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1 Executive Summary

The Tule groundwater sub-basin is an agriculturally-intensive area located in
the eastern-central part of the southern San Joaquin Valley, California. Urban
and agricultural stakeholders in the Tule sub-basin depend on a combination
of imported surface water and pumped groundwater to meet their water de-
mands. The water service districts there receive surface water deliveries from
the Friant Unit of the Central Valley Project (CVP) (United States Bureau of
Reclamation), the State Water Project (SWP) (California Department of Water
Resources), the Kings River (United States Army Corps of Engineers), or the
Success Reservoir (United States Army Corps of Engineers). All of these surface
water sources develop their supplies from run-off and snow melt in the foothills
and watersheds of the Sierra Nevada mountain range. The state of California is
prone to recurring droughts, some lasting several years. During drought periods,
irrigated agriculture depends more heavily on groundwater pumping as surface
water supplies are generally less available. To buffer the effects of drought,
districts in the Tule sub-basin have cooperatively managed their surface water
and groundwater resources conjunctively. During a normal to wet year, excess
available surface water supplies (e.g. releases for flood control) are used by
some districts to recharge their groundwater reservoirs. However, a prolonged
multi-year drought invariably leads to an increased dependence on groundwater
pumping and overdraft of the groundwater sub-basin storage. In addition to
climate variability, changes in future surface water supplies may also occur due
to the passage of the Central Valley Project Improvement Act of 1992 which
mandates that 400,000 acre-feet per year of CVP water be released from the
Friant Unit into the San Joaquin River for restoration purposes.

To better understand the impacts of irrigated agriculture, fluctuating sur-
face water supplies, and groundwater pumping practices on water levels and
groundwater storage in the Tule sub-basin area, we developed a GIS-based con-
junctive use model to study them. The study area is 541,580 acres in size and
contains the entire Tule groundwater sub-basin and parts of the Kaweah and
Tulare Lake groundwater sub-basins. The incorporated land in the study area
is divided into 26 water service districts: 21 irrigation, water, or public utility
districts; 2 major cities; 2 private contractors; and 1 water company. These
districts are either completely or partially located within the study area. The
study area is further delineated into 9,114 individual land units from a 1985
land use survey of Tulare County. Agriculture is the largest land use, compris-
ing 72% of the study area. Native and urban land use comprise 22% and 4%
of the study area, respectively. Semi-agricultural and special conditions (i.e.
fallow) land use each comprise 1%. Twelve crops account for 95% of the area
under agricultural production. Cotton, grain & grass hay, citrus, vineyards,
and alfalfa individually represent 20.3, 18.6, 13.6, 13, and 10.3% of the total
productive acreage, respectively.

Surface water supplies are distributed to the districts and ultimately to the
individual land units by a surface water supply system. The surface water
supply system in the model is divided into two parts: 1) an inter-district sur-
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face water channel network, and 2) an intra-district surface water distribution
system. The inter-district channel network consists of the explicitly modeled
source and diversion channels which import surface water into the study area
and deliver it to individual districts. The intra-district distribution system con-
sists of the implicitly modeled district channels (e.g. laterals, ditches, canals,
farm turnouts) which deliver surface water to individual land units within each
district.

The conjunctive use model consists of three loosely-coupled sub-models: 1)
a surface water supply (SWS) model, 2) an unsaturated zone water budget
(UZWB) model, and 3) a groundwater flow model. The base period of the
study covers the fiscal water years of 1970-99. The purpose of the SWS model
is to calculate the surface water balance for the source and diversion channels
in the inter-district channel network. For each modeled surface water channel,
the SWS model computes surface water deliveries from it to each district and
conveyance losses from it due to evaporation and channel seepage. The primary
model outputs are monthly surface water deliveries to each district and monthly
seepage rates from modeled channels. The surface water deliveries became input
for the UZWB model. The channel seepage became input for the groundwater
flow model as localized aquifer recharge. The allocation of surface water within
each district, via the implicitly modeled intra-district surface water distribution
system, is estimated by the UZWB model.

The total imported surface water for 1970-99 from the CVP and the Success
Reservoir are 13,329,262 and 4,653,501 acre-feet (af), respectively. The SWP
and the Kings River imported the lesser amounts of 88,625 and 7,332 af, respec-
tively. Annual CVP diversions varied from 125,970 af in 1977 to 679,298 af in
1993 with a 30-year annual average of 444,309 af. The Tule River and Pioneer
Ditch both receive regulated releases from Success Reservoir. Tule River annual
imports varied from 11,034 af in 1977 to 607,154 af in 1983 while the Pioneer
Ditch varied from 3,445 af in 1973 to 5,874 af in 1990. The total natural runoff
from the Deer Creek and White River from 1970-99 were 703,444 and 219,098
af, respectively. Deer Creek runoff varied from 4,082 af in 1992 to 103,716 af
in 1983 while the White River runoff varied from 422 af in 1977 to 37,985 af in
1998.

From 1970-99, a total of 15 million af of surface water was applied by the
service districts in the study area. The applied surface water varied from a low
of 135,482 af in 1977 to a high of 708,293 af in 1996. The Lower Tule River Ir-
rigation District and the Delano-Earlimart Irrigation District together account
for 59% of the total applied surface water while occupying approximately 40%
of the incorporated area in the study area. Over the 30-year base period, an
estimated total of 3.5 million af of seepage conveyance loss occurred in all sur-
face water channels. Seepage in the Tule River, Deer Creek, and White River
accounted for 85% of the total seepage. Total annual seepage varied from a low
of 8,128 af in 1977 to 467,084 af in 1983.

The UZWB model then calculates the monthly water storage changes in
the soil root zone and deep vadose zone of each land unit, where the land
unit is the UZWB model scale of resolution. It also models the intra-district
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surface water distribution system by estimating the monthly allocation of surface
water to individual land units within each district. The main model outputs
were the recharge to the unconfined aquifer from surface applied water and
precipitation, and the groundwater pumping demand from the unconfined and
confined aquifers. The recharge and groundwater pumping rates became input
for the groundwater flow model.

The total annual agricultural and urban consumptive use ranged from 865,800
af in 1970 to 1,246,700 af in 1999. The estimated total pumping ranged from
148,100 af in 1978 to 570,000 af in 1990. As expected, pumping was heaviest
during the droughts of 1975-77 and 1987-92, and lightest during the wet years
of 1973, 1978, 1982-83, 1995, and 1998. Precipitation totals varied from 177,800
af in 1990 to 974,400 af in 1998. Diffuse recharge from surface applied water
ranged from 64,800 af in 1992 to 350,100 af in 1983.

The net aquifer recharge for the entire study area was computed by ag-
gregating the aquifer recharge and groundwater pumping of each land unit to
this scale and adding the contribution to aquifer recharge from channel seepage.
The monthly net recharge was then summed to produce a cumulative annual net
recharge from 1970 to each fiscal water year from 1971-99. The water balance
computed for the entire study area neglects horizontal groundwater inflows and
outflows through its vertical boundaries. Groundwater fluxes undoubtedly exist
along these boundaries. However, net fluxes are likely small in comparison to the
total changes in storage due to vertical stresses applied to the entire study area
(e.g. groundwater pumping, evapotranspiration, applied surface water, channel
seepage). Horizontal groundwater flow on the inter-land unit and inter-district
scales is expected to be more significant. For computing a total water balance,
however, we made the simplifying assumption that the study area behaves as a
relatively closed system where the net horizontal groundwater inflows through
its vertical boundaries are small. Invoking this assumption, we then use the
cumulative net recharge as an estimate of the cumulative groundwater storage
change in the aquifer system. Ideally, verification of these estimates is performed
by comparing them with an objective measure of the study area aquifer storage
changes. However, changes in groundwater storage are not directly observable
and must always be estimated using non-direct measures. As such, an objec-
tive measure for verification does not exist. As an alternative, we compare the
water balance model results with those produced by the water-table fluctuation
(WTF) method.

The trends in cumulative annual groundwater storage changes computed
from the water balance and the WTF method from 1970-99 were quite similar.
The minimum and maximum differences between them were 2,450 af (1980) and
752,387 af (1991), respectively. From 1970, the maximum amount of ground-
water accumulation occurred in the spring of 1987 with the WTF method and
the water balance estimating positive storage changes of 1,146,286 and 898,128
af, respectively. The maximum groundwater overdraft occurred in 1993 with
the WTF method and the water balance estimating negative storage changes
of 1,610,210 and 1,218,566 af, respectively. The 1987 and 1993 fiscal water
years marked the beginning and ending of a major 6-year drought in California,
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respectively.
Finally, the groundwater flow model calculates the changes in water levels

in the aquifer system subject to transient groundwater recharge and pump-
ing stresses. A post-processing routine calculates the cumulative groundwater
storage changes over each district and the entire study area for each stress pe-
riod. An automated calibration of the groundwater flow model was performed
to refine the conceptual model of the hydrogeology and to estimate the spa-
tial distributions of the aquifer system horizontal hydraulic conductivity. The
calibration period of the groundwater flow model is 1970-85 and the validation
period is 1986-99.

Three different conceptual models of the aquifer system horizontal hydraulic
conductivity, Kh, structure were evaluated in the calibration process: 1) Kh

as an exponential function of the specific yield, Sy, distribution, 2) Kh as a
linear function of the saturated hydraulic conductivity of the soil survey map-
ping units, and 3) division of the model domain into square zones of uniform
size. The models were calibrated against both spatially distributed hydraulic
head targets and cumulative groundwater storage change targets for seven of the
largest districts. The discretization of the model domain into uniform square
zones provided the most robust Kh structure and produced the most reason-
able estimates of hydraulic head and district groundwater storage changes from
the three conceptual models over the 1971-85 calibration period. The calibrated
model was then used to compute the annual net inter-district groundwater fluxes
between adjacent districts. In general, groundwater flux directions were con-
sistent with the large-scale hydraulic gradients. Annual inter-district net fluxes
between adjacent districts ranged from negligibly small ( < 100 af) to as much
as 80,000 af (e.g. net flux from Lower Tule River ID to Pixley ID). Net inter-
district fluxes were generally a function of the local transmissivity, the length of
the shared border between adjacent districts, and the differences in their surface
water supplies.

17



2 Abstract

We developed a GIS-based sub-basin scale conjunctive use model for a semi-arid
agricultural area in the eastern part of the southern San Joaquin Valley, Cali-
fornia. The base period are the fiscal water years of 1970-99. The study area
is 541,580 acres in size, and consists of 9,114 land units and 26 water service
districts. The conjunctive use model consists of three sub-models: 1) a sur-
face water supply (SWS) model, 2) an unsaturated zone water budget (UZWB)
model, and 3) a groundwater flow model. The SWS model calculates the surface
water balance for the source and diversion channels in the conveyance network
supplying surface water to individual districts. Its primary outputs are monthly
surface water deliveries to each district and the monthly seepage and evapora-
tive losses from the modeled channels. The surface water deliveries become
input for the UZWB model and the channel seepage are input into the ground-
water flow model as a localized source of aquifer recharge. The subsurface of
each land unit is conceptualized as consisting of a soil root zone and a deep
vadose zone overlying the aquifer system. For each land unit, the UZWB model
calculates the monthly applied water demand; its allotment of delivered surface
water; the groundwater pumping required to meet the balance of its applied wa-
ter demand; and any aquifer recharge resulting from deep percolation of surface
applied water and precipitation. Its primary outputs are the diffuse recharge to
the aquifer system from surface applied water and precipitation, and the ground-
water pumping demand from the aquifer system. The diffuse aquifer recharge
and groundwater pumping become input into the groundwater flow model. Its
purpose is to calculate the hydraulic head and groundwater storage changes
in the aquifer system subject to transient groundwater recharge and pumping
stresses. The main model output is the simulated hydraulic head distribution
in the modeled area for each stress period. A post-processing routine calcu-
lates the cumulative annual groundwater storage changes over each district and
the entire study area. An automated calibration of the transient groundwater
flow model was performed from 1970-85. The model was then validated from
1986-99. Using the calibrated model, we computed the annual inter-district
groundwater fluxes between adjacent districts. We describe the development of
the conjunctive use model and present a discussion of its results and the invoked
modeling assumptions.
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3 Introduction

The Tule groundwater sub-basin is an agriculturally-intensive area located in
the eastern-central part of the southern San Joaquin Valley, California (Plate
1). Urban and agricultural stakeholders in the Tule sub-basin depend on a
combination of imported surface water and pumped groundwater to meet their
water demands. The water service districts which distribute surface water to
the individual stakeholders receive these supplies from four potential sources:
1) the Friant Unit of the Central Valley Project (CVP), 2) the State Water
Project (SWP), 3) regulated flows in the Tule River and the Pioneer Ditch
released from the Success Reservoir, and 4) diversions from the Kings River
from Pine Flat Reservoir. The CVP and the SWP are operated by the United
States Bureau of Reclamation (USRB) and the California Department of Water
Resources (CDWR), respectively, while the Success Reservoir and the Pine Flat
Reservoir are operated by the United States Army Corps of Engineers (USACE),
respectively.

The primary sources of surface water are the CVP and the Tule River. The
SWP is not a major supplier of surface water in the Tule sub-basin and the
other unregulated rivers and creeks have significant flows only during severe
storm events. Nevertheless, all surface water sources develop their supplies
from run-off and snow melt in the foothills and watersheds of the Sierra Nevada
mountain range. Surface water availability varies considerably during the fiscal
water year due to the timing, duration, and severity of storm events, to the
amount of accumulated snow pack in the Sierra Nevada mountains during the
fall and winter months, and the rate of snow melt. Surface water availability
also varies annually as the state of California in general is prone to recurring
drought.

Not all districts in the Tule sub-basin possess contracts with the CVP or en-
titlements to the Tule River. In addition, the contract amounts and entitlements
of all districts are not equal; nor are they proportional to the acreage or number
of stakeholders served by them. Districts with large contracts or entitlements
are able to meet most or all of the crop water demands of their farmers with
surface water during years of normal precipitation. Farmers in unincorporated
areas (i.e. areas not residing in a district) or in districts with relatively small
contracts or entitlements are often required to satisfy a substantial portion of
their crop water demands with pumped groundwater, even during normal to
wet years.

To buffer the effects of drought and variable surface water supplies, dis-
tricts in the Tule sub-basin have cooperatively managed their surface water
and groundwater resources conjunctively. During a normal to wet year, excess
available surface water supplies (e.g. releases for flood control) are used by
some districts to recharge their groundwater reservoirs. However, a prolonged
multi-year drought invariably leads to an increased dependence on groundwater
pumping and the consequent overdraft of the sub-basin groundwater storage.
For example, in Bulletin 118-80 the CDWR report an estimated average an-
nual groundwater overdraft in the Tule sub-basin of 163,000 acre-feet as of 1975
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(CDWR, 1980).
Variability in future surface water supplies from the CVP may also occur due

to federal legislation intended in part to restore the ecological health of the San
Joaquin River. In 1992, the United States Congress enacted the Central Val-
ley Project Improvement Act (CVPIA). The act calls for major changes in the
management of the CVP and covers five primary areas: 1) limitations on new
and renewed CVP contracts, 2) water conservation actions, 3) water transfers,
4) fish and wildlife restoration actions, and 5) establishment of an environmen-
tal restoration fund (USBR, 1997). In particular, the CVPIA mandates that
400,000 acre-feet per year of CVP water be released from Friant Unit into the
San Joaquin River for protection of fish habitat in the Sacramento-San Joaquin
River Delta ecosystem. This action may result in severe cut-backs in future sur-
face water supplies for Friant Unit contractors and lead to greater dependence
on groundwater pumping by many farmers to meet crop water demands. An
understanding of the impact of changes in surface water supplies and depen-
dencies on groundwater pumping is necessary to evaluate the ability of the Tule
sub-basin area to manage its water resources conjunctively.

3.1 Purpose and Objectives

The purpose of this report is to present the development of a GIS-based con-
junctive use model for the Tule groundwater sub-basin area. The objective of
the model is to simulate the historical impacts of urban and agricultural water
demands, fluctuating surface water supplies, and groundwater pumping prac-
tices on the spatial and temporal distribution of groundwater storage in the
sub-basin area.

3.2 Conjunctive Use Modeling

Groundwater storage changes at the sub-basin scale in the San Joaquin Valley
can be estimated by solving a water balance of inputs and outputs in the subsur-
face. The base period of the water balance model should include several distinct
hydrologic conditions (i.e. wet and dry periods) to adequately characterize the
storage changes with respect to climate variability. The hydrologic sub-basin
inputs are typically precipitation, applied irrigation, seepage from flows in nat-
ural or constructed surface water channels, and groundwater inflows through
subsurface boundaries. The hydrologic outputs from the sub-basin are crop
evapotranspiration, evaporation from surface water bodies and bare soil, urban
consumptive use, and groundwater outflows through subsurface boundaries.

The conjunctive use model consists of three sub-models: 1) a surface water
supply (SWS) model, 2) an unsaturated zone water budget (UZWB) model, and
3) a groundwater flow model. The relationships between the three sub-models is
illustrated in Figure 1. The SWS model computes surface water deliveries from
the major natural and constructed channels to each water service district and the
channel conveyance losses due to evaporation and channel seepage. The surface
water deliveries become input into the UZWB model and the channel seepage
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become input into the groundwater flow model as recharge to the unconfined
aquifer. The UZWB model then solves the soil root zone and deep vadose zone
water balances for each land unit in the study area. For each land unit, it
computes the applied water demand; the allotment of delivered surface water
from its service district; the groundwater pumpage required to meet the balance
of the applied water demand; and any aquifer recharge resulting from the deep
percolation of the surface applied water. The recharge from surface applied
water becomes input into the groundwater flow model which then computes
changes in water levels and groundwater storage in response to the pumping
and recharge stresses. The modeling base period are the fiscal water years from
1970-99 and the minimum modeling time step is monthly.

3.3 Report Organization

This report is organized as follows. In Section 4, we describe the study area
setting, including its geographic location, climate, soils, land uses, and water
service districts. In Section 5, we describe the study area geology and in Section
7 we define the aquifer system and the sources of groundwater recharge and dis-
charge. In Section 6, we describe the surface hydrology, including a description
of the major natural and constructed surface water channels. In Section 8, we
present the conceptual model of the surface water supply system and the devel-
opment of the SWS model. In Section 9, we present the conceptual model of
the soil root and deep vadose zones and the development of the UZWB model.
In Section 10, we describe the development and calibration of the transient
groundwater flow model. Finally, in Section 11 we assess the development of
the conjunctive use model including a discussion of the simplifying assumptions
invoked in the development of each sub-model.

4 Setting

The study area is located in the southwest corner of Tulare County in the
eastern-central part of the southern San Joaquin Valley, California. It is 541,580
acres in size and consists of the entire Tule groundwater sub-basin and small
portions of the Kaweah and Tulare Lake groundwater sub-basins (Plate 2). Each
of these sub-basins are within the greater San Joaquin Valley groundwater basin
(CDWR, 1980).

4.1 Climate

The local climate is semi-arid (Steppe) with most precipitation falling between
November and March. From 1970-99, annual precipitation varied between 5-
22 inches with a mean of approximately 9 inches (Figure 2). Precipitation is
greatest along the eastern boundary of the study area and decreases westwardly
(Plate 3). The annual evaporation ranged from 55-70 inches with a mean of 64
inches (Figure 3). Average monthly daytime temperatures vary from 56 Fo in
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December to 98 Fo in July. Average monthly nighttime temperatures vary from
36 Fo in December to 63 Fo in July. The region experiences alternating periods
of drought (1975-77, 1987-92) and wet conditions (1973, 1978, 1982-83, 1995,
1998) (Figure 2).

4.2 Soils

The major soil types in the study area were identified in a 1935 soils survey of
western Tulare County (Storie, 1942) and later digitized into a GIS by Zhang
(1993) (Plate 4). The soil types range from low-permeable clay and clay loam
to highly-permeable sand and loamy fine sand. The associated field capacities
range from 8% for fine sandy loam and sand to 41% for adobe clay (Plate 5),
and the saturated hydraulic conductivity ranges from 0.06 ft/day in adobe clay
to 16.5 ft/day in sandy soils (Plate 6).

4.3 Land Units and Land Use

The study area is delineated into 9,114 land units from a 1985 land use survey
and digitized into a GIS by Zhang (1993) (Plate 7). The land units are generally
classified as agricultural, semi-agricultural, urban, native, or special conditions
land use (Tables 1-4). Land use is further delineated into classes and sub-classes.
There are 61 land use sub-classes in the land use survey. Agriculture is the
largest land use, comprising 72% of the study area (Figure 4). Native and urban
land use comprise 22% and 4% of the study area, respectively. Semi-agricultural
and special conditions (i.e. fallow) land use each comprise 1%. Twelve crops
account for 95% of the area under agricultural production (Figure 5). Cotton,
grain & grass hay, citrus, vineyards, and alfalfa individually represent 20.3, 18.6,
13.6, 13, and 10.3% of the total productive acreage, respectively.

4.4 Water Service Districts

The study area is also delineated into 26 water service districts: 21 irrigation,
water, or public utility districts; 2 major cities; 2 private contractors; and 1
water company (Plate 8). The remaining area is unincorporated agricultural
and non-agricultural lands. Not all districts completely reside within the study
area. The fraction of area and acreage of each district within the study area are
given in Table 5. The service areas may also be located in different groundwater
sub-basins. Lindmore Irrigation District (LID), Lindsay-Strathmore Irrigation
District (LSID), Lewis Creek Water District (LCWD), and the city of Lindsay
are located within the Kaweah groundwater sub-basin. Small fractions of Angi-
ola Water District (AWD) and Alphaugh Irrigation District (AID) are located
within the Tulare Lake groundwater sub-basin. All other districts are partially
or entirely located in the Tule sub-basin.
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5 Geology

5.1 Regional Geology

The San Joaquin Valley covers approximately the southern two-thirds of the
Central Valley, extending from the Sacramento-San Joaquin River Delta in the
north to the Tehachapi Mountains in the south. The Central Valley is a struc-
tural trough whose major axis trends northwest to southeast. The valley is
bordered on the east by the granitic complex of the Sierra Nevada mountain
range and on the west by the folded and faulted sedimentary, volcanic, and
metamorphic rocks of the Coast Ranges.

From the late Cretaceous Period through the late Tertiary Period, the San
Joaquin Valley underwent marine deposition. From the late Tertiary Period to
present, thousands of feet of continental deposits were deposited above these
marine sediments. The marine and continental deposits together form a wedge
that thickens from east to west and from north to south. Deposit thicknesses
range from 15,000 feet thick to a maximum of 28,000 feet at the extreme southern
end of the valley (Lofgren and Klausing, 1969).

