwater levels in these persistent depressions show
additional seasonal declines that are driven b