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On-farm flood capture could reduce groundwater overdraft
in Kings River Basin
by Philip A.M. Bachand, Sujoy B. Roy, Nicole Stern, Joseph Choperena, Don Cameron and William R. Horwath

Chronic groundwater overdraft threatens agricultural sustainability in California’s
Central Valley. Diverting flood flows onto farmland for groundwater recharge offers
an opportunity to help address this challenge. We studied the infiltration rate of
floodwater diverted from the Kings River at a turnout upstream of the James Weir onto
adjoining cropland; and calculated how much land would be necessary to capture the
available floodwater, how much recharge of groundwater might be achieved, and the
costs. The 1,000-acre pilot study included fields growing tomatoes, wine grapes, alfalfa
and pistachios. Flood flows diverted onto vineyards infiltrated at an average rate of 2.5
inches per day under sustained flooding. At that relatively high infiltration rate,10 acres
are needed to capture one CFS of diverted flood flow. We considered these findings
in the context of regional expansion. Based upon a 30-year record of Kings Basin
surplus flood flows, we estimate 30,000 acres operated for on-farm flood recharge
would have had the capacity to capture 80% of available flood flows and potentially
offset overdraft rates in the Kings Basin. Costs of on-farm flood capture for this study
were estimated at $36 per acre-foot, less than the cost for surface water storage and
dedicated recharge basins.

C

alifornia’s Central Valley accounts
for roughly 10% of U.S. agricultural production: $45 billion in
2014 (CDFA 2015; USDA 2016). The region
faces two major hydrologic issues: severe
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by diverting floodwaters onto agricultural
lands for groundwater recharge?
Groundwater makes up 30%, 38%
and 54% of total water demand in the
Sacramento River, San Joaquin River and
Tulare Lake hydrologic regions, respectively (DWR 2013). From 2005 to 2010, between 5.5 and 13 million acre-feet (MAF)
of storage was lost in the Central Valley
aquifer (DWR 2013), and San Joaquin
Valley groundwater levels are more than
100 feet below previous historic lows
(DWR 2014).
Most models predict more variation
in average precipitation for California
watersheds (Reclamation 2011, 2014),
likely resulting in earlier snowmelt, more
precipitation as rain, and increased
frequency of extreme events, including
droughts and floods. Earlier and more
extreme runoff events are expected (DWR
2003; Hayhoe et al. 2004; Thorne et al.
and chronic groundwater overdraft, and
2012), which will challenge the ability of
flood risks from winter storms. Climate
California’s water infrastructure to efmodels suggest the Central Valley’s
ficiently capture and convey sufficient
droughts and floods will continue (Recla- water to meet municipal, agricultural and
mation 2011, 2014), raising, for researchers, environmental water needs (DWR 2013).
growers and other stakeholders, an interDiverting flood flows for groundwater
esting challenge: can groundwater overrecharge, a process known as on-farm
draft be reduced and flood risks mitigated flood capture, is considered an important
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Irrigation districts and water agencies are
considering on-farm flood capture as a
tool for increasing groundwater resources
and managing increasingly variable
precipitation due to climate change.
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N

Irrigation districts are contemplating
or have implemented recharge basins to
capture available flood flows to increase
groundwater resources (WRIME 2006a).
Average surplus flood flows through
the James Bypass during years in which
(flood) flows occurred have been nearly
2,000 CFS, corresponding to a median
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Our study looked at on-farm flood capture project in the Kings River Basin. Like
the rest of the Central Valley, agricultural
production in the area relies heavily on
surface water supplies and groundwater
to meet crop water needs. The Kings
River Basin requires 2.7 MAF to meet
irrigation demand. WRIME (2007) calculated a water budget for the Kings Basin
from 1964 to 2004. Surface water deliveries to this area varied annually, ranging
from about 0.3 to 1.5 MAF (WRIME 2007).
Groundwater supplied 1 to 2.2 MAF, or
about 60% of total water demand, resulting in an average 0.16 MAF annual overdraft (WRIME 2007). A more recent study
found that, from 2003 to 2013, groundwater storage decreased 0.23 MAF annually
(KRCD 2013).
Ironically, recurring floods along the
Kings River corridor also impact the area.
Over the 44-year U.S. Geological Survey
(USGS) period of record (fig. 1; 1947–1954,
1973–1974, 1976–2009), 8.5 MAF of surplus
flood flows have passed through the
James Bypass, a man-made flood channel
with a design capacity of 4,750 cubic feet
per second (CFS) that is the continuation
of the North Fork of the Kings River to
the Mendota Pool and the San Joaquin
River. These surplus flood flows are defined as unclaimed flood flows that are
both hydrologically and legally available.
Under normal operation the James Bypass
is dry and hydrologically disconnected
from the San Joaquin River (Reclamation
2005). Under high flow conditions, the U.S.
Army Corps of Engineers diverts Kings
River water into the North Fork-James
Bypass channel at Crescent Weir (map).
Since 1983, flood damages in communities along the Kings River and the
downstream San Joaquin River are $1.4
billion (2013 dollars) (Bachand et al. 2013;
Reclamation 2005; USACE 1999). These
floods have occurred despite joint management of upstream Pine Flat Reservoir
and the river and drainage network by
Kings River Water Association and the
Army Corps of Engineers (i.e., diversions, bypasses, etc.) for flood control and
water supply (KRCD and KRWA 2009;