5.2 Study Area Geology

The study area is bordered on the east by the foothills of the Sierra Nevada
mountains and on the west by the Tulare Lake Bed. The major geomorphic
units in this region include: (1) the Sierra Nevada mountain granitic basement
complex, (2) the dissected uplands at the base of the Sierra Nevada mountains,
(3) low lying alluvial plains and fans, (4) river flood plains and channels, and
(5) overflow lands and lake bottom deposits (Figure 6) (Lofgren and Klausing,
1969). The undulating foothills are formed from the dissected uplands and sep-
arate the crystalline rocks of the Sierra Nevada mountains from the alluvial
plain. The uplands consist primarily of uplifted marine and continental sedi-
mentary rocks. The Tulare Lake Bed is composed of the overflow lands and lake
bottom deposits. Except in the foothill region, the study area ground surface
gently slopes from an elevation of 500-600 feet in the east to 200-250 feet along
the western boundary in the Tulare Lake Bed (Plate 9) (Lofgren and Klausing,
1969). Foothill elevations reach a maximum of approximately 1300 feet.

5.2.1 Sierra Nevada Mountain Granitic Basement Complex

The basement complex includes the metamorphic and igneous rocks of the
westward-tilted Sierra Nevada fault block. The metamorphic rocks include
quartzite, schist, gneiss, and crystalline limestone; and the igneous rocks range
in composition from granite to gabbro. The basement complex dips steeply
westward as it plunges below the aquifer system in the study area to depths
greater than 15,000 feet. In the study area, the basement complex is insignifi-
cant as a water supply source except along the eastern boundary where fractures
may yield sufficient water for domestic and stock use (Hilton et al., 1963).
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5.2.2 Tertiary and Quaternary Deposits

The Tertiary and Quaternary Period sediments were deposited in alternating
marine and continental environments above the basement complex and are de-
scribed extensively by Hilton et al. (1963), Croft (1969), and Lofgren and Klaus-
ing (1969). The consolidated marine and non-marine rocks of Tertiary age un-
derlie unconsolidated continental deposits of late Tertiary and Quaternary age.
The vertical sequence of deposits in the east-west direction are illustrated in
Figures 7-9 (Lofgren and Klausing, 1969).

Marine Rocks Two marine-deposited stratigraphic units of Tertiary age are
significant sources of groundwater in the southeastern portion of the study area:
the Santa Margarita Formation and the Olcese Sand (Hilton et al., 1963). The
Santa Margarita Formation consists of well-sorted, fine- to coarse-grained sand.
It underlies the ground surface at depths of 3,000-4,000 feet east of Highway
99 and of 1,000-1,500 feet near Highway 65 (Figures 7-9) (Hilton et al., 1963;
Lofgren and Klausing, 1969). The areal extent of the formation north of Terra
Bella is unknown. From east to west, the Santa Margarita Formation thickness
diminishes from approximately 600 feet to less than 150 feet. An interface
between fresh and saline groundwater exists at the midpoint between Highways
65 and 99, with freshwater occurring east of this point. In the southeastern
corner of the study area near Richgrove, the Santa Margarita Formation is 150-
250 feet thick, highly permeable, and is a significant source of groundwater
(Hilton et al., 1963).

The Olcese Sand consists mainly of unconsolidated, medium- to coarse-
grained sand. The top of the unit underlies the base of the Santa Margarita
Formation by 200-300 feet and is separated from the Santa Margarita Forma-
tion by the low permeable Round Mountain Silt. The areal extent of the Olcese
Sand is similar to that of the Santa Margarita Formation. Near Richgrove, the
Olcese Sand thickness varies from 100-450 feet and is a confined aquifer. Like
the Santa Margarita Formation, the Olcese Sand is highly permeable and is a
significant source of groundwater (Hilton et al., 1963).

Continental Deposits The continental deposits are fluvial and lacustrine of
late Tertiary and Quaternary age. The unconsolidated deposits are divided into
seven units. From oldest to youngest, they are: (1) undifferentiated continental
deposits, (2) the Tulare Formation, (3) old alluvium, (4) terrace deposits, (5)
young alluvium, (6) flood-basin deposits, and (7) dune sands. The lithologic
character of these units is determined by the competence and capacity of the
depositing channel, the depositional environment, and the source rock (Hilton
et al., 1963; Lofgren and Klausing, 1969).

Undifferentiated Continental Deposits The undifferentiated continen-
tal deposits include the Kern River Formation and the older continental deposits
above or inter-bedded with marine rocks of Tertiary age. The contact between
the marine rocks and the overlying continental deposits dips westward from
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near the eastern boundary and reaches a maximum depth of 2,600 feet near the
western boundary. These continental deposits consist of poorly-sorted, lentic-
ular sediments of clay, silt, sand, and gravel derived from the Sierra Nevada
mountains, and range in thickness from 500-2,000 feet. They are moderately
to highly permeable, and together with the overlying Tulare Formation and
older alluvium, are the most significant source of groundwater in the study area
(Hilton et al., 1963).

Tulare Formation The Tulare Formation consists of poorly-sorted, lentic-
ular deposits of gypsiferous clay, silt, sand, and gravel derived predominantly
from the Coast Ranges. These deposits often exhibit a yellowish or bluish col-
oring. The Tulare Formation was formed by an alternating sequence of lake
bottom, swamp, and meandering stream depositional environments. Along the
western boundary, the Tulare Formation is up to 2,200 feet thick. The thickness
of the Tulare Formation diminishes from west to east and eventually becomes
indistinguishable from the undifferentiated continental deposits in the eastern
half of the study area (Hilton et al., 1963).

The Corcoran Clay Member of the Tulare Formation is a laterally exten-
sive stratum consisting of a well-sorted diatomaceous silty clay. The Corcoran
Clay Member acts as a confining layer to groundwater flow and separates the
upper unconfined aquifer from the lower confined aquifer west of Highway 99.
The sediments in the Tulare Formation above the Corcoran Clay Member are
moderately permeable. In the western half of the study area, the unconfined
aquifer above the Corcoran Clay Member and the confined aquifer below it are
significant sources of groundwater (Hilton et al, 1963; Lofgren and Klausing,
1969).

The lateral extent, and top and bottom elevations of the Corcoran Clay
Member are illustrated in Figures 10 and 11. Its average thickness is between
50-100 feet in the study area with a maximum of +200 feet below the former
Tulare Lake Bed. The top and bottom elevation ranges are -50 to -500 feet and
-100 to -600 feet, respectively.

Old Alluvium The old alluvium consists of poorly-sorted, lenticular de-
posits of clay, silt, sand, and gravel that are loosely consolidated to cemented.
These sediments were likely deposited from ancestral rivers. They are often
reddish-brown in the hardpan and cemented zones. The older alluvium is diffi-
cult to distinguish from the underlying Tulare Formation. Although its thick-
ness is not well characterized, it is considered less than 200 feet thick. The older
alluvium is moderately to highly permeable and together with the underlying
Tulare Formation and undifferentiated continental deposits is a moderate to
high source of groundwater (Hilton et al., 1963).

Terrace Deposits The terrace deposits border the lower and middle reaches
of the larger streams in the study area. They consist of poorly-sorted, poorly-
bedded sand and gravel with some clay, and may be cemented in areas. Terrace
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deposits are typically less than 50 feet thick, moderately-permeable, and occur
mostly above the saturated zone (Hilton et al., 1963).

Young Alluvium Young alluvium includes stream channel deposits and
deposits underlying active alluvial fans. It consists of inter-stratified and discon-
tinuous beds of poorly- to well-sorted sand, silt, gravel, and clay, yet lacks the
hardpan or cemented zones common in the old alluvium. The young alluvium is
less than 100 feet thick and is interbedded with flood-basin deposits associated
with the ancestral Tulare Lake Bed in the western part of the study area. The
young alluvium often occurs above the saturated zone, is moderately to highly
permeable, and is suitable as a percolation site to recharge deeper aquifers in
the older underlying geologic units (Hilton et al., 1963).

Flood-Basin Deposits The flood-basin deposits include the fine-grained
materials of the ancestral Tulare Lake and the overflow lands bordering it that
occur in the western and southwestern portion of the study area. These deposits
consist of low-permeable silts and clays interbedded with poor- to moderately-
permeable sands. Their thickness is approximately 50 feet. Due to their low
permeability and the poor quality of shallow groundwater in the area, these
deposits are not used as a significant source of groundwater (Hilton et al., 1963).

Dune Sands Dune sands are the ancient beach deposits along the shores
of the ancestral Tulare Lake. They are limited in extent and occur as ridges
parallel to the lake shoreline. The dune sands are typically composed of loose,
well-sorted, gray quartz sand that has been reworked by winds and wave ac-
tion. These deposits are often less than four feet thick and occur above the
unsaturated zone (Hilton et al., 1963).

6 Surface Hydrology

Surface water flows in the natural and constructed channels characterize the
study area surface hydrology. The natural channels are the streams, rivers, and
creeks that carry runoff from catchments in the Sierra Nevada mountains and
foothill regions along the eastern border of the study area. The constructed
channels are a system of hydraulically inter-connected canals and ditches that
import surface water into the study area, divert it for delivery to contracting
service districts, and distribute it to individual land units within each district.
Some natural channels receive diversions of imported surface water and divert it
to other diversion channels or deliver it to contracting districts. In this section,
we describe the major natural and constructed channels in the study area. This
includes a description of the following: 1) the classification of each as a source,
diversion, or distribution channel, 2) the types of channel flow data used for
developing the surface water supply model, 3) the inter-connectedness of these
channels, and 4) the districts served by them.
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6.1 Source, Diversion, and Distribution Channels

We distinguish three types of natural and constructed surface water channels:
1) source channels, 2) diversion channels, and 3) distribution channels. Source
channels import developed surface water or natural runoff into the study area
and deliver it directly to the contracting districts, release it to diversion channels
for later delivery, or allow it to infiltrate through its channel bed into the subsur-
face as recharge. Diversion channels convey the surface water releases from the
source channels to the borders or interiors of contracting districts or redirect it
to other diversion channels for later delivery. The distribution channels within
each district receive the surface water from these source or diversion channels
and allocate it to its members. Source and diversion channels transport sur-
face water between districts and thus constitute the inter-district surface water
conveyance network. The distribution channels deliver surface water to individ-
ual land units within each district. Therefore, each district has an associated
intra-district surface water distribution system. The inter-district conveyance
network and the intra-district distribution system together constitute the study
area surface water supply system.

6.2 Channel Flow Data

Flow data for the individual channels constituting each intra-district surface
water distribution systems are not available. However, limited flow data are
available for the most significant source and diversion channels in the inter-
district surface water conveyance network. There are five types of flow data for
source and diversion channels: 1) channel inflow, 2) channel outflow, 3) point
discharges, 4) metered diversions, and 5) district deliveries. Channel inflow
is the gauged flow at the point at which the channel crosses the study area
perimeter or at the point within the study area at which channel flow begins.
Channel outflow is the gauged flow at the point at which the channel exits the
study area. If the channel flow terminates within the study area interior, then
the channel outflow at the terminal point is assumed zero. Point discharges are
measured flows at known locations along the channel reach. Diversions into or
out of the channel are metered at the point of diversion. Finally, deliveries are
often unmetered although the point of delivery from the channel to the district
is known.

Limited availability of flow data prohibits the explicit modeling of every
source and diversion channel in the study area. Consequently, a channel is
explicitly modeled if: 1) it is a major source or diversion channel, 2) it is unlined
(i.e. experiences seepage losses), 3) there exists monthly metered diversion,
point discharge, or channel inflow and outflow data at known locations along
its reach, and 4) its reach is digitized in an available GIS.

The known sources of surface water for the districts are listed in Table 6.
Many districts report the diversion amount released from the source channel
rather than the delivered amount received by the intra-district distribution sys-
tem. A diversion is the amount of water a district contracts for from the source
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agency. The diversion is released from a source channel into a diversion channel
or from a source channel directly into a district distribution system. Between
the point of release from the source channel and the point of receipt by the dis-
tribution system, a fraction of the diversion is lost through conveyance seepage
and evaporation. This loss is called the carry water. If the diversion is released
from a source channel directly into a distribution system then the carry water
is negligible. However, carry water may be considerable in diversion channels.
The diversion minus the carry water is the district delivery, which is the actual
amount of surface water received by the distribution system. Each district is
assumed to receive these deliveries at their borders. Within each district, addi-
tional conveyance losses occur from surface water in transit to individual land
units. The difference between the delivery and the intra-district conveyance
losses is the applied surface water. In the surface water supply model section, a
methodology is presented for estimating district deliveries from diversion data
and applied surface water from the estimated deliveries.

6.3 Surface Water Channels

The major natural and constructed surface water channels are presented in
Plate 12. Each channel is represented by a line segment. In some cases, a
channel is divided into multiple line segments. The locations and identification
numbers of the channel metering stations are also presented in Plate 13 and
the corresponding station names in Table 8. Additional information describing
channel inflows, outflows, diversions, and deliveries are provided for reference
in Table 9. Here we briefly describe the major channels, including their inter-
connectedness and the districts they serve.

6.3.1 Constructed Channels

Friant-Kern Canal The Friant-Kern Canal (FKC) is the most significant
source channel in the basin. It is owned and operated by the USBR and is part of
the CVP Friant Unit. This concrete-lined canal begins at the Friant Dam where
it receives controlled releases from Millerton Lake and terminates approximately
152 miles to the south at the Kern River. It has an initial flow capacity of
5,000 cubic feet per second which decreases to 2,000 cubic feet per second at its
terminus. The canal conveys surface water for urban and agricultural needs to
water service districts in Fresno, Tulare, and Kern counties.

The FKC enters the study area through the LSID and exits at the Tulare-
Kern county line through the Delano-Earlimart ID. As it traverses the study
area, the FKC makes direct deliveries of surface water to LSID, LID, Porterville
Irrigation District (PID), Saucelito Irrigation District (SID), Terra Bella Irriga-
tion District (TBID), and Delano-Earlimart ID (DEID). The FKC also makes
metered releases into diversion channels for possible delivery to the Lower Tule
River ID (LTRID), PID, Pixley Irrigation District, AID, and Atwell Island Wa-
ter District (AIWD).
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A list of the CVP contractors in the study area and their contract amounts
are given in Table 10 (USBR, 1991). Two classes of surface water (Class 1 and
Class 2) are delivered to contracting districts by the Friant Unit. Class 1 water
is called the ”firm” supply. This supply is available for most years except during
drought conditions. The Class 2 water supply is available during wet years and
only after the Class 1 supply is met. The majority of Class 2 water is used
for irrigation in lieu of pumping or as direct recharge into percolation basins or
channels. In a dry year when little or no Class 2 water is available, the Class 2
water used in previous years as recharge is pumped back out of storage and used
for irrigation. The conjunctive management of surface water and groundwater
resources throughout the Friant Unit service area is predicated on this two-class
water system.

Pioneer Ditch The Pioneer Ditch is an unlined source channel which begins
at the Success Dam, where it receives controlled releases from the Success Reser-
voir, and terminates 6 miles to the west. The Pioneer Ditch serves the Pioneer
Water Company (PWC).

Constructed Diversion Channels The major constructed diversion chan-
nels are the Rankin, Casa Blanca, Poplar, Campbell-Moreland, Hubbs-Miner,
Porter-Slough, Woods-Central, Tipton, and Vandalia ditches, the North Canal,
and the Porter Slough (Plate 12). These channels receive diversions from the
Tule River or Friant-Kern Canal and make deliveries to a number of districts as
described in Table 9.

6.3.2 Natural Channels

The Tule River, Deer Creek, White River, Frazier Creek, and Lewis Creek are
the major natural channels in the study area (Plate 12).

Tule River The Tule River is the only natural channel used explicitly as a
source of irrigation water. It begins at the Success Dam and terminates approx-
imately 52.6 miles to the west. The Tule River Association (TRA) contracts for
the Success Reservoir releases to the Tule River. The TRA consists of the PWC,
PID, Vandalia Irrigation District (VID), LTRID, and the Downstream Kaweah
& Lower Tule River Association. Surface water in the Tule River is diverted
into secondary diversion channels (Campbell-Moreland Ditch, Porter Slough,
Vandalia Ditch, Poplar Ditch, Hubbs-Miner Ditch, Woods-Central Ditch) and
delivered from them to TRA contractors. The Tule River also receives diver-
sions from the FKC for delivery to the LTRID. Monthly diversions from Success
Dam into the Tule River and the Pioneer Ditch for each fiscal water year from
1970-99 are documented in TRA annual reports (TRA, 1970-99). Included in
these reports are the monthly releases from the Tule River into the secondary
diversion channels.

The Tule River is also the only non-intermittent natural channel, with active
flows in at least a portion of its reach year-round. During periods of heavy
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precipitation, it may exit the western boundary of the sub-basin discharging
into the Tulare Lake Basin. In this study, the Tule River is divided into 3
segments: 1) the Upper Tule River, 2) the Middle Tule River, and 3) the Lower
Tule River.

Deer Creek The Deer Creek is an unregulated, intermittent natural channel
with natural flows occurring only in the winter and spring. None of its natural
flows are explicitly used as a source of applied water. Some natural flows are
diverted into side channels or spreading ponds to facilitate recharge; however,
most recharge occurs within the creek. The Deer Creek receives diversions from
the FKC for Pixley ID, AID, and Atwell Island WD. In this study, the Deer
Creek is divided into 3 segments: 1) the Upper Deer Creek, 2) the Middle Deer
Creek, and 3) the Lower Deer Creek.

White River The White River is also an unregulated, intermittent natural
channel with natural flows occurring only in the winter and spring. Natural
flows in the White River are not used directly by any district as a source of
applied water. The White River is used as a primary diversion channel for
FKC diversions to DEID. Flows are sometimes diverted into side channels or
spreading ponds to facilitate recharge; however, most recharge occurs within the
river. In this study, the White River is divided into 2 segments: 1) the Upper
White River, and 2) the Lower White River.

Frazier and Lewis Creek Frazier Creek and Lewis Creek are both unreg-
ulated, intermittent natural channels. Neither is used as a source or diversion
channel.

6.4 Other Surface Water Sources

AWD is reported to receive surface water supplies from the Kings River and the
SWP. These supplies are not received directly from the Kings River or the SWP
but instead are delivered from them to AWD via unmodeled diversion channels.

7 Hydrogeology

The most significant source of extractable groundwater in the study area resides
in the thicker, permeable volumes of the unconsolidated continental deposits
(Croft, 1969; Lofgren and Klausing, 1969; Croft and Gordon, 1968; and Hilton
et al., 1963). Other significant sources reside in the old alluvium, the permeable
unconfined aquifer in the Tulare Formation, and the undifferentiated continental
deposits. In the southeastern corner of the study area, the consolidated marine
rocks of the Santa Margarita Formation and the Olcese Sand are also an im-
portant source of groundwater but to a much lesser extent (Hilton et al., 1963).
The unconsolidated continental deposits form three differentiated aquifers: (1)
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a semi-confined aquifer located throughout the study area and above the Corco-
ran Clay Member, (2) a confined aquifer below the Corcoran Clay Member, and
(3) a confined aquifer in the marine rocks of the Santa Margarita Formation and
Olcese Sand in the southeastern corner near Richgrove. The confined aquifer
in the Santa Margarita Formation and Olcese Sand is limited in lateral extent
and its groundwater is too saline to be used as a source of water. Consequently,
it will be excluded from the conceptual model of the aquifer system described
later (Figure 10).

7.1 Semi-confined Aquifer

Above the Corcoran Clay Member, the semi-confined aquifer consists primarily
of old alluvium, permeable sediments of the Tulare Formation, and young al-
luvium. There its thickness ranges from 150 feet near Highway 99 to 800 feet
along the western boundary of the study area.

The thickness of the Corcoran Clay Member diminishes just east of High-
way 99. From this point east, the semi-confined aquifer extends to the contact
between the unconsolidated continental deposits and the consolidated marine
rocks. In this region, the aquifer consists of undifferentiated continental de-
posits, permeable sediments of the Tulare Formation, old alluvium, and young
alluvium. East of the Corcoran Clay Member, the semi-confined system is some-
times referred to as the forebay aquifer. The thickness of the forebay aquifer
ranges from approximately 1700 feet thick near Highway 99 to less than 100
feet thick along the eastern boundary of the study area (Lofgren and Klausing,
1969).

The semi-confined aquifer is divided into two zones: a shallow zone and
a principal-pumped zone (Hilton et al., 1963; Lofgren and Klausing, 1969).
The shallow zone is approximately 300 feet deep, except where the Corcoran
Clay Member is less than 300 feet deep and in the eastern uplands where the
Sierra Nevada basement complex encroaches the surface. The principal-pumped
zone extends from the shallow zone base to the top of the consolidated marine
rocks east of Highway 99 and to the top of the Corcoran Clay Member west of
Highway 99. In the eastern half of the study area, the principal-pumped zone
is approximately 1500 feet thick near Highway 99 and is non-existent in the
eastern uplands where the basement complex encroaches the surface.

The delineation of the shallow and principal-pumped zones is based on his-
torical groundwater development. Initially, groundwater was pumped from shal-
low wells less than 300 feet deep. As water levels declined over time, shallow
wells were replaced with deeper wells. Currently, most groundwater in the semi-
confined aquifer is pumped from wells screened between 300-1600 feet below
ground surface (Hilton et al., 1963).

In the eastern half, the shallow and principal-pumped zones are separated
by discontinuous lenses of poorly-permeable materials which are 100-300 feet
thick. These lenses give the aquifer its semi-confined character. Due to excessive
pumping in the deeper principal-pumped zone, the drawdown in these wells is
a 100 feet or greater than shallower wells (Lofgren and Klausing, 1969).
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7.2 Confined Aquifer

The confined aquifer below the Corcoran Clay Member consists of unconsol-
idated continental deposits. From the eastern margin of the Corcoran Clay
Member to the western boundary of the study area, the confined aquifer is
1700-2600 feet thick (Lofgren and Klausing, 1969). Where the Corcoran Clay
Member is less than 60 feet thick, the confined aquifer deposits have a greater
sand content and are more permeable than in other areas (Hilton et al., 1963).