C

Kings River Basin

Reclamation 2005). That management
protocol provides guidance for flow management, including when flows exceed
the design capacity of system levees and
channels, and requires under very high
flow conditions that flows be sent down
the James Bypass in excess of the channel
design capacity (fig. 1; Reclamation 2005).

Tulare

Stratford

Under high flow conditions, Kings River water is diverted into the North Fork-James Bypass channel at
Crescent Weir (bottom). Source: KRCD and KRWA 2009.
6,000
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Daily discharge (CFS)

tool for coping with more-variable future
precipitation (DWR 2013; Langridge et al.
2012; Tetra Tech 2011).
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Fig. 1. Flows in excess of 100 CFS generally only occur in the James Bypass during flood flow conditions,
and at those times they are managed to not exceed the channel design target of 4,750 CFS. Flood flows
have a recurrence interval of 2 years and vary greatly in magnitude, at times exceeding the channel
design capacity. Periods in which no data are shown do not have available or approved data. Source:
USGS 2010.
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capture of 0.18 MAF during those years.
Those rates exceed annual groundwater
overdraft rates for those specific years
(WRIME 2007). However, these considered projects and other engineered
solutions (e.g., recharge using irrigation
canals) rely upon dedicated public or private lands (WRIME 2006a, 2006b), limiting flexibility and capacity.
Over the last two decades, Kings
River Basin growers and landowners have worked with the Kings River
Conservation District (KRCD), Kings
River Water Association (KRWA) and
other water agencies to explore and
develop recharge strategies and facilities. Engineered recharge basins on 67
dedicated acres were proposed near the
James Bypass that would be designed to
capture up to 800 acre-feet of flood flows
monthly, providing roughly 2,000 acrefeet annually of in-lieu recharge (groundwater conserved by surface water being

and assess likely groundwater quality
impacts, (2) assess farm-scale implications
for implementing on-farm flood capture,
including the compatibility of land management for crop operations and for flood
flow capture, and (3) estimate its costs.
The study did not consider other considerations regarding resource management
strategies as related to capturing flood
flows (KBWA 2012; e.g., groundwater for
drinking water; regional infrastructure,
conveyance, coordination and integration;
relationship to local water planning and
regulation) or broader water rights issues regarding flood flows in the Central
Valley.

Field tests
Field tests were conducted on an annual crop (tomatoes) and perennial
crops (wine grapes, pistachios and alfalfa). Methods are presented in detail
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Fig. 2. Groundwater
gradients in the Kings
River Conservation District
Groundwater Focus Area
(KRCD 2013) in 2012 and
the location of the McMullin
Project. Contours are depth
(in feet) to groundwater.

used in lieu of pumping groundwater)
and dormant flooding (flooding when
crops are dormant) (KRCD 2000, 2006).
Several public agencies began developing
a regional conjunctive use program (combined management of surface water and
groundwater) as part of the Kings Basin
Integrated Regional Management Plan
(IRWMP), completed in December 2006
with the publication of the Kings Basin
Conjunctive Use Feasibility Analysis
(WRIME 2006b). It recommended acquiring 2,600 recharge acres to capture flows
of 660 CFS. Expanding into farmlands
would significantly increase the recharge
area available to help achieve the maximum potential recharge (RMC 2015).
Under this project, we studied the
2012 diversion of surplus flood flows onto
agricultural lands at a turnout upstream
of James Weir (fig. 2). Our goals were to
(1) determine infiltration rates under a
recharge condition on agricultural fields
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High Water Table

gallons per minute (gpm) conveyed water
from the diversion canal into the irrigation system and cycled floodwaters to the
fields. Nutrient management was typical,

with nutrients being added as necessary
based on plant or soil analyses.
Costs associated with project implementation, including field preparation,