7.3 Groundwater Recharge and Discharge

There are four major sources of recharge to the semi-confined aquifer: 1) natu-
ral and constructed channel seepage, 2) intentional recharge of surface applied
water, 3) deep percolation of surface applied water, and 4) deep percolation of
precipitation (Erlewine, 1989). Recharge to the confined aquifer occurs as sub-
surface inflow from the principal-pumped zone east of the zone of confinement
and from leakage through the Corcoran Clay Member (Hilton et al., 1963).

7.3.1 Natural and Constructed Channel Seepage

Natural channel seepage occurs primarily in the eastern half of the study area
through channel beds underlain by permeable deposits. The upper reaches of
the Tule River, Deer Creek, and White River are underlain by moderately to
highly permeable deposits of Sierra Nevada mountain granitic-derived sands
and, to a lesser extent, less permeable silts and clays from sedimentary rocks.
Considerable seepage may occur along these reaches. Seepage also occurs in
unlined constructed channels such as canals and ditches. Seepage rates from
natural and constructed channels are estimated later by the SWS model.

7.3.2 Intentional Recharge

Some districts use intentional recharge as a method of augmenting groundwater
supplies. Prior to the opening of the FKC in 1950, intentional recharge was
performed mainly by districts located near the three primary natural channels
(i.e. Tule River, Deer Creek, White River). Before the regulation of the Tule
River in 1960, surface water supplies were often available only during winter and
spring months when irrigation requirements are small. Natural channel flows
were diverted to nearby spreading basins and percolation ponds or allowed to
seep directly through the channel beds.

For normal to wet seasons, the FKC and the Tule River provide additional
surface water imports throughout the year. Districts such as the LTRID, Pixley
ID, TBID, and DEID cooperatively bank this excess water through artificial
recharge programs.

Several districts implement conjunctive use management practices to facili-
tate water level recovery in the shallow and principal-pumped zones (Erlewine,
1989). Intentional recharge of surface water supplies occurs along the upper
and middle reaches of the three major streams. For districts with excess surface
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water supplies, intentional recharge is performed in constructed sloughs, canals,
percolation ponds, and spreading basins.

7.3.3 Percolation of Surface Applied Water

Due to irrigation inefficiencies, excess surface applied water increases the mois-
ture content of the deep vadose zone and may recharge the underlying semi-
confined aquifer. This can be a significant source of aquifer recharge.

7.3.4 Percolation of Precipitation

Deep percolation of precipitation may occur in extremely wet years during the
winter and early spring when the crop water needs are small. In dry to nor-
mal years, precipitation may not completely saturate the soil root zone to field
capacity. By early spring, excess soil root zone moisture is likely consumed
by crops or native vegetation. During the late spring, summer, and early fall,
precipitation is small and mostly evaporated or consumed by crops and native
vegetation.

7.3.5 Groundwater Discharge

The regional groundwater flow direction in the semi-confined and confined aquifers
is from east to west. Prior to intensive agricultural production, groundwater
also discharged upward from the confined and semi-confined systems to surface
drainages or to transpiring vegetation. Prior to 1920, artesian wells existed west
of where Highway 99 is today (Lofgren and Klausing, 1969). Currently, pump-
ing exceeds recharge in some years and is the principal form of groundwater
discharge.

7.4 Historical Water Levels

Annual water level measurements in production wells are collected from early
January to late March each year by the CDWR (Plate 14). The CDWR uses
these measurements to generate contour maps of equal hydraulic head elevation
for the semi-confined aquifer each year. The CDWR regards the semi-confined
aquifer as unconfined and the measured hydraulic heads as representative of
spring season unconfined water levels. The lines of equal elevation of unconfined
water levels for 1970, 1975, 1980, 1985, 1990, and 1995 are displayed in Plates
15-20, respectively. Water levels increase from west to east with lows of 110
feet occurring in the southwest corner of Pixley ID and highs of 600 feet along
the foothills in the east. Local water level depressions consistently occur in
the southwest corner of Pixley ID, in an area north of LTRID, and just south
of LID. Consistent water level mounds occur in DEID near the Tulare-Kings
county line and along the Tule River west of Porterville.

Water level hydrographs from 1970-99 for 10 selected production wells (Plate
21) are shown in Figures 11-20. These hydrographs illustrate trends in water
level changes throughout the study area over the 30-year base period. Water
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levels in wells 1-4 (i.e. eastern part of the study area) mostly fluctuate between
350-400 feet from 1970-99. Water levels in wells 5-7 (i.e. middle area) fluctuate
between 100-250 feet and wells 8-10 (i.e. western area) between 0-200 feet.
Water level fluctuations increase from east to west reflecting greater dependence
on groundwater pumping in the western half of the study area. The water levels
in most of the 10 wells appear to have recovered from 1970-99 despite significant
intermittent fluctuations resulting from dry period overdraft (e.g. 1977) and wet
year accretion (e.g. 1983). These hydrographs also reveal the varying quality of
hydraulic head observations due to the presence of apparent measurement error
(e.g. well 1). They also reveal the inability of the contour maps to characterize
the actual range of water levels throughout the study area, particularly near the
western boundary.

8 Surface Water Supply Model

As mentioned previously, the surface water supply system in the study area is
divided into two parts: 1) an inter-district surface water channel network, and
2) an intra-district surface water distribution system. The inter-district channel
network consists of the explicitly modeled source and diversion channels which
import surface water into the study area and deliver it to individual districts
(Figure 12). The intra-district distribution system consists of the implicitly
modeled district channels (e.g. laterals, ditches, canals, farm turnouts) which
deliver surface water to individual land units within each district.

The surface water supply (SWS) model is the first sub-model in the con-
junctive use model. Its purpose is to calculate the surface water balance for the
source and diversion channels in the inter-district channel network. The primary
model outputs are monthly surface water deliveries to each district and monthly
seepage rates from modeled channels. The surface water deliveries and seepage
become input for the unsaturated zone water budget (UZWB) model and the
groundwater flow model, respectively. The allocation of surface water within
each district, via the implicitly modeled intra-district surface water distribution
system, is estimated by the UZWB model and described in a later section. The
SWS model is solved numerically in a spreadsheet.

8.1 Conceptual Model of the Surface Water Supply Sys-
tem

A conceptual model of the surface water supply system is presented in Figure
21. The SWS model solves for three major components: 1) the surface water
deliveries to each district, 2) the seepage and evaporative conveyance losses from
the channels comprising the inter-district conveyance network, and 3) the intra-
district distribution system evaporative losses. The surface water deliveries and
intra-district distribution system evaporative losses are solved at the district
scale; and the inter-district channel seepage and evaporation losses are solved
at the lineal scale of the GIS objects representing the individual channels.
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Due to the significant depth of the water table, the major channels behave
ephemerally (Sophocleous, 2002). This implies that the saturated channel beds
are always separated from the water table by a zone of partial saturation. In
the model, we assume that channel seepage is unidirectionally downward with
negligible return or base flows from the water table and unsaturated zone. How-
ever, we invoke the further simplifying assumption that the inter-district channel
seepage directly recharges the unconfined aquifer. Consequently, channel seep-
age is not a water budget component in the unsaturated zones of individual
land units in the UZWB model.

Intra-district distribution system seepage losses are not explicitly estimated
by the SWS and UZWB models. Instead, we assume that all the surface water
delivered to a district is actually applied to the land units in its interior. Since
intra-district seepage and surface applied water both recharge the underlying
aquifer system, these seepage losses are implicitly accounted for by uniformly
applying them to the land units as surface applied water.

Modeled channels are divided into segments, where each segment is defined
as the stretch of channel between successive flow measurement locations. The
channel segment is therefore the scale of resolution in the SWS model. Each
segment has associated inflows and outflows, and is subject to other potential
reductions in surface water storage due to evaporation, seepage, and off-stream
intentional recharge. The inflows consist of inflow from the upstream segment,
diversions from source channels, or diversions from other diversion channels.
Outflows consist of outflow into the downstream segment, diversions into other
diversion channels, or deliveries to districts.

Inflow and outflow data may not be available at all of the measurement
locations defining the segments. Most diversion channels only possess measured
inflow data from the source channels supplying them. We assume that these
channels terminate either at the district border or within its interior. Since
measured outflow data is not available for them, a surface water balance cannot
be computed and conveyance losses are estimated as a fixed percentage of the
known inflows. Only the Tule River, Deer Creek, and White River are divided
into more than one segment.

8.2 Inter-District Channel Network Surface Water Bal-
ance

For each segment, we solve the surface water balance using

Ls(i) = Qin(i) +
p∑

k=1

m(k)∑

l=1

Dvi(i,l,k) −Qout(i) −
n∑

l=1

Dvo(i,l) −
p∑

k=1

m(k)∑

l=1

Dd(i,l,k) (1)

where Ls is the total segment conveyance loss due to evaporation, seepage, and
off-stream intentional recharge during the i-th month (L3), Qin is the segment
upstream inflow (L3), Dvi is a diversion into the segment (L3), Dvo is a diversion
out of the segment (L3), Qout is the segment downstream outflow (L3), Dd is a
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delivery out of the segment(L3), p is the number of districts in the basin, m(k)
is the number of diversions into the segment for the k-th district, and n is the
total number of diversions out of the segment.

As mentioned previously, the diversions, Dvi and Dvo, rather than the actual
deliveries, Dd, are usually reported by the districts. By assuming that a fixed
percentage of Dvi is removed due to conveyance losses and intentional recharge
between the point of diversion and the point of delivery, we estimate Dd using

Dd(i,l,k) = Dvi(i,l,k) − (α(k) + β(k) + γ(k)) ·Dvi(i,l,k), α(k) + β(k) + γ(k) ≤ 1 (2)

where α is the fractional reduction of Dv due to evaporation, β is the fractional
reduction due to seepage, and γ is the fractional reduction due to intentional
recharge. The delivery is computed in (2) for the last segment in each channel
from which the delivery is taken by the receiving district. For each modeled
channel segment, we assume that 95% of the total conveyance loss is due to
seepage and 5% to evaporation. Initial values of α, β, and γ for each district
are given in Table 11. Substituting (2) into (1) we obtain

Ls(i) = Qin(i) +
∑p

k=1

∑m(k)
l=1 Dvi(i,l,k) − Qout(i) −

∑n
l=1 Dvo(i,l)

−
∑p

k=1

∑m(k)
l=1 [Dvi(i,l,k) − (α(k) + β(k) + γ(k)) · Dvi(i,l,k)]

(3)

In (1), we assumed that groundwater flow into each channel is negligible.
Consequently, to achieve a surface water balance over the segment Ls(i) must
satisfy

Ls(i) ≥ 0 (4)

If Ls(i) < 0, then the total delivery in (3) is overestimated and must be
reduced by increasing α or β or γ in (2) until (4) is satisfied. The monthly
seepage loss, Qc(i,l), (L3) is computed using

Qc(i) =
p∑

k=1

m(k)∑

l=1

(β(k) + γ(k)) · Dvi(i,l,k) (5)

and becomes input into the groundwater flow model as direct recharge from the
channel segment to the unconfined aquifer.

8.3 Intra-District Distribution System Evaporative Loss

Surface water deliveries estimated by (2) are received by district distribution
channels at their borders or within their interior. Additional conveyance losses
occur within each district as the delivered surface water traverses the intra-
district distribution channels in transit to the individual land units. The differ-
ence between the district delivery and this conveyance loss is the applied surface
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water. Within each district, we don’t regard channel seepage as a conveyance
loss since it recharges the aquifer underlying the district and is theoretically
available as a future source of irrigation water. However, evaporation is a loss
and is accounted for by assuming that a fixed percentage of the delivery is
evaporated using

Sd(i,k) =
m∑

l=1

(1 − αd(k)) · Dd(i,l,k) (6)

where Sd is the applied surface water to the k-th district during the i-th month
(L3) and αd is the fractional reduction of Dd due to evaporation (Table 11).
The monthly applied surface water to each district, Sd(i,k), becomes input into
the UZWB model which calculates its allocation to individual land units.

8.4 Model Results

8.4.1 Imported Surface Water and Unregulated Natural Runoff

The total imported surface water from the FKC from 1970-99 is 13,329,262 af
(USBR, 1970-99). Annual FKC diversions varied from 125,970 af in 1977 to
679,298 af in 1993 (Figure 22) with a 30-year annual average of 444,309 af.
The Tule River and Pioneer Ditch both receive regulated releases from Success
Reservoir. The total imported surface water from the Tule River and Pioneer
Ditch from 1970-99 are 4,502,153 and 151,348 af, respectively (TRA, 1970-99).
Tule River annual imports varied from 11,034 af in 1977 to 607,154 af in 1983
(Figure 23). Pioneer Ditch annual imports varied from 3445 af in 1973 to 5874
af in 1990 (Figure 24). The SWP and the Kings River imported the smaller
amounts of 88,625 and 7332 af, respectively, over the base period.

Unregulated natural runoff occurs in the Deer Creek, White River, Frazier
Creek, and Lewis Creek. The total natural runoff from the Deer Creek and
White River from 1970-99 are 703,444 and 219,098 af, respectively (USGS, 1970-
99). Deer Creek runoff varied from 4082 af in 1992 to 103,716 af in 1983 (Figure
25). White River runoff varied from 422 af in 1977 to 37,985 af in 1998 (Figure
26). Unfortunately, monthly runoff in Frazier Creek and Lewis Creek are not
gauged. Only a single flow measurement was available for each creek per annum.
This measurement represented the maximum flow rate (in cubic feet per second)
of the entire year and the date in which it occurred. It was impossible to estimate
a monthly time series of channel flows for each year based on a single yearly
maximum flow measurement. Consequently, we were forced to ignore the flows
in the Lewis and Frazier Creeks and assume they were zero.

8.4.2 Exported Surface Water and Unregulated Natural Runoff

During months of heavy runoff, withdrawals from the Tule River into the Friant-
Kern Canal are performed on behalf of the Downstream Kaweah & Tule Rivers
Association to avoid discharge into and flooding of the normally empty Tulare
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Lake bed. Total annual diversions of 84851, 36447, and 95424 af of Tule River
runoff were diverted during 1983, 1997, and 1998, respectively, for this purpose.

8.4.3 Applied Water from District Surface Water Deliveries

The annual total applied water from district surface water deliveries for the fiscal
water years of 1970-99 are presented in Figure 27. From 1970 to 1999, a total of
15 million acre-feet of surface water was applied by the service districts in the
study area. The applied surface water varied from a low of 135,482 acre-feet in
1977 to a high of 708,293 acre-feet in 1996. The percentage of the total applied
surface water apportioned to each district from 1970-99 is given in Figure 28.
The LTRID and DEID together account for 59% of the total applied surface
water while occupying approximately 40% of the incorporated area in the study
area.

8.4.4 Inter-District Network Conveyance Losses

The annual inter-district surface water conveyance network seepage and evapo-
ration losses for the fiscal water years of 1970-99 are presented in Figures 29 and
30, respectively. Whether estimated by mass balance or as a fixed-percentage
of flows, the total conveyance losses for all channels are apportioned as 95% for
seepage and 5% for evaporation. Over the 30-year base period, an estimated
total of 3.5 million acre-feet of seepage occurred for all surface water channels.
Seepage in the Tule River, Deer Creek, and White River accounted for 85% of
the total seepage. Total annual seepage varied from a low of 8,128 acre-feet in
1977 to 467,084 acre-feet in 1983. The estimated seepage in 1983 is substantial.
It may be possible that flood control flows exited the western boundary of the
study area that year, especially from the Tule River. However, no data is avail-
able to estimate these outflows from the study area. Therefore, we maintain
the assumption that flows terminate within the study area and the associated
seepage losses occur within its boundaries. Additional seepage no doubt occurs
within Lewis Creek and Frazier Creek. However, insufficient flow data prevented
the estimation of monthly channel seepage and evaporation losses from these
creeks.

9 Unsaturated Zone Water Budget Model

The unsaturated zone water budget (UZWB) model is the second of the three
sub-models in the conjunctive use model. Its purpose is to calculate monthly
water storage changes in the soil root zone and deep vadose zone of each land
unit (Figure 31), where the land unit is the UZWB model scale of resolution. It
also models the intra-district surface water distribution system by estimating the
monthly allocation of surface water to individual land units within each district.
The main model outputs are the recharge to the unconfined aquifer from surface
applied water and precipitation, and the groundwater pumping demand from
the unconfined and confined aquifers. The recharge and groundwater pumping
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rates become input for the groundwater flow model. The UZWB model is solved
numerically by a FORTRAN code.

9.1 Soil Root Zone Water Budget

The soil root zone of each land unit is bounded above by the atmosphere and
below by the deep vadose zone (Figure 31). For vegetative land uses, the soil
root zone storage change in the j-th land unit during the i-th month is computed
by

∆θs(i,j) = P(i,j) + Sw(i,j) + Gw(i,j) − ETa(i,j) − qv(i,j) (7)

where θs is the soil root zone moisture content (L), P is atmospheric precipi-
tation (L), Sw is surface applied surface water (L), Gw is the surface applied
pumped groundwater (L), ETa is evapotranspiration (L), and qv is the per-
colation from the soil root zone into the deep vadose zone (L). The inputs
into the soil root zone are precipitation, surface applied surface water, and sur-
face applied pumped groundwater; and the outputs are evapotranspiration into
the atmosphere and percolation into the deep vadose zone (Figure 31). In the
UZWB model, we assume that no lateral flow occurs between the soil root zones
of adjacent land units.

For urban land uses, the monthly soil root zone storage change of each land
unit is

∆θs(i,j) = P(i,j) + Sw(i,j) + Gw(i,j) − M(i,j) − qv(i,j) (8)

where M is the urban water demand (L). The inputs and outputs for (8) are
the same as in (7) except that the water demands of the urban land units, M ,
are calculated differently than ETa.

Soil root zone storage changes are computed by estimating the components
on the right-hand sides of (7) and (8). The methodologies used for this are
described below for the different land uses.

9.1.1 Crop Water Needs

In this study, unless specified otherwise, we refer to any vegetative land use as
a ’crop’. Two concepts are used for calculating the water needs of a cropped
land unit: 1) crop evapotranspiration, and 2) the theoretical applied water
demand. Crop evapotranspiration is defined as the cumulative amount of water
transpired by the crop, retained in its plant tissue, and evaporated from adjacent
soil surfaces during its growing season. The evapotranspiration is given by

ETa(i,j) = k∗
c(i,j) · ETo(i) (9)

where ETo is the evapotranspiration of a reference crop (L) (Figure 33) and k∗
c

is the modified crop coefficient given by

k∗
c(i,j) = kc(i,j) · dl (10)
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where kc is the crop coefficient and dl is an adjustment factor for the l-th year.
The adjustment factor accounts for annual changes in land-use acreage in the
study area and is described later.

The theoretical applied water demand, w∗, (L) accounts for the soil root zone
moisture content available for crop uptake and for inefficiencies in the irrigation
application methodology

w∗
(i,j) =

[
ETa(i,j) − θs(i,j)

WEj

]
(11)

where WE is the water use efficiency (Tables 1-4).
In the model, not all crops receive surface applications sufficient to meet

their theoretical applied water demand. The amount of (11) satisfied by surface
water or pumped groundwater is a function of land use

w(i,j) = w∗
(i,j) · λj , λj =





1, uj = 1-45,
0.25, uj = 46-50
0, uj = 56 or 60

(12)

where w(i, j) is the adjusted applied water demand (L) and uj is the land
use designation of the j-th land unit (Tables 1-3). In equation (12), crops
used primarily for food and fiber (uj = 1-45) receive 100% of their theoretical
applied water demand. We assume that other agriculturally-related land uses
(uj = 46-50), such as dairies and pastures, satisfy only 25% of their demands
with applied water. Native vegetation (uj = 56) and non-irrigated cemeteries
(uj = 60) do not receive any irrigation water. Their evapotranspiration rates
are equal to those of pasture, but cannot exceed available soil moisture contents.
Their sole source of root zone soil moisture is precipitation.

9.1.2 Urban Water Needs

The applied water demands of urban municipal and industrial land units (uj =
51, 52, 53, 59) are estimated using water influent and effluent data for the city
of Porterville (Baker, 1999). The urban land-use categories are: 1) produce
packing houses, 2) wastewater treatment plants, 3) developed urban areas, and
4) miscellaneous industrial land use (Table 3). In urban areas, surface water or
groundwater is pumped into a distribution system as influent for municipal and
industrial use, and water effluent is sent to the wastewater treatment facilities
for treatment, recycling, or recharging. Although not all industrial land units
are associated with an urban center, most of them are.

From 1995-99, the average net water use, mP , (L3) for the i-th calendar
month in Porterville (Table 13) is

mP (i) = mI(i) − mE(i), i = 1, ..., 12 (13)

where mI is the monthly average total water influent (L3) and mE is the monthly
average total water effluent used for recharge (L3). The monthly average net
water use per acre, M , (L) is computed by
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MP (i) =
mP (i)

aP
, i = 1, ..., 12 (14)

where aP is the acreage of Porterville (L2) in 1995.
The applied water demand, w, is equated to the average net water use per

acre

w(i,j) = MP (i) (15)

for uj = 51, 52, 53, and 59 (Table 13).
For all municipal and industrial land units, we assume that none of the

applied water demand in (15) is satisfied by soil moisture. Except for land
units residing within the city of Lindsay, (15) is satisfied exclusively by pumped
groundwater. We also assume a 100% water use efficiency for these land units,
with no aquifer recharge resulting from the use of pumped groundwater. In
effect, we are ignoring water that is pumped by municipalities only to be re-
turned to the treatment plant for recharge back into the groundwater. Lindsay
has an existing CVP water contract. Consequently, the possibility of aquifer
recharge exists there due to the availability and application of excess surface
water supplies in the UZWB model. For all other urban land units, the only
source of potential diffuse recharge is from modeled excess precipitation.

9.1.3 Miscellaneous Water Needs

Miscellaneous land units classified as ”fallow land”, ”idle land”, ”livestock feed-
lots”, and ”unspecified urban” (Tables 2-4) possess negligible vegetation and
are assigned an adjusted applied water demand of zero. As a result, they do
not receive any applications of surface water or groundwater. These land units
do, however, experience bare-soil evaporation. If their evapotranspiration rate
is in excess of the soil moisture content, then it is equated to that soil moisture
content. Also, the sole source of soil moisture is supplied by precipitation.

9.1.4 Precipitation

In the model, we assume that overland runoff and evaporation of precipitation
are negligible and that 100% of the precipitation infiltrates into soil root zone.
Overland runoff is neglected due to the relatively flat topography of much of
the study area and evaporation is ignored due to the cool temperatures which
prevail during much of the rainfall season. Any evaporation of precipitation
from the ground surface which might occur is assumed to implicitly contribute
to the evaporative component of crop evapotranspiration. The precipitation in
the i-th month for the j-th land unit is

Pe(i,j) = P(j) ·
[
po(i)

Po

]
(16)

where P(j) is the average annual precipitation for the j-th land unit (L), po(i)

is the i-th monthly precipitation at the reference location (L), and Po is the
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average annual precipitation at the reference location (L). The spatial distri-
bution of P(j) is defined by an isohyet map (Plate 3). Values of average annual
precipitation are assigned to each land unit by overlaying the isohyet map on
the land use map in GIS (Figure 32).

9.1.5 Surface Water Allocation and Groundwater Pumping

Solving (12) and (15) for each land unit, the total adjusted applied water de-
mand of the k-th district, W(i,k), (L3) is then computed using

W(i,k) = 0.95 ·
n(k)∑

j=1

w(i,j) · a(j) · γ(j), γ(j) =
{

0, uj = 51-53, 59 and k 6= 4
1, otherwise

(17)
where a is the land unit acreage (L2) and n(k) is the number of land units in
the k-th district (Table 5). Equation (17) sums the applied water demands of
those land units which are eligible to receive surface water allocations. Notice
that the right-hand side of (17) is multiplied by 0.95. This factor imposes a
5% reduction in the estimated applied water demand for each land unit. This
reduction accounts for the areas of the land unit which may be occupied by
roads, vacant areas, or any other land use which does not have an applied
water demand. Not included in (17) are urban land units which rely solely on
groundwater pumping.

If the total available surface water to the k-th district during the i-th month,
Sd(i,k), is greater than or equal to the total applied water demand (i.e. Sd(i,k) −
W(i,k) ≥ 0) then each land unit receives an allotment of surface water equal to
its applied water demand, w(i,j). The remaining surplus surface water, Sd(i,k)−
W(i,k), is distributed uniformly over the land units in the k-th district for which
1 ≤ uj ≤ 45 or for urban land units in the city of Lindsay using

s′(i,j) =
(Sd(i,k) − W(i,k))

A∗
(k)

(18)

where s′(i,j) is the applied surplus surface water (L) and

A∗
(k) =

n(k)∑

j=1

a(j) ·γ(j), γ(j) =





1, uj = {1− 45} or
{51, 52, 53, or 59 and k = 4}

0, otherwise
(19)

is the total acreage of land units in the k-th district (L2) eligible to receive 100%
of the available surface water to them. The total allotted surface water for the
j-th land unit is

Sw(i,j) =
{

s′(i,j) + w(i,j), 1 ≤ uj ≤ 45
w(i,j), 46 ≤ uj ≤ 50

(20)
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If the total available surface water is less than the total applied water demand
(i.e. S(i,k) − W(i,k) < 0) then the fractional amount of the total applied water
demand which will have to be satisfied by groundwater pumping is

c(i,k) = (W(i,k) − Sd(i,k))/W(i,k) (21)

The groundwater pumping demand for the j-th land unit becomes

Gw(i,j) = c(i,k) · w(i,j) (22)

and its allotment of surface water is

Sw(i,j) = (1 − c(i,k)) · w(i,j) (23)

9.1.6 Soil Root Zone Percolation

Percolation from the soil root zone to the deep vadose zone, qv, (L) is calculated
using a simple ”tipping bucket” model given by

qv(i,j) = θs(i−1,j) + Pe(i,j) + w(i,j) + s′(i,j) − ETa(i,j) − fc(j) (24)

where fc is the soil root zone field capacity (Plate 5). Field capacities are
assigned to each land unit by overlaying the soils survey GIS coverage on the
land use coverage (Figure 32). Solution of (24) requires an initial estimate of
the soil root zone moisture content which is given by

θs(0,j) = 0.25 · fc(j) · bs (25)

where bs is the soil root zone thickness. We assume that bs is a constant of 3
feet for every land unit.

Substitution of (9), (16), (22), (23), and (24) into (7) yields the soil root zone
storage change during the i-th month in the j-th cropped land unit. Substitution
of (14) into (8) yields the corresponding storage change for urban land units.

9.2 Deep Vadose Zone Water Budget

The deep vadose zone is directly underneath the soil root zone and directly above
the water table in the unconfined aquifer. Input into the deep vadose zone is
simply the percolation from the soil root zone and its output is recharge into
the underlying unconfined aquifer. Similarly to the soil root zone, we assume
that no lateral flow occurs between the deep vadose zones of adjacent land units.
Recharge into the unconfined aquifer from the deep vadose zone, qa, is calculated
using a simplified form of the one-dimensional unsaturated flow equation

qa(i,j) = Ks ·
[
θv(i−1,j)

(φe · bv)

]d

(26)

where Ks is the vadose zone saturated hydraulic conductivity (LT−1), θv(i,j) is
the vadose zone moisture content (L), φe is the vadose zone effective porosity,
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bv is the vadose zone thickness (L), and d is a scaling factor. We assume a
constant Ks = 5 ft/day and bv = 100 feet for each land unit. Equation (26)
assumes that flow during any given month is steady and is driven by gravity
drainage. For the first time step, the solution of (26) requires an estimate of the
initial vadose zone moisture content which is given by solving (26) for θv(0,j) as

θv(0,j) = φe · bv ·
[
q̄v(j)

Ks

]d−1

(27)

where q̄v(j) is the average percolation from the soil root zone over n months
given by

q̄v(j) =
1
n

n∑

i=1

qv(i,j) (28)

We are able to solve (28) independently of (26) since we assume no upward flow
of vadose zone moisture into the soil root zone. The deep vadose zone moisture
content is then updated for the next time step using

θv(i,j) = θv(i−1,j) + qv(i,j) − qa(i,j) (29)

Finally, the change in deep vadose zone moisture content, ∆θv is computed by

∆θv(i,j) = θv(i,j) − θv(i−1,j) (30)

9.3 Sub-basin Scale Net Aquifer Recharge

The net aquifer recharge for the entire study area is computed by aggregating
the aquifer recharge and groundwater pumping of each land unit to the sub-basin
scale and adding the contribution to aquifer recharge from channel seepage.

The monthly total net recharge in the study area, QT , is given by

QT
(i) = qT

s(i) +
n∑

j=1

[qa(i,j) − Gw(i,j)] (31)

where qT
s is the total seepage from all channels and n is the total number of

land units.

9.4 Crop Evapotranspiration and Changes in Land Use

As mentioned previously, 72% of the land is under agricultural production and
12 crop types account for nearly 95% of this area. The ETa of these 12 crops
largely determine the surface water and groundwater pumping needs in the
study area. Different sets of reported crop coefficients for crops grown in the
San Joaquin Valley will result in different estimates of monthly and annual crop
ETa in (9). It’s important, therefore, to choose a set of crop coefficients which
produce representative values of crop ETa for the major crops grown. Seasonal
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and annual changes in land use also impact regional crop ETa demands. In our
model, a single land use survey was used to assign land use to each land unit.
However, annual land use changes during 1970-99 for the 12 major crops in
Tulare County were significant. In the UZWB model, county land use records
were obtained from Tulare County Agricultural Commissioners Reports and
used to develop an annual crop coefficient adjustment factor to account for
annual changes in land use acreage for the county. The monthly crop ETa in (9)
is adjusted by application of the adjustment factor in (10). The selection of the
crop coefficients for the 12 major crops and the development of the adjustment
factors for annual land use changes are described below.

9.4.1 Crop Coefficients

A number of resources were available from which to choose monthly crop coeffi-
cients for the 12 major crops. Experimentally-derived values or ranges of values
of annual ETa for these crops in the region were obtained from publications
and through personal communications with agricultural industry professionals
(Table 14). Crop coefficients were chosen from these resources and in some cases
adjusted such that the computed average annual ETa for each crop from 1970-
99 was similar to its derived value or within the range of the values given in
Table 14. The chosen monthly crop coefficients for all crops are given in Tables
15-17. Monthly crop coefficients for citrus, cotton, field corn, alfalfa, and vine-
yards were adapted from Letey and Vaux (1984). Crop coefficients for olives,
plums, almonds, walnuts, pistachios, and grain & grass hay were adapted from
Goldhammer and Snyder (1989). Grain & corn refers to the double cropping
of silage corn and winter grain. In the model, we assume that winter grain has
a growing season from November through March. Silage corn is then planted
in April and harvested at the end of August. The crop coefficients for silage
corn are the same as field corn (Letey and Vaux, 1984). The crop coefficients
for winter grain are from Goldhammer and Snyder (1989). All other crop co-
efficients were obtained from Naugle (2001). The estimated range of ETa and
average annual ETa of the 12 major crops from 1970-99 are presented in Table
14.

9.4.2 Adjustment Factor for Annual Land Use Changes

The total acreage of each of the 12 major crops in Tulare County from 1970-99
are presented in Table 18. We assume that the land use changes in the study
area are proportionally the same as those of Tulare County.

The monthly ETa in (9) is modified for annual changes in land use for the
12 crops by multiplying the crop coefficients in (10) by an annual adjustment
factor dl. For each year from 1970-99, the total acreage of each crop in Table 18
is multiplied by the representative value of its average annual ETa to produce
a rough estimate of the total ETa demands of the crop for the entire county.
For each year, the estimated total ETa demands of these crops are summed to
produce a total annual ETa demand for the county. Since the land use survey
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used in this study is for 1985, the total ETa demands of each year are divided
by the total ETa demand of 1985. The resultant ratios are the values of dl in
(10) and are plotted in Figure 34.

9.5 Water-Table Fluctuation Method

The monthly net recharge computed in (31) can be summed to produce a cumu-
lative annual net recharge from 1970 to each fiscal water year from 1971-99. The
water balance computed for the entire study area neglects horizontal ground-
water inflows and outflows through its vertical boundaries. Groundwater fluxes
undoubtedly exist along these boundaries. However, these fluxes are assumed
small in comparison to the total changes in storage due to vertical stresses ap-
plied to the entire study area (e.g. groundwater pumping, evapotranspiration,
applied surface water, channel seepage). Horizontal groundwater flow on the
inter-land unit and inter-district scales is expected to be more significant. For
computing a total water balance, however, we make the simplifying assumption
that the study area behaves as a relatively closed system where the net horizon-
tal groundwater inflows through its vertical boundaries are small. Invoking this
assumption, we then use the cumulative net recharge as an estimate of the cu-
mulative groundwater storage change in the aquifer system. Ideally, verification
of these estimates is performed by comparing them with an objective measure of
the study area aquifer storage changes. However, changes in groundwater stor-
age are not directly observable and must always be estimated using non-direct
measures. As such, an objective measure for verification does not exist. As an
alternative, we compare the water balance model results with those produced
by the water-table fluctuation (WTF) method (Healy and Cook, 2002).

The WTF method is used to compute the cumulative annual groundwater
storage changes in the unconfined aquifer from 1970-99 using annually-measured
hydraulic heads from production wells and point estimates of specific yield. To
do this, a grid of uniformly-sized cells was superimposed on a GIS coverage
of the study area. Each grid cell had a length of ∆x in the x-direction (L)
and ∆y in the y-direction (L), where ∆x = ∆y = 3280 feet. Scattered point
estimates of specific yield were then interpolated to the grid cells. A set of
spatially distributed hydraulic head measurements from the production wells
for each year were also interpolated to the grid. The cumulative groundwater
storage change in ij-th cell from 1970 to the year l was estimated using

∆sl
ij = (hl

ij − h1970
ij ) · Syij · ∆x · ∆y, l = 1971, . . . , 1999 (32)

where h1970
ij is the spring-measured hydraulic head of 1970, hl

ij is the hydraulic
head of the year l, and Syij is the unconfined aquifer specific yield. The cumu-
lative storage change in the unconfined aquifer from 1970 to the year l is

∆Sl =
nx∑

i=1

ny∑

j=1

∆sl
ij (33)
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where nx is the number of grid cells in the x-direction and ny is the number of
cells in the y-direction.

The hydraulic heads used in the WTF method are the spring measurements
collected annually by CDWR in local production wells (Plate 14). Spring water
levels are assumed to be negligibly influenced by localized drawdown due to
pumping near or in the measured well. For specific yield, a relationship between
texture and Sy was developed from a well log analysis in the study area by
the USGS (Davis et al., 1959) (Table 19). The CDWR updated this well log
analysis by incorporating logs from wells drilled after the original USGS study
and applied the texture-specific yield relationship to estimate a Sy for each
quarter township-range over much of the San Joaquin Valley. For each quarter
township-range, a relative percentage of each texture was determined from the
well log analysis. The estimated Sy for each quarter township-range is the
average of the specific yields of each texture, weighted by the relative percentages
of each texture. The Sy estimates are assumed to characterize a depth of 300
feet below ground surface, a representative thickness of the well logs.

The WTF method neglects storage changes in the confined aquifer. This sim-
plification is justifiable since the confined aquifer storage coefficient is several
orders of magnitude smaller than the unconfined aquifer specific yield. Con-
sequently, even if potentiometric water level changes in the confined aquifer
significantly exceeded those in the unconfined aquifer, the effective confined wa-
ter storage change would only be a small fraction of the unconfined storage
change.

9.6 Model Results

9.6.1 Study Area Water Balance

A monthly water balance for the soil root zone and deep vadose zone was com-
puted on a land unit scale by solving for the components in (7), (8), and (26).
These components were then aggregated from the land unit scale to the sub-
basin scale to produce a water balance for the entire study area. The main
components of the study area annual water balance from 1970-99 are displayed
in Figure 35. The total annual agricultural and urban consumptive use ranged
from 865,800 acre-feet (af) in 1970 to 1,246,700 af in 1999. The upward trend
in consumptive use is due to a steady increase in acreage of land put into agri-
cultural production during the base period; whereas annual fluctuations are due
to yearly variations in seasonal climate (i.e. yearly variations in monthly ETo).
The estimated total pumping ranged from 148,100 af in 1978 to 570,000 af in
1990. As expected, pumping was heaviest during the droughts of 1975-77 and
1987-92, and lightest during the wet years of 1973, 1978, 1982-83, 1995, and
1998. Precipitation totals varied from 177,800 af in 1990 to 974,400 af in 1998.

Diffuse recharge from surface applied water and precipitation ranged from
64,800 af in 1992 to 350,100 af in 1983. The annual total diffuse recharge is
also plotted against the annual total localized recharge from channel seepage in
Figure 36. Over the base period, 5.78 million af (i.e. 62% of the total recharge)
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and 3.5 million af (i.e. 38% of the total recharge) of diffuse recharge and lo-
calized recharge, respectively, occurred in the entire study area. The average
annual diffuse recharge and localized recharge were 192,730 af and 116,711 af,
respectively. Only during years of heavy precipitation (1983, 1986, 1997, 1998)
is localized recharge from channel seepage typically greater than the diffuse
recharge.

The average water balance components for each calender month over the base
period for the study area are presented in Figure 37. This plot demonstrates
the average temporal variation of each component. As expected, the precipita-
tion is greatest during the winter and early spring months while surface water
applications and groundwater pumping are greatest during the summer months
when evapotranspiration demands are high. In Figure 37, the plotted recharge
is actually the percolation from the soil root zone into the deep vadose zone
rather than the recharge flux at the water table boundary. The diffuse recharge
to the water table on a monthly time step is fairly uniform due to the buffering
capacity of the deep vadose zone. By contrast, the percolation from the soil
root zone to the deep vadose fluctuates more and its peak tends to lag behind
that of the precipitation curve (Figure 37).

9.6.2 Study Area Groundwater Storage Changes

The cumulative annual groundwater storage changes from 1970-99 computed
from the water balance and the WTF method are plotted in Figure 38. The
trends in storage change produced by the two models are quite similar. The
minimum and maximum differences between them are 2,450 acre-feet (1980)
and 752,387 acre-feet (1991), respectively. From 1970, the maximum amount
of groundwater accumulation occurred in the spring of 1987 with the WTF
method and the water balance estimating positive storage changes of 1,146,286
and 898,128 acre-feet, respectively. The maximum groundwater overdraft oc-
curred in 1993 with the WTF method and the water balance estimating nega-
tive storage changes of 1,610,210 and 1,218,566 acre-feet, respectively. The 1987
and 1993 fiscal water years marked the beginning and ending of a major 6-year
drought in California, respectively.

The WTF method calculates storage changes using water levels measured
in the unconfined aquifer. In the UZWB model, pumping in the western half of
study area is proportioned between the unconfined aquifer overlying the Corco-
ran Clay aquitard and the confined aquifer below (Figure 10). The proportions
of pumping in each aquifer were determined by analysis of production well screen
locations. From the UZWB model, pumping from the confined aquifer annually
accounts for 7.1-12.5% of the total pumping in the study area from 1970-99.
Since the long-term storage changes in the confined aquifer are negligibly small
compared to those in the overlying unconfined aquifer, the confined aquifer, to
balance its production, must receive recharge from the unconfined aquifer either
as vertical leakage through the Corcoran Clay or as deep lateral transfer from
the unconfined aquifer to the east.
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9.6.3 Spatial Distribution of Groundwater Pumping

As mentioned previously, groundwater pumping at the land unit scale is es-
timated in the water balance as a closure term. Plots displaying the spatial
distributions of total groundwater pumping at this scale for 1977 (dry year),
1980 (normal year), and 1983 (wet year) are displayed in Plates 23-25, respec-
tively. These figures illustrate the land unit pumping demands as a function
of both land use and service district for years of below-average, average, and
above-average surface water supplies. Districts with substantial surface water
supplies (e.g. LTRID, DEID) are required to augment their crop water de-
mands with pumping mainly in drought years. However, districts with smaller
surface water supplies (e.g. Pixley ID) annually rely on pumping to meet their
irrigation demands. The average annual groundwater pumping over the base
period is displayed in Plate 26. On average, districts with poor surface water
supplies (e.g. Pixley ID, AID) pump between 1-3 feet of groundwater annually
whereas districts with substantial supplies pump less than 1 foot. For districts
with small surface water supplies and where crops with high water demands are
grown (e.g. alfalfa), the annual pumping demand may be 4 feet or more in some
land units.

9.6.4 Spatial Distribution of Diffuse Recharge

The spatial distributions of diffuse recharge are plotted for 1977, 1980, and 1983
in Plates 27-29, respectively. As with groundwater pumping, the distribution of
diffuse recharge is illustrated here for years of below-average, average, and above-
average surface water supplies. Generally, the diffuse recharge distribution is
the negative image of the groundwater pumping distribution. During 1977,
for example, most districts experienced less than 0.5 feet of diffuse recharge.
In average-to-wet years, districts such as LSID, LTRID, DEID, PID, and SID
experience at least 1-2 feet of diffuse recharge in contrast to other districts
with smaller surface water supplies (e.g. Pixley ID) which still experience less
than 0.5 feet. The higher recharge results from the additional availability of
surface water, above the applied water demand. In groundwater dependent
areas, pumping is (presumably) limited to meeting applied water demand (plus
a leaching requirement) during the growing season. The average annual diffuse
recharge rate over the base period is displayed in Plate 30 and also reflects
differences in surface water supplies between districts. In addition to surface
water supplies, the diffuse recharge distribution is also dependent on the spatial
distribution of precipitation as defined by the isohyet map (Plate 3).

9.6.5 Service District Water Balances

The average water balance components for each calender month over the base
period for DEID, LID, LSID, LTRID, Pixley ID, PID, and SID are presented in
Figures 42-48. The average monthly water balance for all the unincorporated
areas is also displayed in Figure 49. These plots demonstrate the average tem-
poral variability in the water balance components for these districts and the
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unincorporated areas. Generally, the groundwater pumping and deep percola-
tion variability between districts is due to differences in surface water supplies,
crop types and cropping patterns, and precipitation - estimated as a function of
the isohyet map (Plate 3). The differences in deep percolation rates between dis-
tricts with relatively large surface water supplies (DEID, LTRID), small supplies
(Pixley ID), and no supplies (the unincorporated areas) is highlighted in Figure
50. This plot illustrates the relatively higher percolation in DEID and LTRID
due to excess surface water supplies for average-to-wet years. For most years,
the only source of percolation in the Pixley ID is from irrigation inefficiencies
(i.e. excess irrigation applications) and precipitation. For the unincorporated
areas, percolation is strictly due to irrigation inefficiencies and precipitation.

Pre-irrigation of annual crops (e.g. cotton, grain) is not explicitly accounted
for in the model. District farmers may use a combination of surface water
and groundwater to pre-irrigate their fields. In the UZWB model, we apply all
monthly surface water deliveries to the irrigated crops within each district either
to satisfy the applied water demand or as surplus. In this way, we may implic-
itly account for pre-irrigations sourced solely from surface water for districts
with substantial surface water supplies. For example, LTRID and DEID receive
surface water deliveries in February and March which significantly exceed their
applied water demands (Figures 42 and 45). Combined with excess precipita-
tion, this results in high amounts of deep percolation from the saturated soil
root zone during the early spring.

We do not, however, implicitly account for pre-irrigations sourced from
groundwater since pumping is estimated only as a function of applied water
demands and not for pre-irrigation purposes. For districts with small surface
water supplies and which rely heavily on pumping (e.g. Pixley ID), the crop
water demands in the late winter and early spring exceed the soil moisture con-
tent that is derived mainly from precipitation (Figure 46). Consequently, deep
percolation resulting from pre-irrigations sourced predominantly from pumped
groundwater is not expressed in the results of the UZWB model.

The monthly variation in water balances between a district with a relatively
large surface water supply (i.e. LSID) and the unincorporated areas which
have no surface water supplies is illustrated for a dry year (1990) and a wet year
(1998) in Figures 51 and 52. Deep percolation is negligible in the dry year for the
unincorporated areas but does occur in the wet year due to excess precipitation.
However, LSID and other districts with substantial supplies experience deep
percolation in both wet and dry years.

10 Groundwater Flow Model

The groundwater flow model is the third of the three sub-models in the con-
junctive use model (Figure 1). Its purpose is to calculate the hydraulic head
and groundwater storage changes in the aquifer system subject to transient
groundwater recharge and pumping stresses. The main model output is the
simulated hydraulic head distribution in the modeled area for each stress pe-
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riod. A post-processing routine calculates the cumulative annual groundwater
storage changes over each district. In this section, we describe the development
and calibration of the numerical groundwater flow model.