Water flows (CFS)
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Fig. 3. Flows diverted into Terranova through the turnout (A) and past the James Weir into the James
Bypass (B) (CDEC 2012). Diverted flows ranged up to 22 CFS. The total volume diverted to the ranch was
3,116 acre-feet.
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by Bachand et al. (2012, 2014). In brief,
flows of 2 to 22 CFS were diverted via
the turnout into a private irrigation canal
in January and then from April to early
July. Through a combination of permanent and temporary infrastructure, flows
were distributed to experimental study
checks and demonstration fields across
1,000 acres of Terranova Ranch, which is
an approximately 6,000-acre farm. The
flow diversions were for both direct (from
the surface to groundwater) and in-lieu
recharge. Flows in the James Bypass were
in the 2,000 to 4,500 CFS range during
this period (fig. 3).
Experimental study checks were used
to determine potential infiltration rates
under recharge conditions for agricultural fields and to assess water quality
effects. Agricultural fields were divided
into checks separated by small berms to
allow uniform shallow flooding of 6 to
12 inches. Eleven checks were selected in
wine grape and alfalfa fields to determine
recharge infiltration rates and to assess
water quality. These checks were on soils
categorized as loamy sand or sandy loam
(i.e., Fresno fine sandy loam, Fu; Cajon
loamy coarse sand, Cb; Fresno-Traver
complex, Fx; Pond fine sandy loam, Pt;
Traver fine sandy loam, Tt). Except for
Cajon loamy coarse sand, all of these
soils are considered to have very limited
infiltration rates (hydrologic soil groups C
and D). Checks were in the range of 3 to 5
acres, representing a subset of the larger
field test.
Pressure transducers calibrated to staff
gauges recorded surface water elevation.
Infiltration rates were corrected after accounting for evapotranspiration using
crop coefficients derived from CIMIS
(2011). River and canal water, surface
water flooded onto fields, and pumped
groundwater were analyzed for total
and inorganic dissolved nitrogen and
phosphorus, and electrical conductivity
(EC) to assess water quality. In a subset of
wine grape checks, soil moisture, EC and
temperature probes were placed in the
root zone, and soil cores were collected to
depths of 15 to 25 feet, to assess soil pore
water changes.
Agricultural fields located across 1,000
acres were studied to assess farm-scale
considerations such as infrastructure,
field management, logistics, crop effects
and costs. Three rented pumps with
capacities in the range of 3,600 to 5,000

Pumps and engines were connected to piping to pull floodwater onto agricultural fields from the
diversion canal on the James Bypass.
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Infiltration rates
Initial infiltration rates on the studied
wine grape and alfalfa checks averaged
around 8 inches per day (up to 25 inches
per day on one field with soil type Fx,
considered to have very limited infiltration potential), decreasing to about 4
inches per day after 2 days, and then
asymptotically approached 2 to 2.5 inches
per day after sustained flooding of up to
20 days. These infiltration rates exceeded
rates for the confining layers (the soil layers in the root zone that are documented
as limiting the rate of infiltration) of these
hydrologic group C and D soils (NRCS
1998). We attributed these higher infiltration rates to soil preparation, which included deep ripping, and associated crop
establishment practices.
At the sustained infiltration rate of 2.5
inches per day, 10 acres are required to
infiltrate 1 CFS (fig. 4; 62.5 acre-feet per
month). For a field of approximately 70
acres, this relationship corresponds to
pumping water onto the field at 3,500
gpm. These rates represent the potential infiltration achievable on Terranova
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calculated approximately 40 feet of
water would be needed to displace the
1 cubic foot per
second infiltration
approximately 2.25 pounds per square
foot (11 kilograms per square meter)
of legacy salts and approximately 0.04
pounds N per square foot (0.2 kilograms N per square meter) of legacy
nitrate into groundwater at this site
(Bachand et al. 2014). We estimated an
1
2
3
4
5
6
additional 40 feet of water would return
Infiltration rate(in/d)
groundwater to initial salt and nitrate
Fig. 4. At the infiltration rate of approximately
levels through dilution (Bachand et
2.5 inches per day measured in this study,
approximately 10 acres are required to capture 1
al. 2012). Ariyama (2015), using a more
CFS. That relationship corresponds to pumping
sophisticated Hydrus model, estimated
water at 3,500 gpm onto a 70-acre field.
about 60 feet of water would be needed
to return the groundwater to current
Ranch where water conveyance and avail- salinity levels.
ability are not limiting.
Further applied flood flows would
improve groundwater salinity levels
over time. This will benefit landowners
Water quality
throughout the flood corridor by improvKings River flood flows are derived from
ing soil quality and groundwater sustainSierra snowmelt, with salt and nitrate con- ability. The use of existing or modified
centrations one or more orders of magniwater conveyance structures within irtude lower than in pumped groundwater
rigation districts could provide pristine
at this study site. Soil probe and soil core
floodwater to more landowners and magdata from the checks showed the applied
nify local benefits.
water flushed salts and nitrate from the
root zone. With implementation of this
Farm-scale implementation
program, legacy salts and nitrate would
be flushed from the root and vadose zone Flood flows were diverted throughout the
1,000 acres for about 2 weeks in January
to groundwater.
and then from April to early July. In all,
For the Terranova site, a simple mass
over 3,000 acre-feet of water was diverted
balance model was developed describfrom the Kings River onto these fields.
ing salinity and nitrate concentrations
Wine grapes were flooded with sufficient
through the vadose zone using the
water for direct recharge during April
collected soil core data and groundwaand May. One pistachio field and one
ter data. From that simple model, we
alfalfa field also had sufficient floodwater in April for direct recharge of 13 and
7.5 inches, respectively. As the growing
season progressed, evapotranspiration
increased and more applied flood flows
went to meeting consumptive demands
as in-lieu recharge and less to direct
recharge.