10.1 Numerical Model Development

The numerical groundwater flow model was developed in MODFLOW (Modular
Finite-Difference Ground-Water Flow Model) (McDonald and Harbaugh, 1988).
A MODFLOW plug-in-extension (PIE), developed as an application for Argus
Open Numerical Environments (ONE)TM (Argus Interware, 1997), functions as
a graphical-user-interface for MODFLOW to define the numerical groundwater
flow model based on the conceptual model of the aquifer system hydrogeology
(Winston, 2000). The PIE generates a list of empty input parameters for each
user-defined model layer in the conceptual model which require data specifica-
tion. The PIE imports input parameter data into Argus ONETM in scattered
point data, spreadsheet, and GIS formats; generates the MODFLOW input files;
runs the MODFLOW model; and imports model results into Argus ONETM for
post-processing and visualization. Argus ONETM also contains functionality for
exporting model data and results in a shapefile format compatible with other
commercial GIS softwares.

10.1.1 Conceptual Model of the Aquifer System Hydrogeology

A conceptual model of the aquifer system hydrogeology in the east-west direc-
tion is given in Figure 10. In the western part of the study area, the system
consists of three hydrogeologic units: 1) an unconfined aquifer, 2) an underly-
ing aquitard (i.e. the Corcoran Clay Member of the Tulare Formation), and
3) a confined aquifer. In this region, the aquifer system bottom boundary is
the contact between the unconsolidated continental deposits constituting the
confined aquifer and the underlying consolidated Quaternary Period marine de-
posits. In the eastern part of the study area, the system is conceptualized as an
unconfined aquifer overlying a thick semi-confined aquifer. The aquifer system
bottom boundary there is defined as the contact between the unconsolidated
continental deposits and the underlying consolidated Tertiary Period marine
deposits. Along the eastern border, the bottom boundary is the contact be-
tween the continental deposits and the Sierra Nevada mountain range basement
complex.

10.1.2 Model Domain

The domain of the groundwater flow model is displayed in Plate 31. The model
domain excludes several areas along the eastern boundary. These areas are
associated with the undulating foothills formed from the dissected uplands.
The finite-difference grid resolution used is too coarse to capture the dramatic
changes in ground surface elevation there. In preliminary runs including these
areas, problems were encountered with cells going dry in the numerical solution
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of the groundwater flow model. Since most of these areas are not in agricultural
production and the aquifer storage capacity there is not considered significant,
they were excluded from the model domain and are inactive in the groundwater
flow model.

The groundwater flow model domain also includes a portion of the Kaweah
groundwater sub-basin residing adjacent to and along the length of the LTRID
northern boundary. As discussed later, the groundwater flow model domain
was extended into this region to better approximate the northern study area
boundary condition in the vicinity of LTRID.

10.1.3 Vertical and Horizontal Discretization

The aquifer system hydrogeologic units are modeled by three MODFLOW layers
(Figure 53). The unconfined aquifers in the western and eastern parts of the
study area are modeled as an unconfined MODFLOW layer (model layer 1). The
Corcoran Clay aquitard and the adjacent semi-confined aquifer to its east are
modeled as a convertible confined/unconfined MODFLOW layer (model layer
2). The confined aquifer underlying the Corcoran Clay and the adjacent semi-
confined aquifer to its east are also modeled as a convertible confined/unconfined
MODFLOW layer (model layer 3).

GIS coverages of the top and bottom elevations of the Corcoran Clay aquitard
(Plates 10 and 11) are imported into Argus ONETM and used to assign different
hydrogeologic properties to the western and eastern regions of layer 2. The top
elevation coverage is used to distinguish the boundary between the unconfined
aquifer and the underlying Corcoran Clay. The bottom elevation coverage is
used to distinguish the boundary between the confined aquifer and the overly-
ing Corcoran Clay.

The Corcoran Clay terminates near the middle of the study area where its
depth is approximately 250 feet below the ground surface and its top boundary
elevation is -45 feet (Figure 10 and Plate 10). To avoid a horizontal discontinuity
in the top and bottom elevations of adjacent cells in layer 2 at the vertical contact
between the Corcoran Clay and the semi-confined aquifer to the east, the top
elevation of layer 2 east of this contact is specified also as -45 feet. The thickness
of the Corcoran Clay near the middle of the study area is approximately 45
feet. Consequently, the bottom elevation of layer 2 east of the Corcoran Clay
is defined as 45 feet below the top elevation of layer 2 with an elevation of -90
feet. The bottom elevation of the aquifer system was adapted from a contour
map of the aquifer bottom used in a previous study (Erlewine, 1989) (Plate
32). The thickness of the aquifer system is known to decrease significantly near
the eastern boundary. The bottom elevation of layer 3 was defined using the
contour map except near the extreme eastern boundary. For cells where the
bottom elevation of layer 2 crosses the aquifer system bottom elevation defined
by this contour map, the bottom of the aquifer system was redefined as 45 feet
below the bottom elevation of layer 2. Although the aquifer system thickness
decreases significantly in the vicinity of the eastern boundary (Figures 8 and
9), allowing the thickness of the aquifer system to diminish to near zero there

52



posed numerous numerical problems with model cells drying out.
The MODFLOW model finite-difference grid of the domain is presented in

Plate 33. The grid consists of 52 rows and 59 columns, where the spacings of
each cell in the x and y directions are ∆x = ∆y = 3280 feet. The x−axis of the
finite-difference grid is aligned approximately with the east-west direction and
the y−axis aligns with the north-south direction. The finite difference grid is
rotated by -1o about the east-west axis to align itself with the western boundary
defined by the Kings-Tulare county line.

10.1.4 Temporal Horizon and Discretization

The simulation period is 29 years and consists of 116 stress periods (Table 21).
The first stress period is the April-March stress period of 1970 and the last is the
December-January-February-March stress period ending in 1999. The numerical
model is defined by a daily time unit. For each stress period, the layer aquifer
recharge and groundwater pumping from the UZWB model and the channel
seepage from the SWS model were divided by the total number of days in that
stress period to produce average daily recharge, pumping, and seepage rates.
Twenty time steps were used for the April-May and October-November stress
periods and 40 time steps were used for the June-July-August-September and
December-January-February-March stress periods.

10.1.5 Boundary Conditions

No-flow boundary conditions in the horizontal direction are assigned around the
model domain perimeter for each model layer. The no-flow condition along the
eastern boundary occurs at the contact between the agriculturally-developed
foothill regions and the Sierra Nevada mountain granitic complex and between
the alluvial plain and the agriculturally-undeveloped foothills. No-flow con-
ditions were assigned along the northern and southern study area boundaries
along an approximate groundwater flow divide, as determined by inspection
of unconfined aquifer hydraulic head contour maps from 1970-99 (Plates 15-
20) (CDWR, 1970-99). A no-flow condition was also assigned to the western
boundary of the model domain, where it is assumed that the net horizontal flow
between the hydrostratigraphic units comprising the Tulare Lake Bed geomor-
phic unit and those of the alluvial plain region is insignificant; particularly in
comparison to vertical fluctuations in the unconfined aquifer water levels due to
recharge, pumping, and channel seepage stresses.

The northern boundary of the model domain was extended to include an
area of unincorporated agricultural land above LTRID (Plate 31). Originally,
the northern boundary of the model domain coincided with the northern bound-
ary of LTRID. However, it was determined by re-examination of the contour
maps of hydraulic head that net groundwater fluxes exist from LTRID into the
unincorporated lands just north of it. To account for the effects of pumping
stresses in this area on simulated heads in LTRID in the model calibration, the
northern boundary was extended to include this unincorporated zone.
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10.1.6 Initial Conditions

The initial conditions for hydraulic head in the unconfined aquifer were de-
rived from a set of production well measurements taken from the unconfined
aquifer during early-January to early-March of 1970. These point values were
imported into Argus ONETM where they were interpolated to the cells of the
finite-difference grid. The resulting gridded values became the initial hydraulic
heads for model layers 1 and 2. Originally, a set of confined aquifer hydraulic
head measurements over the same period in 1970 was used to derive the initial
conditions for the confined aquifer underlying the Corcoran Clay in model layer
3. However, the quality of these hydraulic heads were questionable and the
spatial distribution sparse. Consequently, the initial conditions for the confined
aquifer were assigned those of the unconfined aquifer. The initial conditions
assigned to the cells east of the Corcoran Clay in layer 3 were also the overlying
gridded values of unconfined aquifer hydraulic heads used for layers 1 and 2. In
the eastern part of the study area, if the initial hydraulic head falls below the
bottom elevation of layer 1 for a particular cell, the bottom elevation of the cell
is redefined as 30 feet below the initial head prior to simulation. Cells in which
the initial head generally falls below this mark are located in the foothills along
the eastern border where the ground surface elevation increases dramatically.
The resulting distribution of heads in the model layers represents the initial
conditions for the April-May stress period in 1970. The initial hydraulic heads
in the unconfined aquifer vary from 90 feet in the south-west corner of the study
area to over 600 feet along the eastern boundary.

10.1.7 Hydraulic Properties

The hydraulic parameters defining each model layer are the horizontal hydraulic
conductivity Kh (L/T ), the hydraulic conductivity anisotropy ratio ar, and
the storage coefficient S. The storage coefficient for the unconfined aquifer is
the specific yield Sy, and the storage coefficient for the confined aquifer is the
product of the specific storativity Ss (L−1), and the confined aquifer thickness
bc which varies spatially. The anisotropy ratio is defined as the ratio of the
horizontal hydraulic conductivity to the vertical hydraulic conductivity, Kh/Kz.

The horizontal hydraulic conductivity and layer anisotropy ratios are cali-
bration parameters. Their estimated spatial distributions will be described later
in the model calibration section. The spatial distribution of Sy after interpola-
tion to the finite-difference grid in Argus ONETM is presented in Plate 22. The
spatial distribution of Sy varies from 5% in the heavy-textured Tulare Lake Bed
and foothill regions to 15% in the coarse-textured regions of the LTRID and
Pixley ID within the Tule River alluvial fan. The Ss for the Corcoran Clay
region of layer 2 is 2.7x10−6 (feet−1) and the Ss for layer 2 east of the Corcoran
Clay and for layer 3 is 2.7x10−4 (feet−1).
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10.1.8 Aquifer Recharge and Groundwater Pumping

Two sources of aquifer recharge are inputted into the groundwater flow model:
1) localized recharge from channel seepage, and 2) diffuse recharge from surface
applied water. Seepage per channel segment is estimated by the SWS model and
imported into Argus ONETM as a GIS coverage of line objects. An Argus ONETM

export template overlays the channel coverage onto the finite-difference grid
(Figure 54) and the seepage is assigned to the grid cells over which the channel
line objects intersect. The localized recharge from seepage is then applied to
model layer 1 as diffuse recharge using the MODFLOW recharge package.

Aquifer recharge from surface applied water and groundwater pumping per
land unit were computed by the UZWB model. The pumping is partitioned
among the three model layers of each land unit using the proportions displayed
in Plates 34-36. These proportions were determined by analysis of screen interval
depth and location of selected production wells. No pumping occurs in model
layer 2 where the Corcorcan Clay is present. The net recharge for layer 1 is
computed by subtracting the pumping for layer 1 from the recharge for layer
1. An Argus ONETM export template overlays the net recharge and pumping
coverage onto the finite-difference grid (Figure 54). The net recharge is assigned
to the grid cells in layer 1 over which the land unit polygon objects intersect. The
pumping is assigned to layers 2 and 3 in the same manner. The net recharge and
pumping are then applied to layers 1, 2, and 3 as wells using the MODFLOW
well package.

10.2 Model Calibration and Validation Implementation

An automated calibration of the groundwater flow model was performed using
the PEST (Parameter ESTimation) model-independent parameter estimation
software (Doherty, 1998). PEST estimates the model parameters using a non-
linear estimation algorithm known as the Gauss-Marquardt-Levenberg method.
Three conceptual models describing the structure of the spatial distribution
of the aquifer system hydraulic parameters were evaluated by PEST. These
structures were used to define zones of equal parameter value in the calibration
procedure. Amongst the candidate conceptual models, the structure which led
to the best fit between the calibration targets and the modeled results was
chosen to represent the spatial distribution of the hydraulic parameters in the
groundwater flow model. The calibrated model was then validated for a similar
historical period. Here we describe the calibration and validation procedures
and results.

10.2.1 Calibration Parameters

The calibration parameters are the spatial distributions of Kh in the unconfined
aquifer, the Corcoran Clay aquitard, and the confined aquifer, and a single ar

for each of the three model layers.
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10.2.2 Conceptual Models of Kh Spatial Structure

We considered three different conceptual models of Kh spatial structure: 1) Kh

as an exponential function of the Sy distribution (Plate 22), 2) Kh as a linear
function of the saturated hydraulic conductivity of the soil survey mapping units
(Plate 6), and 3) division of the model domain into square zones of uniform size
(Plate 37). For each conceptual model, we assume that the spatial distributions
of Kh east of the Corcoran Clay in model layers 2 and 3 are equal to the cali-
brated distribution in layer 1 above them. In the first model, the Kh structure
is an exponential function of the Sy distribution given by

logKh = a + b · Sy (34)

where a and b are calibration parameters. In the second model, the Kh structure
is a linear function of the Ks distribution given by

Kh = c + d · Ks (35)

where c and d are calibration parameters. In the third model we simply divide
the model domain into a uniform grid of square zones and calibrated a Kh

for each zone (Plate 37). For the first and second models, we assume that the
Corcoran Clay aquitard and the confined aquifer are homogeneous units, thereby
estimating single Kh values for each. In the third model, the uniform zonation
for model layer 1 is the same for model layers 2 and 3 where the Corcoran Clay
and confined aquifer are present.

The first and second conceptual models represent an attempt to estimate
the spatial distribution of Kh based on an actual geologic or textural structure
derived from previous investigations. The third model represents a brute-force
attempt to calibrate the groundwater flow model by allowing PEST to estimate
a spatial distribution of Kh based on an arbitrary structure.

10.2.3 Calibration and Validation Periods

The calibration period was 15 years and consisted of 60 stress periods. It began
in the April-May stress period of 1970 and ended after the December-January-
February-March stress period in 1985. The calibration period encompassed
several distinct hydrologic cycles: drought conditions during 1974-77 and 1979-
81 and heavy precipitation in 1973, 1978, and 1983 (Figure 2). The validation
period was 14 years and consisted of 56 stress periods. It began in the April-May
stress period of 1985 and ended after the December-January-February-March
stress period in 1999. Like the calibration period, it also encompassed several
distinct hydrologic cycles: a sustained drought during 1987-92 and a wet period
from 1995-98 (Figure 2).

10.2.4 Calibration Targets

For the calibration, two sets of weighted targets were used. The first set con-
sisted of a distribution of hydraulic head values for the years 1978, 1981, and
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1984, derived from spring-measured production well observations for the same
years. These years were chosen to represent aquifer system storage changes
under three different hydrologic conditions: 1) the spring-measured hydraulic
heads in 1978 followed an extremely dry 1977, 2) 1981 followed the average year
1980, and 3) 1984 followed the above-average wet year 1983. The production
well locations are displayed in Figure 38. Although these wells are spatially
distributed throughout the study area, preliminary calibration runs indicated
that dense clusters of observed heads in particular areas (e.g. LID) resulted
in greater sensitivity to estimated Kh than in other areas. In addition, other
clusters of observed heads (e.g. in the foothills along the eastern boundary)
contributed significantly to the calibration objective function but were insen-
sitive to changes in estimated Kh. We performed a pseudo de-clustering of
the observed hydraulic heads by interpolating their values to the cells of the
finite-difference grid in Argus ONETM. We also excluded from the distribution
of calibration targets, measurements from production wells along the eastern
foothills and in the region intersecting the Tulare Lake Bed geomorphic unit
(Plate 38). The declustering operation and the exclusion of these areas had the
effect of assigning an equal weight to the interpolated hydraulic head targets in
the region of the study area where the quality of the measured heads were con-
sidered the highest and the changes in hydraulic head were the most sensitive
to the estimated Kh distribution. The resulting distribution of hydraulic head
targets are displayed in Plate 39.

The second set of calibration targets consisted of the individual cumulative
annual groundwater storage changes in the unconfined aquifer from 1971-85 for
DEID, LID, LSID, LTRID, Pixley ID, PID, and SID. These storage changes were
estimated by applying the WTF method to each district individually. These dis-
tricts were chosen because of their large sizes, substantial groundwater storage
capacities, and the availability of quality hydraulic head measurements within
their boundaries. The cumulative annual storage changes for each district are
given in inches of water. The storage change targets for each district were
weighted by the number of finite-difference cells (i.e. declustered hydraulic head
targets) residing within the district (Plate 39). The choice of declustered hy-
draulic heads and annual storage changes as calibration targets was made to
constrain the spatial distribution of calibrated hydraulic heads and to provide
meaningful estimates of groundwater storage changes in the largest districts in
the study area.

Model fit was assessed by spatial and temporal analysis of the hydraulic head
residuals, r, (L) computed as

r = H − h (36)

where H is the target head (L) and h is the modeled head (L). The observed
regional difference in unconfined aquifer hydraulic head from the eastern to the
western model domain boundary is approximately 350 feet. The modeled heads
were considered acceptable if their residuals were within 20 feet (i.e. 6% of
the regional hydraulic head difference) of the target heads and displayed no
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significant spatial correlations.
The calibrated cumulative annual storage changes of each district were com-

puted by the MODFLOW utility ZONEBUDGET (Harbaugh, 1990). The mod-
eled storage changes were considered acceptable if their temporal pattern ap-
proximated that of the target storage changes. No quantifiable criterion was
used to assess the closeness of the modeled and target storage changes. The
reasonableness of the fit was qualitatively assessed by visual inspection.

10.2.5 Parameter Composite Sensitivities

For each calibration optimization run, PEST computes a mxn Jacobian matrix
J of the model-calculated ”observations” (i.e. derivative of the i-th observation
with respect to the j-th parameter) where m is the number of observations and
n is the number of adjustable parameters. The sensitivity of the j-th parameter,
sj , is

sj = (JtQJ)1/2
jj (37)

where Q is the cofactor matrix, a diagonal matrix whose elements are the
squared weights of the observations. The computed sensitivities provide a com-
posite measure of the relative sensitivity of each parameter to all of the weighted
model-calculated ”observations” (i.e. hydraulic heads, district storage changes).
The composite sensitivities were used during preliminary calibration runs to de-
termine which zones to remain adjustable and which to exclude (i.e. fix the
parameter value of) during later calibrations.

10.3 Model Calibration and Validation Results

Automated calibrations were performed for each of the three candidate concep-
tual models of Kh structure. Due to the complexity of the spatial and temporal
aquifer recharge and pumping patterns over the 30-year base period, the dis-
cretization of the model domain into uniform square zones provided the most
robust Kh structure and produced the most reasonable estimates of hydraulic
head and district groundwater storage changes from the three conceptual models
over the 1971-85 calibration period. This calibrated model was then validated
from 1986-99.

10.3.1 Residual Analysis and Validation

District Aquifer Storage Changes The modeled versus target cumula-
tive annual groundwater storage changes from 1970-99 for DEID, LID, LSID,
LTRID, Pixley ID, PID, and SID are presented in Figures 55-61, respectively,
for the three conceptual models. The general shapes of the storage change
curves for each district are similar to that of the entire study area (Figure 38).
By inspection, the uniform zonation clearly produces the best model fit for the
majority of districts. The trends in storage change produced by the uniform
zonation and the WTF model are particularly similar for DEID, LTRID, and
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SID for the entire 30-year base period. Close agreement also exists for LID
and PID during the calibration period with divergences occuring over the vali-
dation period. In PID, the model reasonably estimates the cumulative storage
changes from 1971-89. However, the model underestimates them from 1990-99.
Districts in the eastern portion of the study area do not depend on multi-year
intensive pumping programs since their aquifer systems lack sufficient storage
capacities to sustain them. Consequently, it is possible that the UZWB model
overestimated the groundwater pumping demands in PID from 1990-93, espe-
cially toward the end of the 1986-91 drought. The storage changes in LID are
very similar to those of PID, with reasonable fits from 1971-91 and underesti-
mates from 1992-99. Recall that we neglected localized recharge from Frazier
and Lewis Creeks due to a lack of available flow data. The aquifer recharge
that may have resulted from seepage in these two creeks could partially account
for the differences in storage change for LID estimated by the groundwater flow
model.

Greater differences occur for LSID and Pixley ID over the entire base period.
However, the fluctuations in cumulative storage change in LSID are small rela-
tive to the other districts. The aquifer storage capacity there is not considered
substantial as evidenced by its low estimated specific yield (5%) and the thin
unconfined sediments overlying the Sierran bedrock. For Pixley ID, the model
significantly underestimates the peak cumulative storage from 1983-90 and also
for 1994-99. It’s difficult to say whether the groundwater flow model or the
WTF model produces a more accurate estimate of storage change in Pixley ID.
The measured hydraulic heads there are probably representative of a mixture
of unconfined, semi-confined, and perched water table conditions. The extreme
heterogeneity of the hydrostratigraphy in this region coupled with questionable
hydraulic head measurements hinders the estimation of an accurate storage
change for this district.

Spatial Distribution of Residuals The spatial distribution of residuals for
1978, 1981, 1984, 1987, 1990, 1993, 1996, and 1999 are presented in Plates
40-47, respectively, for the uniform zonation conceptual model. The residuals
should be 20 feet or less to satisfy the residual criterion and no significant spatial
patterns should be apparent. These figures display spatial patterns occurring in
some years. Although many of the residuals satisfy the criterion, the model fails
to capture several local hydraulic head features. Notably, the model consistently
overestimates the head targets in the KTWD and RGWD areas east of DEID
and underestimates them in the unincorporated agricultural area just west of
DEID. The distribution of residuals for 1978, 1981, and 1984 for the Sy-structure
and soil Ks-structure conceptual models are also displayed in Plates 48-50 and
Plates 51-53, respectively. By inspection, greater spatial correlation appears
present in them in comparison to the uniform zonation conceptual model for
these years.

The tendency of the groundwater flow model to underestimate or overesti-
mate the regional distribution of target heads in a particular year is reflected in
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the difference in cumulative storage change estimates for the entire study area
between the water balance and the WTF method for the same year (Figure
38). For example, the spatial distribution of residuals in 1987 indicates that the
groundwater flow model underestimates the hydraulic heads in a several large
areas throughout the domain (Plate 43). For 1987, the water balance also un-
derestimates the cumulative storage changes estimated by the WTF method by
248,158 af. Conversely, in 1993 the calibrated model overestimates the target
heads over a large area while the water balance also overestimates the cumula-
tive storage change of the WTF method by 391,644 af. In 1981 however, many
of the distributed residuals satisfy the residual criterion and the difference be-
tween the water balance and WTF method storage change is only 91,202 af
(Figure 38). Close matches also result for 1984. These results are not totally
surprising since the heads used to estimate the regional storage changes by the
WTF method are the same as those used as calibration targets. Nevertheless,
if the observed hydraulic heads in production wells are a realistic measure of
the aquifer system water levels, then these calibration results highlight the im-
portance of estimating accurate recharge and pumping distributions during the
water balance modeling stage of the conjunctive use model development.

Modeled versus Target Hydraulic Heads The modeled versus target hy-
draulic heads for the spring of 1978, 1981, and 1984 are presented in Figures
62-64, respectively, for the uniform zonation conceptual model. Also presented
in Figures 65-67 are the corresponding plots of the modeled hydraulic heads
versus the residuals. Ideally, the plotted points in each figure should be tightly
spread about the corresponding solid line. Moreover, deviations from the solid
line should be distributed randomly with no patterns of randomness as a func-
tion of hydraulic head magnitude or time. The residual means for 1978, 1981,
and 1984 are -11.6, 1.2, and 13 feet, respectively. Approximately 61.4, 66, and
55% of the residuals for 1978, 1981, and 1984, respectively, were within the 20
foot residual criterion. The bias towards more positive or negative residuals for
any particular year is reflected again by the underestimation or overestimation
of the cumulative storage change for the entire study area by the water balance
model versus the WTF method.

The residual plots for the Sy-structure and soil Ks-structure conceptual
models are presented in Figures 71-73 and Figures 77-79, respectively. These
plots display a strong bias towards large negative residuals for large simulated
hydraulic heads; indicating that both models severely overestimate the hydraulic
head in the eastern part of the study area.

Hydraulic Head Residual Normal Probability Plots The hydraulic head
residuals are expected to be independent and normally distributed (Hill, 1998).
The normal probability plots for residuals in 1978, 1981, and 1984 are displayed
for the uniform zonation model only in Figures 80-82, respectively. While most
of the residuals fall near the straight line, significant deviations do occur along
the tails of the distribution. These deviations are indicative of spatially corre-
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lated residuals along the eastern boundary where the calibrated model tends to
severely overestimate the target hydraulic heads in some areas while severely
underestimating them in others.

10.3.2 Estimated Parameters

For the uniform zonation conceptual model, preliminary calibration runs were
conducted to compute the composite sensitivities for the Kh zones in the three
model layers and for the model layer anisotropy ratios. These sensitivities were
used to fix the parameter values associated with certain zones which were consid-
ered relatively insensitive and to allow the more sensitive parameters to remain
adjustable in the calibration. The initial zonation consisted of 141 calibration
parameters: 1) an anisotropy ratio for each model layer, 2) 28 Kh zones in the
confined aquifer (model layer 3), 3) 28 Kh zones in the Corcoran Clay aquitard,
and 4) 82 Kh zones in the unconfined aquifer (model layer 1). The final cali-
brated model consisted of 87 adjustable hydraulic parameters: 1) the anisotropy
ratio for model layer 2, 2) 20 Kh zones in the confined aquifer, 3) 3 Kh zones
in the Corcoran Clay aquitard, and 4) 63 Kh zones in the unconfined aquifer
(model layer 1).

The spatial distributions of estimated Kh for the three model layers with the
uniform zonation are presented in Plates 54-56. For layer 1, Kh ranges from 0.67-
328 ft/day. The spatial distribution does not vary smoothly everywhere, with
many large contrasts existing between adjacent zones. Although the estimated
Kh for the uniform zones are within a range of reasonable values, its spatial
structure does not really reflect the study area geomorphology as evidenced by
the calibrated Kh from the soil Ks-structure model (Plate 57) or the Kh from
the Sy-structure model (Plate 58).

Most of the computed sensitivities in the zones representing the Corcoran
Clay aquitard were small relative to those for the confined and unconfined
aquifers. The Kh values for 25 zones were assigned the estimates PEST had com-
puted for them during a preliminary run and held constant during the remain-
der of the calibration process; while the 3 remaining zones remained adjustable.
Despite the relatively low sensitivities, the estimated Kh in the Corcoran Clay
reveal an apparent structure with values increasing from west to east. This
could reflect an increasing aquitard hydraulic conductivity and a transition to
a semi-confined condition as the thickness of the Corcorcan Clay diminishes to-
wards the middle of the study area. The calibrated Kh in the aquitard ranged
from 4x10−4-7.1x10−2 ft/day.

The estimated Kh in the confined aquifer varied from 0.33-328 ft/day. This
range corresponds to the user-specified lower and upper bounds of estimation
in which Kh values are restricted by PEST. The largest Kh estimates occurred
directly below Pixley ID and below the boundary between Pixley ID and LTRID
where significant inter-district groundwater fluxes are expected. These results
reflect both the complexity of the aquifer system heterogeneity in the western
half of the study area and the uncertainty in observed hydraulic heads there
used as calibration targets and for estimating district storage changes. The
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estimated anisotropy ratio for model layer 2 is 2.8. The fixed values of ar for
layers 1 and 3 are 1.4 and 1.0, respectively. These small anisotropy ratios imply
that the zones are nearly homogeneous units. A more realistic range for them
would be 5-20.

Linear Confidence Intervals Linear confidence intervals were computed by
PEST for each calibrated parameter. The ratio of the upper limit to the lower
limit of the 95% confidence interval for Kh in model layer 1 is plotted in Plate
59 for the uniform zonation conceptual model. The confidence intervals are
reasonably narrow (i.e. less than a factor 100) for the large districts east of
the Corcoran Clay aquitard. Confidence intervals are the greatest for zones
above the Corcoran Clay and along the eastern groundwater flow model do-
main. Although not shown, the confidence intervals for the zones in model
layer 3 representing the confined aquifer were extremely large (i.e. > 10,000).
Wide confidence intervals for estimated Kh in the vicinity of the Corcoran Clay
aquitard reflect the simplistic model characterization of the complex aquifer
stratigraphy there and the perhaps questionable quality of the local hydraulic
heads used for generating head and district storage change calibration targets.

Parameter Composite Sensitivities Composite sensitivities for the Kh pa-
rameters in model layers 1, 2, and 3 are displayed in Plates 60-62, respectively,
for the uniform zonation conceptual model. For model layer 1, parameter sensi-
tivities are greatest in districts east of the Corcoran Clay and where calibration
targets are present. The most sensitive zones correspond to areas at the inter-
face between districts where significant inter-district groundwater fluxes occur
(e.g. LTRID, Pixley ID). For model layer 3, large sensitivities are computed
at the interface between the confined aquifer and the unconfined aquifer below
LTRID, Pixley ID, and DEID, where significant groundwater fluxes occur and
sharp Kh contrasts exist between the Corcoran Clay aquitard and the adjacent
unconfined and confined aquifers.

Parameter Correlation Coefficients Correlation between calibrated pa-
rameters is considered significant if greater than 0.95 (Hill, 1998). Using this
criterion, significant correlations were detected for Kh estimates from the uni-
form zonation conceptual model in layer 1 between zones 22 and 12, zones 48
and 59, and zones 68 and 90; in model layer 3 between zones 53 and 63; and
between model layer 1 and 3 for zone 31 (layer 3) and zone 31 (layer 1), zone
42 (layer 3) and zone 40 (layer 1), and zone 75 (layer 3) and zone 77 (layer 1)
(Plate 37). These zone pairs are either adjacent to one another or separated by
a single zone. Four of the zone pairs were located near the eastern edge of the
Corcoran Clay aquitard where significant hydraulic conductivity contrasts exist
between the unconfined and confined aquifers and the Corcoran Clay. In this
region, we expect significant vertical fluxes between model layers due to these
contrasts and to pumping in the confined aquifer.
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10.3.3 Estimated Inter-District Groundwater Fluxes

The hydraulic head distribution in the study area and the cumulative aquifer
storage changes in select districts were reproduced during the calibration and
validation process. The calibrated model was then used in conjunction with
ZONEBUDGET to estimate the annual net groundwater fluxes between adja-
cent districts from 1970-99 (Figures 83-89). In general, groundwater flux direc-
tions are consistent with large-scale hydraulic gradients (Figure 15-20). Annual
inter-district net fluxes between adjacent districts ranged from negligibly small
( < 100 af) to as much as 80,000 af (e.g. net flux from LTRID to Pixley ID).
Net fluxes are largely a function of the local transmissivity, and the length of
the shared border between adjacent districts and their contrasting surface wa-
ter supplies (i.e. different reliance on groundwater pumping). For example, the
aquifer system underlying Pixley ID receives significant groundwater influxes
from LTRID, SID, and DEID due to the large amount of pumping which is
believed to occur in Pixley ID. Significant groundwater inflows from PID to
LTRID and to LID likely occur due to channel seepage from the middle Tule
River. LTRID and LID also contribute groundwater inflows to the northern area
in the Kaweah sub-basin (i.e. extended model domain) which is also believed
to rely predominantly on groundwater pumping to satisfy its applied water de-
mands.

10.3.4 Calibration Summary

Three conceptual models of the Kh structure for model layer 1 were evaluated
by PEST: 1) Kh as an exponential function of the Sy distribution (Plate 22), 2)
Kh as a linear function of the saturated hydraulic conductivity of the soil survey
mapping units (Plate 6), and 3) division of the model domain into square zones
of uniform size (Plate 37). Each model was calibrated against the same set of
hydraulic head targets and service district groundwater storage change targets.
Overall, the uniform zonation conceptual model provides the best model fit
among the three models. However, the uniform zonation model consisted of 87
adjustable parameters whereas the Sy- and soil Ks-structure models consisted
of only 7 each. The improvement of model fit by the uniform zonation model
over the other models comes at the expense of a loss of degrees of freedom.

The estimated Kh for the uniform zonation, Sy-structure, and Ks-structure
models are presented in Plates 54, 58, and 57, respectively. The uniform zona-
tion and Ks-structure models provide better fits to LID storage changes over the
calibration period than the Sy-structure model. Both the Sy- and Ks-structure
models overestimated storage changes in PID whereas the uniform zonation
model matched them reasonably at least over the calibration period. All three
models provided a good fit to the LTRID storage changes over the calibration
and validation periods (i.e. 1970-99); however, all three failed to reproduce the
changes in Pixley ID beyond 1982.

Although the uniform zonation model provides the best overall fit, the resul-
tant Kh distribution does not really resemble the spatial patterns of the study
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area geology as evidenced by the Sy or soil Ks maps. This is not completely
surprising since as the final step in the conjunctive use model development, the
estimated Kh distribution embodies the cumulative uncertainty in the all input
parameter values used by the SWS and UZWB models, and the uncalibrated
groundwater flow model.

With future data collection efforts aimed to improve the spatial and tempo-
ral resolution of the model input data, the calibration process may eventually
produce a spatial distribution of hydraulic parameters which better reflects the
true aquifer system hydrogeology. Potential sources of error in the parameter
data used in this study and the simplifying assumptions invoked in the devel-
opment of the sub-models are discussed in the next section.

11 Conjunctive Use Model Assessment

As re-stated from the introduction, the objective of the conjunctive use model
is to simulate the historical impacts of urban and agricultural water demands,
fluctuating surface water supplies, and groundwater pumping practices on the
spatial and temporal distribution of groundwater storage in the Tule sub-basin
area. The ability of the model to achieve these goals depends to a large ex-
tent on the validity of the simplifying assumptions invoked during the model
development process, and the severity by which they are violated and lead to hy-
drologically indefensible results. Since the inter-relationships of the sub-models
are serial rather than dynamic, the errors associated with the SWS and UZWB
model outputs are cumulative and express themselves as uncertainty in the es-
timated hydraulic parameters during the groundwater flow model calibration
process.

Discrepancies between the groundwater flow model simulations and the cal-
ibration targets are due to potential errors in: 1) the model inputs, 2) the
conceptual model of the hydrogeology, and 3) the quality of hydraulic head ob-
servations used to generate the calibration targets. Potential errors in model
inputs refer to incorrectly estimated diffuse recharge, localized recharge, and
groundwater pumping rates by the UZWB and SWS models. Errors in the
conceptual model of the hydrogeology are related to: 1) the number of model
layers used to vertically delineate the aquifer hydrostratigraphy, 2) the specific
yield and specific storativity distributions, 3) the specified boundary conditions,
4) specification of aquifer system upper and lower boundaries, and 5) the ver-
tical allocation of pumping among model layers. Issues related to the quality
of hydraulic head measurements include: 1) the aquifer depth which the head
measurements represent, 2) the thickness of the aquifer formation over which
the well is screened, 3) whether the measurements represent unconfined, semi-
confined, confined, or perched water levels, and 4) field measurement error. In
this section, we re-state the purpose of each sub-model and these issues with
respect to the major simplifying assumptions invoked in their development.
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11.1 Surface Water Supply Model

The SWS model calculates the surface water balance for the source and diversion
channels in the inter-district channel network. Its primary outputs are the
estimated monthly seepage and evaporative conveyance losses in the channel
reaches and the monthly service district surface water deliveries. The major
simplifying assumptions of the SWS model are listed below and discussed.

1. We explicitly modeled the major unlined natural and constructed source
and diversion channels in the inter-district conveyance network.

Diversion channels were explicitly modeled if they are unlined and tra-
verse other districts or unincorporated lands along their destination routes.
The inter-district conveyance network included the known major diversion
channels for all districts except for AWD. However, this district accounts
for less than 1% of the total surface water supplies in the study area.
Otherwise, most CVP contractors intersect with the Friant-Kern Canal
and are assumed to receive deliveries from it directly into their respective
distribution systems.

2. For diversion channels possessing only measured inflow data, conveyance
losses are estimated as a fixed-percentage of these inflows.

Conveyance losses in these channels were estimated as a function of the
destination district of the surface water diversion. Percent conveyance
losses of diversions into the Deer Creek for delivery to AID, AIWD, and
AWD were assumed to be 15%. For all other diversion channels, the per-
cent conveyance losses were 3%. For all channels, we assume that 95%
of the conveyance loss is due to seepage and 5% to evaporation. These
percent conveyance losses likely underestimate the actual rates, of which
seepage is the dominant component. Underestimated conveyance losses
result in overestimates of surface water deliveries and underestimates of
groundwater pumping. This is probably not a significant issue for con-
structed channels which do not span long distances or traverse multiple
districts.

3. We assume that the seepage along channel segments are uniformly dis-
tributed.

Actual seepage rates are a function of the channel’s geometry, bed trans-
missivity, slope, and stage. The assumption of uniform seepage may be
an issue for some of the longer natural channels which possess significant
flows and traverse multiple districts (e.g. Tule River, Deer Creek).

4. We assume that all explicitly modeled channels are ephemeral and return
flows are negligible.

This assumption implies that each channel (e.g. ditch, river, canal) is
permanently separated from the water table by an unsaturated zone. This
assumption is probably valid given the intermittent nature of surface water
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deliveries and natural channel flows in the study area, and groundwater
depths of 20-300 feet below the ground surface in many areas during the
spring season when water levels are expected to be highest.

5. We assume that all conveyance seepage losses directly recharge the uncon-
fined aquifer water table (i.e. no seepage flow in the unsaturated zone).

Although this assumption contradicts the previous assumption of chan-
nel ephemerality, we invoke it nevertheless since the unsaturated zone is
not rigorously modeled in this study and long-term storage changes in
the unsaturated zone are small in comparison to changes in unconfined
aquifer storage. In addition, the unsaturated zone is most permeable in
the vicinity of the natural channels due to the coarse sediments deposited
there.

6. For those districts which intersect the source channels that provide sur-
face water supplies to them, we assume that these deliveries are received
directly into their intra-district distribution systems and no conveyance
seepage losses occur within the district interior.

Delivered surface water to the district distribution system is conserved in
the district water balance. Since we assume that channel seepage directly
recharges the underlying unconfined aquifer and is theoretically available
as a future source of applied water to the district via groundwater pump-
ing, we do not factor out seepage losses within the district distribution
system.

7. We assume that flows within the natural channels (e.g. Tule River, Deer
Creek) terminate within the study area boundaries (i.e. no channel out-
flows from the study area).

For most years this assumption is valid. Outflows from the Tule River into
the Tulare Lake Bed west of the study area western boundary may have
occurred in the winter months during years of heavy precipitation such as
1982, 1983, 1997, and 1998. However, outflow data were not available to
quantify this possibility.

8. Due to a lack of historical discharge data, we did not solve a water balance
for Lewis and Frazier Creeks; thereby ignoring their contribution to aquifer
recharge from seepage losses.

Only a single flow measurement was available for each creek per annum.
This measurement represented the maximum flow rate in cfs for the en-
tire year and the date in which it occurred. These data were collected
for Lewis Creek from 1974-98 and from 1974-94 for Frazier Creek. The
peak discharges ranged from 33-1550 cfs for Lewis Creek and 2-216 cfs for
Frazier Creek. The total discharges into the creeks during these events
may be considerable depending on the duration of the storm. The un-
derestimated storage changes for LID and LSID in the groundwater flow
model calibration during the late 1990’s could be partially explained by
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not accounting for the aquifer recharge contributions from channel seepage
in these creeks. However, any estimate of a monthly time series of creek
flows for each year based on a single yearly maximum flow measurement
would be extremely uncertain.

11.2 Unsaturated Zone Water Budget Model

The UZWB model calculates the monthly water storage changes in the soil root
zone and deep vadose zone of each land unit. It also models the intra-district
surface water distribution system by estimating the monthly allocation of sur-
face water to individual land units within each district. The soil root zone water
storage changes were computed using a simple tipping-bucket model. The deep
vadose zone water storage changes were computed using a one-dimensional un-
saturated flow equation in which we assume that flow during any given month
is steady and driven by gravity drainage. The primary model outputs are the
recharge to the unconfined aquifer from surface applied water and precipita-
tion, and the groundwater pumping demand from the unconfined and confined
aquifers. The major simplifying assumptions of the UZWB model are listed
below and discussed.

1. We assumed that no lateral flow occurs between the unsaturated zones
(soil root zone, deep vadose zone) of adjacent land units.

This assumption is justified due to the large areal extent of the land units
in comparison to the depth of the soil root and deep vadose zones.

2. We used a single land use survey to define the spatial distribution of
agricultural and urban land use over the 30-year base period.

This is probably the most limiting assumption invoked in the UZWB
model. As mentioned previously, land use changes in crop type over the
30-year base period in Tulare County were substantial. The use of a single
land use survey to define the spatial distribution of land use and land unit
acreage is potentially a large source of error. The adjustment of monthly
consumptive use on the land unit scale (10) for annual changes in major
crop acreage on the county scale improved the estimate of total consump-
tive use for the study area and perhaps for large districts but obviously
does not account for consumptive use changes on the land unit scale.

3. We assumed that the irrigation efficiencies for each individual crop are
temporally constant (i.e. do not vary by month or year).

The efficiency of irrigation technologies and practices is widely acknowl-
edged to have improved in the San Joaquin Valley over the 30-year base
period, particularly during severe droughts. Irrigation efficiencies for some
crops also vary throughout the growing season. However, irrigation over-
applications due to inaccurate efficiencies in the model merely result in
increased deep percolation to the deep vadose and increased recharge to
the unconfined aquifer. Groundwater pumping may also be overestimated

67



for some land units; however, overapplications of surface applied ground-
water are conserved in the water balance.

4. We assumed a uniform application of surface water supplies to the land
units within each district which are eligible to receive surface water appli-
cations.

Spatial and temporal variations of surface water distributions to mem-
ber farmers and other end users no doubt exist in most service districts.
Farmers may receive larger or smaller deliveries depending on their access
to district distribution channels, their ability to pump groundwater more
easily or cheaply, and other factors. Accurate characterization of the sur-
face water distribution is likely a more important issue for large districts
than for smaller ones since it impacts regional estimates of groundwater
pumping and aquifer recharge.

5. We used a single coarsely-contoured isohyet map to define the spatial
distribution of precipitation.

Although the spatial distribution of precipitation is accurately character-
ized as increasing from west to east, the contour lines representing this
variation are broadly spaced for much of the study area and differ from
each other by 1-2 inches. This results in differences in precipitation of
30-60 inches between adjacent areas over the 30-year base period. How-
ever, insufficient data prevented a more accurate estimation of its spatial
distribution.

6. We assumed that 100% of the estimated precipitation infiltrates into the
soil root zone of each land unit (i.e. no surface runoff or evaporation of
precipitation) and is available for plant uptake.

This is one the most contentious issues in the UZWB model. Changes in
the soil root zone moisture content are calculated using a simple tipping-
bucket model. As a result, precipitation infiltration will be stored as soil
moisture until it is either consumed by the crop or percolates into the deep
vadose zone once the field capacity is exceeded. Since flows in the soil root
zone are not explicitly modeled, high soil moisture contents due to high
monthly precipitation inputs and low crop water demands can persist for
months. This point is illustrated by examination of the monthly water
balances for years of below-average, normal, and above-average annual
precipitation (Figures 39-41). In 1977, the study area was subjected to a
drought with an annual precipitation total of only 177,800 af. Precipita-
tion for crop uptake was minimal and the region depended more heavily
on groundwater pumping that year as surface water supplies were also less
available (Figure 39). During 1980, annual precipitation was normal and
mostly occurred from January through March. Precipitation and surface
water supplies satisfied most of the crop water demands until the mid-
summer months when the soil moisture due to precipitation is exhausted
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and surface water supplies are normally augmented by groundwater pump-
ing (Figure 40). In 1998, however, annual precipitation was above average,
with 974,400 af of rain falling between November, 1997 and June, 1998.
According to the estimated water balance, the soil root zone moisture con-
tent satisfied most of the crop consumptive use from late winter through
June (Figure 41). However, in the semi-arid San Joaquin Valley soil mois-
ture content would not be sufficient to meet crop water demands in the late
spring without large surface applications of irrigation, even in a wet year.
It is therefore possible that the UZWB model, for years of above-average
precipitation, underestimates groundwater pumping in the late-spring and
early-summer.

7. We estimated the spatial and temporal distribution of groundwater pump-
ing as a water balance closure term.

Groundwater pumping records in the study area are not regularly main-
tained or made available to the public. As a result, the groundwater
pumping distribution had to be estimated as a closure term in the water
balance.

8. We used the estimated net recharge at the study area scale as an estimate
of the groundwater storage changes in the aquifer system.

For this, we assume that the net horizontal groundwater fluxes through the
vertical boundaries of the study area are negligible (i.e. the aquifer system
is relatively closed with respect to significant groundwater fluxes through
the perimeter). By invoking this assumption, we were able to compare the
water balance estimates of groundwater storage change to those computed
by the WTF method. This provided a means of verification of the water
balance approach at least at the study area scale.

11.3 Groundwater Flow Model

The groundwater flow model calculated the hydraulic head and groundwater
storage changes in the aquifer system subject to transient groundwater recharge
and pumping stresses. Its primary output was the modeled hydraulic head dis-
tribution in the modeled area for each stress period. A post-processing routine
calculated the cumulative annual groundwater storage changes over each dis-
trict and the entire study area. The calibrated model was also used to compute
the net annual inter-district groundwater fluxes between adjacent districts. The
major simplifying assumptions of the groundwater flow model are listed below
and discussed.

1. We modeled the aquifer system hydrostratigraphy using three MODFLOW
model layers.

Since we lacked more detailed information delineating the vertical se-
quence of hydrostratigraphic units and the screened intervals of production
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wells in them, we limited the representation of the aquifer system to three
MODFLOW model layers.

2. We assumed no-flow boundary conditions around the perimeter of the
study area.

Reliable historical hydraulic head data were not available to estimate hor-
izontal fluxes across the western and southern boundaries in the study
area. Along the western boundary, a high proportion of the groundwater
pumping is known to occur in the confined aquifer below the Corcoran
Clay aquitard. The confined aquifer there is more likely to receive its
recharge from the unconfined aquifer either as vertical leakage through
the Corcoran Clay or as deep lateral transfer from the unconfined aquifer
to the east. Consequently, we assumed that the horizontal fluxes in the
confined aquifer across the western boundary are small.

Assignment of a no-flow condition in the aquifer system across the eastern
boundary is justifiable given the prevalence of impermeable bedrock in the
foothill areas. Characterization of the runoff occurring in these foothills
is partially accounted for by the assignment of higher precipitation rates
from the isohyet map. However, runoff flows in non-gauged ephemeral
streams derived from precipitation at higher elevations beyond the eastern
model boundary may be considerable during extreme storm events and
underestimated by the assigned precipitation in the foothills.

The northern boundary location in the groundwater flow model was ex-
tended partially into the Kaweah sub-basin to better approximate the
groundwater flow divide there inferred from the contour maps of uncon-
fined water levels. This had a significant effect on the calibrated ground-
water storage changes in LTRID by accounting for horizontal fluxes across
LTRID into the Kaweah sub-basin.

3. We used hydraulic head measurements obtained from production wells to
calibrate the model.

The quality of the hydraulic head measurements and the conditions under
which they were obtained are not known. These data may represent ambi-
ent water levels in production wells not in use at the time or wellbore draw-
down recovery in wells recently pumped. Moreover, the measurements are
obtained annually from approximately early January to late March thus
spanning a 3-4 month observation period. For these reasons, the observed
hydraulic heads are considered an unreliable measure of the water levels
in the aquifer formation away from the production wells in which they
were obtained for any given year. However, if the measurements in a
well for consecutive years were obtained under similar pumping/recovery
circumstances, then the head difference between years can be used to in-
fer groundwater storage changes rather than a single year measurement
representing actual formation groundwater levels. Consequently, we used
cumulative annual groundwater storage changes on the district scale as a
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calibration target for the groundwater flow model and on the study area
scale to verify the water balance results from the UZWB model.
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Agricultural Agricultural Class Symbol & Model Acreage Water Use
Classes Sub-classes Sub-class Number ID Efficiency

grapefruit C1 1 241 0.85
lemons C2 2 1580 0.85
oranges C3 3 49872 0.85
avocados C5 4 323 0.85

Subtropical Fruits olives C6 5 11125 0.85
misc. subtropical fruit C7 6 53 0.85
kiwis C8 7 1259 0.85
eucalyptus C10 8 68 0.85

apples D1 9 561 0.80
apricots D2 10 177 0.80
cherries D3 11 4 0.80
peaches D5 12 1129 0.80
pears D6 13 10 0.80

Deciduous Fruits plums D7 14 6947 0.80
and Nuts prunes D8 15 759 0.80

figs D9 16 0 0.80
misc. deciduous fruits D10 17 2014 0.80
almonds D12 18 10012 0.80
walnuts D13 19 6464 0.80
pistachios D14 20 3922 0.80

cotton F1 21 77419 0.70
safflower F2 22 3442 0.70
flax F3 23 28 0.70
sugar beets F5 24 977 0.67

Field Crops corn F6 25 27383 0.70
sudan F8 26 466 0.70
dry beans F10 27 2410 0.70
misc. field crops F11 28 10 0.70
sunflower F12 29 25 0.70

Grain and Hay Crops grain & hay G 30 70885 0.65
grain & corn G/F6 31 9220 0.68

alfalfa P1 32 39217 0.75
Pasture Land mixed pasture P3 46 1709 0.67

native pasture P4 47 572 0.67

green beans T3 33 835 0.70
cole crops T4 34 1020 0.70
lettuce T8 35 149 0.70

Truck and Berry Crops melons T9 36 1112 0.70
onions T10 37 23 0.70
tomatoes T15 38 1 0.72
flowers & nursery T16 39 157 0.70
misc. truck crops T18 40 265 0.70
peppers T21 41 329 0.70

Vineyard vineyards V 45 49573 0.80

Idle Land idle land L1 55 2198 1.00

Table 1: Agricultural land use: classes, sub-classes, class symbol & sub-class
number, model identification number (ID), acreage, and water use efficiency
(CDWR, 1981; CDWR, 1993).
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Semi-agricultural Semi-agricultural Class Symbol & Model Acreage Water Use
Classes Sub-classes Sub-class Number ID Efficiency

farmsteads S1 48 1883 1.0
Semi-Agricultural and livestock feedlots S2 58 723 1.0
Incidental to Agriculture dairies S3 49 4300 1.0

poultry farms S4 50 335 1.0

Table 2: Semi-agricultural land use: classes, sub-classes, class symbol & sub-
class number, model identification number (ID), acreage, and water use effi-
ciency (CDWR, 1981; CDWR, 1993).

Urban Urban Class Symbol & Model Acreage Water Use
Classes Sub-classes Sub-class Number ID Efficiency

Urban urban U 59 18112 1.0

produce canneries UI11 51 1119 1.0
Urban Industrial misc. high water use UI12 52 26 1.0

sewage treatment plants UI13 53 33 1.0

lawn UL1 42 217 1.0
Urban Landscape golf courses UL2 43 8 1.0

cemeteries UL4 44 81 1.0
non-irrigated cemeteries UL5 60 13 1.0

Urban Vacant unspecified urban UV 61 3019 1.0

Table 3: Urban land use: classes, sub-classes, class symbol & sub-class number,
model identification number (ID), acreage, and water use efficiency (CDWR,
1981; CDWR, 1993).

Native Native Class Symbol Model Acreage Water Use
Classes Sub-classes ID Efficiency

Native Vegetation native vegetation NV 56 115369 1.0

Water Surface water surface NW 57 4404 1.0

Special Special Conditions Special Condition Model Acreage Water Use
Conditions Sub-classes Symbol ID Efficiency

Fallow Land n/a F 54 5995 1.0

Table 4: Native land use and special conditions: classes, sub-classes, class
symbol, model identification number (ID), acreage, and water use efficiency
(CDWR, 1981; CDWR, 1993).
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Water Service District Fraction of District Acreage in Land Units
in Study Area Study Area in District

Alpaugh Irrigation District (AID) 0.9 10662 238

Angiola Water District (AWD) 0.32 10661 73

Atwell Island Water District (AIWD) 0.78 5661 84

City of Lindsay 1.0 1462 43

City of Porterville 1.0 7922 23

Delano-Earlimart Irrigation District (DEID) 0.85 47861 806

Ducor Irrigation District (DID) 1.0 10355 146

Earlimart Public Utilities District (EPUD) 1.0 789 23

Kern-Tulare Water District (KTWD) 0.32 15165 116

Lewis Creek Water District (LCWD) 1.0 1268 76

Lindmore Irrigation District (LID) 1.0 21114 958

Lindsay-Strathmore Irrigation District (LSID) 1.0 15615 595

Lower Tule River Irrigation District (LTRID) 1.0 102810 1713

Pioneer Water Company (PWC) 1.0 892 40

Pixley Irrigation District (Pixley ID) 1.0 68891 964

Porterville Irrigation District (PID) 1.0 17112 497

Rag Gulch Water District (RGWD) 0.44 2659 44

Saucelito Irrigation District (SID) 1.0 19779 380

Smallwood Vineyards 1.0 155 4

Strathmore Public Utilities District (SPUD) 1.0 362 20

Styro Tek Inc. 1.0 11 2

Teapot Dome Water District (TDWD) 1.0 3482 145

Terra Bella Irrigation District (TBID) 1.0 13795 488

Tipton Public Utilities District (TPUD) 1.0 637 10

Vandalia Irrigation District (VID) 1.0 1378 48

Unincorporated Land n/a 163294 1573

Table 5: Fractions and acreages of districts within the study area and number
of land units delineated in each district.
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Water Service District Surface Water Sources
Alpaugh Irrigation District CVP
Angiola Water District CVP, SWP, Kings River, Tule River
Atwell Island Water District CVP
City of Lindsay CVP
City of Porterville none
Delano-Earlimart Irrigation District CVP
Ducor Irrigation District CVP
Earlimart Public Utilities District none
Kern-Tulare Water District CVP
Lewis Creek Water District CVP
Lindmore Irrigation District CVP
Lindsay-Strathmore Irrigation District CVP
Lower Tule River Irrigation District CVP, Tule River
Pioneer Water Company Tule River
Pixley Irrigation District CVP
Porterville Irrigation District CVP, Tule River
Rag Gulch Water District CVP
Saucelito Irrigation District CVP
Smallwood Vineyards CVP
Strathmore Public Utilities District CVP
Styro Tek Inc. CVP
Teapot Dome Water District CVP
Terra Bella Irrigation District CVP
Tipton Public Utilities District none
Vandalia Irrigation District Tule River

Table 6: Sources of imported surface water for the water service districts.
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Data Type Source

Natural and Constructed Channels Map Teale Data Center

Imported Surface Water Supplies - Central Valley Project USBR

Imported Surface Water Supplies - Tule River Tule River Association

Imported Surface Water Supplies - Pioneer Ditch Tule River Association

Imported Surface Water Supplies - Kings River Provost & Pritchard

Imported Surface Water Supplies - State Water Project Provost & Pritchard

Natural Channel Flows - Deer Creek, White River USGS

Inter-District Channel Network Conveyance Loss Factors Naugle (2001)

Table 7: Data type and source for the SWS model.
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Station ID Station Name
1 Tule River near Springville
2 Pioneer Ditch below Success Dam
3 Tule River below Success Dam
4 Campbell-Moreland Ditch above Porterville
5 Porter Slough at Porterville
6 Porter Slough Ditch at Porterville
7 Vandalia Ditch near Porterville
8 Poplar Ditch near Porterville
9 Hubbs-Miner Ditch at Porterville
10 Woods-Central Ditch near Porterville
11 Friant-Kern Canal to Porter Slough
12 Friant-Kern Canal to Tule River
13 Friant-Kern Canal to Woods-Central Ditch
14 Friant-Kern Canal to Poplar Ditch
15 Porter Slough at Road 192
16 Tule River below Porterville (Rd 208/Rockford Stn)
17 Tule River at Oettle Bridge (Rd 192)
18 Tule River at Turnbull Weir
19 Deer Creek near Fountain Springs
20 Deer Creek near Terra Bella
21 Friant-Kern Canal to Deer Creek
22 White River near Ducor
23 Friant-Kern Canal to White River
24 Lewis Creek near Lindsay
25 Frazier Creek near Strathmore

Table 8: Identification number (ID) and name of flow stations for modeled
surface water channels.
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Channel Segment Segment Inflows Diversions Inflows Diversions Outflows District Deliveries Segment Outflows
Campbell-Moreland Ditch Upper Tule River none none Vandalia ID none
Casa Blanca Ditch Friant-Kern Canal none none Lower Tule River ID none
Frazier Creek none none none none none
Hubbs-Miner Ditch Upper Tule River none none Porterville ID none
Lewis Creek none none none none none
Lower Deer Creek Middle Deer Creek Friant-Kern Canal none Pixley ID none

Cross Valley Canal Alpaugh ID
Atwell Island WD

Lower Tule River Middle Tule River none none Lower Tule River ID Tule River
(at Oettle Bridget) (at Turnbull Weir)

Lower White River Upper White River none none none none
Middle Deer Creek Upper Deer Creek none none none Lower Deer Creek
Middle Tule River Upper Tule River none none none Lower Tule River

(at Road 208) (at Oettle Bridget)
North Canal Friant-Kern Canal none none Lower Tule River ID none
North Canal/Rankin Ditch Friant-Kern Canal none none Lower Tule River ID none
Pioneer Ditch Success Reservoir none none Pioneer Water Company none
Poplar Ditch Upper Tule River Friant-Kern Canal none Lower Tule River ID none

Porterville ID
Poplar/Tipton Ditch Friant-Kern Canal none none Lower Tule River ID none
Porter Slough Upper Tule River Friant-Kern Canal Porter Slough Ditch Porterville ID Lower Porter Slough

(at Road 192)
Porter Slough Ditch Upper Porter Slough none none Porterville ID none
Upper Deer Creek none none none none Middle Deer Creek

(near Terra Bella)
Upper Tule River Success Reservoir Friant-Kern Canal Campbell-Moreland Ditch none Middle Tule River

Porter Slough Ditch (at Road 208)
Vandalia Ditch
Poplar Ditch
Hubbs-Miner Ditch
Woods-Central Ditch

Upper White River none none none none Lower White River
(near Ducor)

Vandalia Ditch Upper Tule River none none Vandalia ID none
Woods-Central Ditch Upper Tule River Friant-Kern Canal none Lower Tule River ID none

Table 9: Modeled surface water channel segment inflows, diversions, deliveries, and outflows.
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CVP Contractors Class 1 Contract Class 2 Contract
City of Lindsay 2500 0
Delano-Earlimart Irrigation District 108,800 74,500
Kern-Tulare Water District 40,000 0
Lewis Creek Water District 1450 0
Lindmore Irrigation District 33,000 22,000
Lindsay-Strathmore Irrigation District 27,500 0
Lower Tule River Irrigation District 61,200 238,000
Pixley Irrigation District 31,102 0
Porterville Irrigation District 16,000 30,000
Rag Gulch Water District 13,300 0
Saucelito Irrigation District 21,200 32,800
Teapot Dome Water District 7500 0
Terra Bella Irrigation District 29,000 0

Table 10: Central Valley Project (CVP) contractors in the study area.
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Fractional loss from inter-district Fractional loss
source and diversion channels from intra-district

distribution channels
Water Service Evaporation, Seepage, Intentional Evaporation,
District α β Recharge, γ αd

Alpaugh ID 0.0075 0.1425 0.0 0.066

Angiola WD 0.0075 0.1425 0.0 0.0

Atwell Island ID 0.0075 0.1425 0.0 0.01

City of Lindsay 0.0 0.0 0.0 0.0

City of Porterville 0.0 0.0 0.0 0.0

Delano-Earlimart ID 0.0 0.0 0.0 0.01

Ducor ID 0.0 0.0 0.0 0.0

Earlimart PUD 0.0 0.0 0.0 0.0

Exeter ID 0.0 0.0 0.0 0.0

Kern-Tulare WD 0.0 0.0 0.0 0.01

Lewis Creek WD 0.0 0.0 0.0 0.0

Lindmore ID 0.0 0.0 0.0 0.0

Lindsay-Strathmore ID 0.0 0.0 0.0 0.0

Lower Tule River ID 0.0015 0.0285 0.0 0.01

Pioneer Water Co. 0.0015 0.0285 0.0 0.01

Pixley ID (Mar-Aug) 0.0015 0.0285 0.7 0.01
(Sep-Feb) 0.0015 0.0285 0.2 0.01

Porterville ID 0.0015 0.0285 0.0 0.01

Rag Gulch WD 0.0 0.0 0.0 0.0

Saucelito ID 0.0 0.0 0.0 0.0

Smallwood Vineyards 0.0 0.0 0.0 0.0

Strathmore PUD 0.0 0.0 0.0 0.0

Styro Tek Inc. 0.0 0.0 0.0 0.0

Teapot Dome WD 0.0 0.0 0.0 0.0

Terra Bella ID 0.0 0.0 0.0 0.0

Tipton PUD 0.0 0.0 0.0 0.0

Vandalia ID 0.0015 0.0285 0.0 0.01

Table 11: Fractional losses due to evaporation, seepage, and intentional recharge
from modeled inter-district source and diversion channels and unmodeled intra-
district distribution channels.
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Data Type Source

Reference Precipitation USGS, 1970-73 Vestal Station (C09304)
USGS, 1974-95 Tulare ID Station (C0905101)
DWR, 1996-99 Visalia Station (VSL)

Reference Evapotranspiration DWR

Reference Evaporation DWR

Crop Coefficients Goldhammer and Snyder (1989)
Letey and Vaux (1984)

Irrigation Efficiencies Erlewine (1989)

Urban Water Use City of Porterville

Specific Yield DWR

Production Well Hydraulic Head Observations DWR

Tulare County Reported Crop Acreage Tulare County Agricultural
Commissioners Reports

Land Use Map Zhang (1993)

Water Service District Map DWR

Isohyet Map Naugle (2001)

Soils Survey Map Zhang (1993)

Table 12: Data type and source for the UZWB model.
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Land Use
Category Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

produce canneries 0.012 0.006 0.033 0.064 0.109 0.136 0.157 0.168 0.112 0.111 0.043 0.014

misc. high water use 0.012 0.006 0.033 0.064 0.109 0.136 0.157 0.168 0.112 0.111 0.043 0.014

sewage treatment plants 0.012 0.006 0.033 0.064 0.109 0.136 0.157 0.168 0.112 0.111 0.043 0.014

unspecified urban 0.012 0.006 0.033 0.064 0.109 0.136 0.157 0.168 0.112 0.111 0.043 0.014

Table 13: Monthly net water use (acre-feet per acre) for urban land uses (e.g. municipal, indus-
trial) which have 100% of their theoretical applied water demands satisfied by surface water or
groundwater.
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Major Crop Reported Estimated Range of Estimated Average
Annual ETa Annual ETa, 1970-99 Annual ETa, 1970-99
(inches) (inches) (inches)

Cotton 27.4-35.5 26.2-34.2 31.0
Grain & Grass Hay 15.0-17.0 11.1-17.4 15.1
Citrus 28.9-38.1 28.3-38.4 34.8
Vineyards 23.8-31.3 23.3-30.4 27.6
Alfalfa 40.9-53.5 39.6-53.4 48.8
Grain & Corn 36.0 28.6-38.3 34.8
Olives 39.2 32.3-43.7 39.7
Almonds 38.7 31.0-41.3 37.4
Corn 27.4 23.8-30.5 27.5
Plums 33.8-43.4 31.0-41.3 37.4
Walnuts 41.8 33.7-44.4 40.2
Pistachios 40.7 33.1-43.0 38.8

Table 14: For the 12 major crops: reported typical values of or ranges of annual
ETa (inches); and estimated ranges and averages of annual ETa (inches) from
1970-99.
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Land Use
Sub-classes Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

grapefruit 0.83 0.80 0.74 0.72 0.72 0.67 0.67 0.67 0.68 0.75 0.77 0.80

lemons 0.83 0.80 0.74 0.72 0.72 0.67 0.67 0.67 0.68 0.75 0.77 0.80

oranges 0.83 0.80 0.74 0.72 0.72 0.67 0.67 0.67 0.68 0.75 0.77 0.80

avocados 0.83 0.80 0.74 0.72 0.72 0.67 0.67 0.67 0.68 0.75 0.77 0.80

olives 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

misc. subtropical fruit 0.82 0.78 0.84 0.77 0.76 0.71 0.74 0.73 0.74 0.77 0.70 0.66

kiwis 0.00 0.00 0.00 0.23 0.80 1.05 1.05 1.05 1.05 1.05 0.00 0.00

eucalyptus 0.82 0.78 0.84 0.77 0.76 0.71 0.74 0.73 0.74 0.77 0.70 0.66

apples 0.00 0.29 0.67 0.80 0.93 1.00 1.00 1.00 0.92 0.72 0.19 0.00

apricots 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

cherries 0.00 0.29 0.67 0.80 0.93 1.00 1.00 1.00 0.92 0.72 0.19 0.00

peaches 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

pears 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

plums 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

prunes 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

figs 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

misc. deciduous fruit 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

almonds 0.00 0.26 0.61 0.72 0.84 0.90 0.90 0.90 0.83 0.65 0.18 0.00

walnuts 0.00 0.00 0.27 0.64 0.83 1.01 1.14 1.14 0.98 0.57 0.13 0.00

pistachios 0.00 0.00 0.00 0.13 0.76 1.14 1.19 1.19 1.04 0.64 0.17 0.00

cotton 0.00 0.00 0.00 0.14 0.30 0.81 1.28 1.25 0.81 0.00 0.00 0.00

safflower 0.00 0.00 0.20 0.55 0.93 1.10 0.65 0.20 0.00 0.00 0.00 0.00

flax 0.54 0.90 1.07 1.09 0.58 0.52 0.38 0.20 0.00 0.00 0.05 0.35

sugar beets 0.00 0.09 0.22 0.59 1.10 1.17 1.18 1.18 1.14 1.11 0.41 0.40

corn 0.00 0.00 0.00 0.22 0.58 1.18 1.17 0.75 0.00 0.00 0.00 0.00

sudan 0.00 0.00 0.00 0.70 1.00 1.10 1.10 1.00 0.00 0.00 0.00 0.00

dry beans 0.00 0.00 0.00 0.05 0.27 1.12 1.08 0.52 0.27 0.00 0.00 0.00

misc. field crops 0.00 0.01 0.04 0.18 0.50 0.89 1.09 0.93 0.43 0.13 0.03 0.03

sunflower 0.00 0.00 0.00 0.00 0.35 0.75 1.10 1.00 0.40 0.00 0.00 0.00

grain & grass hay 0.54 0.95 1.17 1.10 0.64 0.00 0.00 0.00 0.00 0.00 0.00 0.22

grain & corn 1.00 1.20 1.19 0.22 0.58 1.18 1.17 0.75 0.00 0.00 0.25 0.38

alfalfa hay 1.05 1.02 1.00 0.97 0.97 0.97 0.97 0.97 0.98 1.01 1.04 1.08

green beans 0.00 0.35 0.70 0.98 0.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00

cole crops 0.35 0.35 0.50 0.75 0.75 1.05 0.45 0.00 0.00 0.10 0.20 0.30

lettuce 0.00 0.00 0.35 0.75 0.95 0.50 0.00 0.00 0.00 0.00 0.00 0.00

melons 0.00 0.05 0.13 0.30 0.91 1.10 0.58 0.05 0.00 0.00 0.00 0.00

onions 0.70 0.80 0.90 1.10 1.05 1.05 1.05 0.50 0.10 0.25 0.35 0.55

tomatoes 0.00 0.00 0.09 0.26 0.37 0.91 1.18 0.97 0.36 0.00 0.00 0.00

flowers & nursery 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

misc. truck crops 0.15 0.22 0.38 0.64 0.79 0.80 0.59 0.28 0.07 0.05 0.08 0.12

peppers 0.00 0.00 0.00 0.35 0.70 1.02 0.90 0.45 0.00 0.00 0.00 0.00

lawn areas 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

golf courses 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

cemeteries 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

vineyards 0.00 0.00 0.18 0.57 0.78 0.85 0.83 0.71 0.38 0.00 0.00 0.00

Table 15: Monthly crop coefficients for land uses which have 100% of their
theoretical applied water demands satisfied by surface water or groundwater.
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Land Use
Sub-classes Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

mixed pasture 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90

native pasture 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

farmsteads 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27

dairies 1.08 1.08 1.08 0.54 0.11 0.11 0.11 0.11 0.11 0.11 0.54 1.08

poultry farms 1.08 1.08 1.08 0.54 0.11 0.11 0.11 0.11 0.11 0.11 0.54 1.08

Table 16: Monthly crop coefficients for land uses which have 25% of their the-
oretical applied water demands satisfied by surface water or groundwater.

Land Use
Sub-classes Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

fallow land 0.45 0.44 0.51 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.37

Idle land 1.07 1.06 1.22 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.90

native vegetation 0.89 0.88 1.02 0.96 0.95 0.95 1.00 0.98 0.98 0.94 0.82 0.75

surface water 1.09 1.08 1.24 1.18 1.16 1.17 1.22 1.20 1.20 1.14 1.00 0.91

feed lots 1.07 1.06 1.22 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.90

unirrig. cemeteries 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

vacant urban 0.80 0.80 0.80 0.53 0.26 0.26 0.26 0.26 0.26 0.26 0.53 0.80

none 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90

Table 17: Monthly crop coefficients for miscellaneous land uses which do not
satisfy any of their theoretical applied water demands with surface water or
groundwater.
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Year Cotton Grain & Hay Citrus Vineyards Alfalfa Field Corn Olives Almonds Silage Corn Plums Walnuts Pistachios Total
Acreage

1970 118400 125735 87140 69341 100000 11500 14263 3578 26900 9430 23544 305 590136
1971 118000 103793 87658 68739 109000 12100 14318 4140 33200 9588 25081 489 586106
1972 126800 81152 87755 71797 118600 6100 14417 4131 13100 9531 23197 493 557073
1973 135400 123076 90245 76068 102000 25000 15106 5522 22100 11111 30162 685 636475
1974 171400 105520 90062 79633 95350 16500 14949 4430 40300 11067 28832 675 658718
1975 104000 189785 89803 79983 88700 8000 14956 8128 58500 1629 29948 760 674192
1976 143000 148564 90978 75367 84000 15000 15000 8240 51540 12171 28502 845 673207
1977 209830 51632 90463 74636 52000 3272 14996 8256 44000 12447 28874 935 591341
1978 214145 101845 90112 74988 75000 3120 16384 8337 40400 12951 29104 935 667321
1979 218845 94375 90067 75322 75000 3000 15128 25404 56000 13126 29135 933 696335
1980 176680 148950 84517 77414 80000 16800 13864 9774 47300 14257 26201 1497 697254
1981 167540 130820 84835 82002 85000 18000 13823 10989 46070 14435 26688 2060 682262
1982 152470 119750 84803 84032 81400 11700 13780 11247 60670 14718 26704 2246 663520
1983 115315 87760 85361 84810 85000 10000 13910 11314 59900 14697 26696 2285 597048
1984 181280 80100 84505 85873 90000 14000 13735 11227 72400 14918 26349 2291 676678
1985 156160 74900 84966 84152 93500 14000 13876 10898 71000 15762 26228 2696 648138
1986 124720 73400 85658 79324 100000 11000 14164 10490 69000 15987 25911 2746 612400
1987 148300 69400 88588 73769 100000 8200 14297 10150 66100 16895 25639 3382 624720
1988 170800 54600 89123 70575 90000 7000 14536 10183 67200 17154 25565 3619 620355
1989 137000 90500 89280 68146 90000 10600 14315 9296 48300 17764 24832 3806 603839
1990 136000 112700 94258 71044 105000 8000 15409 10747 60200 18625 26082 5030 663094
1991 146000 93100 99236 73942 103000 5000 16502 12198 61500 19486 27331 6254 663549
1992 145000 107500 107171 77797 87800 10200 17485 11877 61500 21508 27822 6065 681725
1993 144600 115210 108350 76431 76900 10200 17916 11119 56100 21382 26800 6201 671209
1994 139800 123860 109839 75912 83900 12200 19120 12861 60700 20832 27322 6764 693110
1995 139400 134000 112320 76535 82800 8000 18518 13317 71200 19608 28569 7782 712049
1996 110900 146430 112256 79949 76900 10800 18410 14100 97500 19692 28765 7594 723296
1997 88300 126910 115851 81574 84800 25400 18547 14602 98000 18245 30613 8704 711546
1998 62100 138104 116187 82528 104000 35000 17496 15576 104000 18591 30384 9316 733282
1999 67200 144579 120164 87015 103000 17000 18641 16466 103000 20292 33334 10578 741269

Table 18: Acreage of major crops in Tulare County, California from 1970-99.
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Major Texture Category Specific Yield (%)
gravel 25
medium- to coarse-grained sand 25
fine-grained sand 10
silt 5
clay 3
crystalline bedrock 0

Table 19: Percent specific yield values for major texture categories.

Data Type Source
Specific Yield DWR
Specific Storativity Lofgren and Klausing (1969)
Production Well Hydraulic Head Observations DWR
Ground Surface Boundary Elevation USGS
Corcoran Clay Member Boundary Elevations Erlewine (1989)
Aquifer System Bottom Boundary Elevation Erlewine (1989)

Table 20: Data type and source for the groundwater flow model.

Calender Months in stress period Approximate season Number of days
of stress period in stress period

April, May Spring 61
June, July, August, September Summer 122
October, November Fall 61
December, January, February, March Winter 121

Table 21: Quasi-seasonal stress periods.
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Figure 1: Relationships between the conjunctive use sub-models.
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Figure 2: Annual precipitation (inches) for the fiscal water years of 1970-99
measured at the Tulare Irrigation District and Vistal gaging stations (1970-95)
and at the Visalia gaging station (1996-99).

Figure 3: Annual pan evaporation (inches) representative of the southern San
Joaquin Valley for the fiscal water years of 1970-99.
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Figure 4: Percentages of major land-use categories from 1985 land-use survey.

Figure 5: Percentages of major crops grown from 1985 land-use survey.
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Figure 6: Geomorphic units in the study area.

Figure 7: Locations of geologic cross-sections in the Tulare-Wasco area.
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Figure 8: Geologic cross-section A − A′.

Figure 9: Geologic cross-section B − B′.
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Figure 10: Conceptual model of the aquifer system hydrogeology in the east-
west direction.
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Figure 11: Hydraulic head hydrograph (feet) for production well 1 (Plate 21)
from 1970-99.

Figure 12: Hydraulic head hydrograph (feet) for production well 2 (Plate 21)
from 1970-99.
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Figure 13: Hydraulic head hydrograph (feet) for production well 3 (Plate 21)
from 1970-99.

Figure 14: Hydraulic head hydrograph (feet) for production well 4 (Plate 21)
from 1970-99.
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Figure 15: Hydraulic head hydrograph (feet) for production well 5 (Plate 21)
from 1970-99.

Figure 16: Hydraulic head hydrograph (feet) for production well 6 (Plate 21)
from 1970-99.
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Figure 17: Hydraulic head hydrograph (feet) for production well 7 (Plate 21)
from 1970-99.

Figure 18: Hydraulic head hydrograph (feet) for production well 8 (Plate 21)
from 1970-99.
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Figure 19: Hydraulic head hydrograph (feet) for production well 9 (Plate 21)
from 1970-99.

Figure 20: Hydraulic head hydrograph (feet) for production well 10 (Plate 21)
from 1970-99.
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Figure 21: Conceptual model of the surface water supply system.
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Figure 22: Annual imported surface water (acre-feet) from the Friant-Kern
Canal for fiscal water years 1970-99.

Figure 23: Annual imported surface water (acre-feet) from the Tule River for
fiscal water years 1970-99.
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Figure 24: Annual imported surface water (acre-feet) from the Pioneer Ditch
for fiscal water years 1970-99.

Figure 25: Annual unregulated natural runoff (acre-feet) in the Deer Creek for
fiscal water years 1970-99.
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Figure 26: Annual unregulated natural runoff (acre-feet) in the White River for
fiscal water years 1970-99.

Figure 27: Annual applied water (acre-feet) from surface water deliveries for
the fiscal water years of 1970-99.
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Figure 28: Percentage of applied water from 1970-99 allocated to each water
service district.

Figure 29: Annual inter-district surface water conveyance network seepage loss
(acre-feet) for the fiscal water years of 1970-99.
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Figure 30: Annual inter-district surface water conveyance network evaporation
loss (acre-feet) for the fiscal water years of 1970-99.
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Figure 31: Conceptual model of the unsaturated zone water budget.
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Figure 32: Illustration of GIS overlaying of isohyet, water service district, and
soils survey coverage onto the land use coverage.
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Figure 33: Annual reference (grass) evapotranspiration (ETo) (inches) for the
fiscal water years of 1970-99 measured at the Wasco gaging station.

Figure 34: Monthly consumptive use adjustment factors for annual changes in
acreage for the 12 major crops in Tulare County, California from 1970-99.
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Figure 35: Annual water balance components (acre-feet) for the fiscal water
years of 1970-99: precipitation, applied surface water, applied groundwater,
consumptive use, diffuse recharge from applied water, and localized recharge
from channel seepage.

Figure 36: Annual localized recharge from channel seepage and diffuse recharge
from surface applied water and precipitation (acre-feet) from 1970-99.
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Figure 37: Average monthly water balance components (mm) for the fiscal water
years of 1970-99: precipitation, applied surface water, applied groundwater,
evapotranspiration, and diffuse recharge from applied water and precipitation.

Figure 38: Water-table fluctuation method versus the modeled water balance:
cumulative annual groundwater storage changes (acre-feet) for the study area
for the fiscal water years of 1970-99.
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Figure 39: Water balance components for the study area for 1977, a year of
below-average annual precipitation.

Figure 40: Water balance components for the study area for 1980, a year of
normal annual precipitation.

Figure 41: Water balance components for the study area for 1998, a year of
above-average annual precipitation.
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Figure 42: Average monthly water balance components (mm) for Delano-
Earlimart Irrigation District from 1970-99.

Figure 43: Average monthly water balance components (mm) for Lindmore
Irrigation District from 1970-99.
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Figure 44: Average monthly water balance components (mm) for Lindsay-
Strathmore Irrigation District from 1970-99.

Figure 45: Average monthly water balance components (mm) for Lower Tule
River Irrigation District from 1970-99.
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Figure 46: Average monthly water balance components (mm) for Pixley Irriga-
tion District from 1970-99.

Figure 47: Average monthly water balance components (mm) for Porterville
Irrigation District from 1970-99.
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Figure 48: Average monthly water balance components (mm) for Saucelito Ir-
rigation District from 1970-99.

Figure 49: Average monthly water balance components (mm) for all unincor-
porated areas from 1970-99.
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Figure 50: Comparison of average monthly diffuse recharge (mm) between
Delano-Earlimart ID, Lower Tule River ID, Pixley ID, and unincorporated areas
from 1970-99.
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Figure 51: Average monthly water balance components (mm) for citrus crops
grown in Lindsay-Strathmore Irrigation District versus citrus grown in unincor-
porated areas for 1990 (a dry year).

Figure 52: Average monthly water balance components (mm) for citrus crops
grown in Lindsay-Strathmore Irrigation District versus citrus grown in unincor-
porated areas for 1998 (a wet year).
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Figure 53: MODFLOW model layers of aquifer system hydrogeologic units.
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Figure 54: Overlay of channel seepage and land unit recharge and pumping GIS
coverages onto MODFLOW finite-difference grid via Argus ONETM.

119



Figure 55: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Delano-Earlimart ID from the three conceptual models of Kh structure.

Figure 56: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Lindmore ID from the three conceptual models of Kh structure.
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Figure 57: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Lindsay-Strathmore ID from the three conceptual models of Kh structure.

Figure 58: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Lower Tule River ID from the three conceptual models of Kh structure.
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Figure 59: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Pixley ID from the three conceptual models of Kh structure.

Figure 60: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Porterville ID from the three conceptual models of Kh structure.

122



Figure 61: Water-table fluctuation method versus calibrated groundwater flow
model: cumulative annual unconfined aquifer storage changes from 1970-99 for
Saucelito ID from the three conceptual models of Kh structure.
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Figure 62: Measured versus modeled hydraulic heads (feet) for 1978 from the
uniform zonation conceptual model.

Figure 63: Measured versus modeled hydraulic heads (feet) for 1981 from the
uniform zonation conceptual model.

Figure 64: Measured versus modeled hydraulic heads (feet) for 1984 from the
uniform zonation conceptual model.
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Figure 65: Modeled hydraulic heads (feet) versus residuals (feet) for 1978 from
the uniform zonation conceptual model.

Figure 66: Modeled hydraulic heads (feet) versus residuals (feet) for 1981 from
the uniform zonation conceptual model.

Figure 67: Modeled hydraulic heads (feet) versus residuals (feet) for 1984 from
the uniform zonation conceptual model.
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Figure 68: Measured versus modeled hydraulic heads (feet) for 1978 from the
Sy-structure conceptual model.

Figure 69: Measured versus modeled hydraulic heads (feet) for 1981 from the
Sy-structure conceptual model.

Figure 70: Measured versus modeled hydraulic heads (feet) for 1984 from the
Sy-structure conceptual model.
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Figure 71: Modeled hydraulic heads (feet) versus residuals (feet) for 1978 from
the Sy-structure conceptual model.

Figure 72: Modeled hydraulic heads (feet) versus residuals (feet) for 1981 from
the Sy-structure conceptual model.

Figure 73: Modeled hydraulic heads (feet) versus residuals (feet) for 1984 from
the Sy-structure conceptual model.
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Figure 74: Measured versus modeled hydraulic heads (feet) for 1978 from the
Ks-structure conceptual model.

Figure 75: Measured versus modeled hydraulic heads (feet) for 1981 from the
Ks-structure conceptual model.

Figure 76: Measured versus modeled hydraulic heads (feet) for 1984 from the
Ks-structure conceptual model.
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Figure 77: Modeled hydraulic heads (feet) versus residuals (feet) for 1978 from
the Ks-structure conceptual model.

Figure 78: Modeled hydraulic heads (feet) versus residuals (feet) for 1981 from
the Ks-structure conceptual model.

Figure 79: Modeled hydraulic heads (feet) versus residuals (feet) for 1984 from
the Ks-structure conceptual model.
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Figure 80: Normal probability plot of hydraulic head residuals for 1978 from
the uniform zonation conceptual model.

Figure 81: Normal probability plot of hydraulic head residuals for 1981 from
the uniform zonation conceptual model.

Figure 82: Normal probability plot of hydraulic head residuals for 1984 from
the uniform zonation conceptual model.
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Figure 83: Computed groundwater fluxes from Delano-Earlimart ID to neigh-
boring districts for the modeling years of 1970-99.

Figure 84: Computed groundwater fluxes from Lindmore ID to neighboring
districts for the modeling years of 1970-99.
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Figure 85: Computed groundwater fluxes from Lindsay-Strathmore ID to neigh-
boring districts for the modeling years of 1970-99.

Figure 86: Computed groundwater fluxes from Lower Tule River ID to neigh-
boring districts for the modeling years of 1970-99.
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Figure 87: Computed groundwater fluxes from Pixley ID to neighboring districts
for the modeling years of 1970-99.

Figure 88: Computed groundwater fluxes from Porterville ID to neighboring
districts for the modeling years of 1970-99.
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Figure 89: Computed groundwater fluxes from Saucelito ID to neighboring dis-
tricts for the modeling years of 1970-99.
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Plate 1: Groundwater sub-basins in the San Joaquin Valley, California.
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Plate 2: Study area location within the Tule, Kaweah, and Tulare Lake groundwater sub-basins.
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Plate 3: Isohyet of the average annual precipitation.
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Plate 4: Major soil types from a 1935 soils survey.
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Plate 5: Field capacity of major soil types.
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Plate 6: Saturated hydraulic conductivity (ft/day) of major soil types.
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Plate 7: Major land-use classifications of land units from a 1985 land-use survey.
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Plate 8: Water service districts.
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Plate 9: Ground surface elevations above sea level (feet).
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Plate 10: Lateral extent and top elevation contour map of the Corcoran Clay Member of the Tulare Formation.
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Plate 11: Lateral extent and base elevation contour map of the Corcoran Clay Member of the Tulare Formation.
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Plate 12: Major natural and constructed surface water channels in the study area.
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Plate 13: Locations of metering stations (Table 8) along the major natural and constructed surface water channels.
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Plate 14: Locations of observation production wells in study area.
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Plate 15: Contour lines of equal hydraulic head in the unconfined aquifer and locations of measured production wells for the
spring of 1970.
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Plate 16: Contour lines of equal hydraulic head in the unconfined aquifer and locations of measured production wells for the
spring of 1975.
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Plate 17: Contour lines of equal hydraulic head in the unconfined aquifer and locations of measured production wells for the
spring of 1980.
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Plate 18: Contour lines of equal hydraulic head in the unconfined aquifer and locations of measured production wells for the
spring of 1985.
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Plate 19: Contour lines of equal hydraulic head in the unconfined aquifer and locations of measured production wells for the
spring of 1990.
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Plate 20: Contour lines of equal hydraulic head in the unconfined aquifer and locations of measured production wells for the
spring of 1995.
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Plate 21: Locations of selected production wells used for generating hydraulic head hydrographs.
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Plate 22: Estimated specific yield distribution in the unconfined aquifer.
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Plate 23: Spatial distribution of total groundwater pumping demand (feet) for the 1977 fiscal water year.
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Plate 24: Spatial distribution of total groundwater pumping demand (feet) for the 1980 fiscal water year.
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Plate 25: Spatial distribution of total groundwater pumping demand (feet) for the 1983 fiscal water year.
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Plate 26: Spatial distribution of average annual groundwater pumping demand (feet) from 1970-99.
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Plate 27: Spatial distribution of total diffuse recharge (feet) for the 1977 fiscal water year.
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Plate 28: Spatial distribution of total diffuse recharge (feet) for the 1980 fiscal water year.
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Plate 29: Spatial distribution of total diffuse recharge (feet) for the 1983 fiscal water year.
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Plate 30: Spatial distribution of average annual diffuse recharge (feet) from 1970-99.
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Plate 31: Groundwater flow model domain and added inactive areas.
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Plate 32: Aquifer system bottom boundary elevation (feet).
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Plate 33: Groundwater flow model domain and MODFLOW finite-difference grid.
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Plate 34: Proportion of total groundwater pumping demand for each land unit from model layer 1.
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Plate 35: Proportion of total groundwater pumping demand for each land unit from model layer 2.
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Plate 36: Proportion of total groundwater pumping demand for each land unit from model layer 3.

170



Plate 37: Unconfined aquifer horizontal hydraulic conductivity zonation.
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Plate 38: Production wells used for generating hydraulic head calibration targets.
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Plate 39: Block-centered hydraulic head calibration targets, generated by interpolating the production well observations to the
centers of the finite-difference grid cells.
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Plate 40: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1978 from the uniform zonation
conceptual model.
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Plate 41: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1981 from the uniform zonation
conceptual model.
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Plate 42: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1984 from the uniform zonation
conceptual model.
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Plate 43: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1987 from the uniform zonation
conceptual model.
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Plate 44: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1990 from the uniform zonation
conceptual model.
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Plate 45: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1993 from the uniform zonation
conceptual model.
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Plate 46: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1996 from the uniform zonation
conceptual model.
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Plate 47: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1999 from the uniform zonation
conceptual model.
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Plate 48: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1978 from the Sy-structure conceptual
model.
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Plate 49: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1981 from the Sy-structure conceptual
model.
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Plate 50: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1984 from the Sy-structure conceptual
model.
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Plate 51: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1978 from the soil Ks-structure
conceptual model.
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Plate 52: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1981 from the soil Ks-structure
conceptual model.
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Plate 53: Unconfined aquifer (model layer 1) hydraulic head residuals (feet) for Spring 1984 from the soil Ks-structure
conceptual model.
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Plate 54: Estimated Kh distribution (ft/day) for model layer 1 from the uniform zonation conceptual model.
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Plate 55: Estimated Kh distribution (ft/day) for model layer 2 from the uniform zonation conceptual model.
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Plate 56: Estimated Kh distribution (ft/day) for model layer 3 from the uniform zonation conceptual model.
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Plate 57: Estimated Kh distribution (ft/day) for model layer 1 from the soil Ks structure conceptual model.
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Plate 58: Estimated Kh distribution (ft/day) for model layer 1 from the specific yield structure conceptual model.
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Plate 59: The ratio of the upper limit to the lower limit of the computed 95% linear confidence intervals for estimated Kh in
model layer 1.
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Plate 60: Composite sensitivities of model layer 1 calibrated Kh.
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Plate 61: Composite sensitivities of model layer 2 calibrated Kh.
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Plate 62: Composite sensitivities of model layer 3 calibrated Kh.
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Errata

Revision: January 27, 2003

Page 43: modified the ”tipping bucket” model equation (24) to include the term
for applied surplus surface water, s′:

qv(i,j) = θs(i−1,j) + Pe(i,j) + w(i,j) + s′(i,j) − ETa(i,j) − fc(j)

Pages 131-34: replaced Figures 83-89 with corrected versions.

Revision: February 4, 2003

Page 57: modified equation (36) as follows:

r = H − h
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