Acres

installation and rental of equipment and
infrastructure, labor, energy and project support, were tracked by Terranova
Ranch. From these costs we estimated
costs for on-farm flood capture for a 25year period, assuming an average flood
recurrence interval of 2 years, based on
historical records (fig. 1).

Philip Bachand

Conveyance constraints

Wintertime modifications to tomato field to manage water were similar to rice checks to enable capture
and infiltration of flood flows. Modifications included cutting small check berms to accommodate field
gradients and installing low cost flashboard risers to manage water flow and elevations.
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Conveyance infrastructure (e.g., turnout,
pump and pipe capacities) constrained
flood flow applications. The distribution
rate of water across the 1,000 acres (0.26
inches per day, or 0.65 feet per month),
even during peak diversion periods in
April and May, was an order of magnitude lower than the achievable long-term
soil infiltration rates demonstrated in the
experimental check studies (2.5 inches
per day, or 6.3 feet per month).

Crop yield and quality
Flood flow diversion onto these fields was
timed to not interfere with necessary land
preparation practices for crop management. Wine grapes and alfalfa were expected to be able to tolerate flooding and
saturated conditions. Vineyards showed
no damage in either the 2010 or 2011 crops
(Bachand et al. 2014). Pistachios were
assumed to be able to tolerate flooding
before leafing out. No significant yield
penalties were found for either pistachios
or alfalfa. Recharge on annual crops such
as tomatoes was conducted during fallowed periods.

Costs support flood capture

Considerations as a regional
or statewide tool
Under a DWR Flood Corridor Grant being implemented by KRCD and with local matching funds by Terranova Ranch,
the McMullin On-Farm Flood Capture
and Recharge Project (McMullin Project)
is expanding this technology to a more
regional scale. Under Phase 1, the project
will enroll approximately 5,000 acres (including the current project area) and have
the capacity to divert 150 CFS of flood
flows onto 1,500 acres actively managed
for recharge during flood flow conditions. At full build-out, the project will
increase the capacity to 500 CFS covering
16,000 acres of farmland with 5,000 acres
managed for recharge at any given time
(CNRA 2013). This diversion rate is equivalent to 30,000 acre-feet monthly.
The project will have implications
in the Kings Basin as related to both (1)
mitigating regional flood risks and (2)
offsetting groundwater overdraft. A hydrologic and hydraulic (H&H) analysis
was conducted using established modeling tools available for assessing California
Fig. 5. Surplus flood flows past the James Weir on
average have occurred every 2 years. However,
wet and dry years are typically grouped with
2 to 4 consecutive wet years followed by 1 to 6
consecutive dry years. During wet years, flooding
typically lasts from 1 to 6 months, with an average
duration of 3.5 months and a median duration of
2.5 months. Large volumes of water flow through
the James Bypass during those flood periods: the
median annual volume is 0.18 MAF while the 75th
percentile is 0.60 MAF. Graphs show min and max
(whiskers), mean (x), 25th and 75th quartiles (box)
and median (line). Source: USGS 2010.

river flows and associated economic relationships: a one-dimensional unsteady
network flow (UNET) model (DWR 2012;
USACE 2002), and a HEC (Hydraulic
Engineering Center) flood damage analysis (FDA) (DWR 2012). This analysis predicts a benefit-cost ratio for this project
greater than 1.8, with benefits occurring
downstream of the James Weir along the
Kings and San Joaquin rivers, particularly
from reducing damages associated with
10- to 100-year flood events (Bachand et
al. 2013).
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Capturing and applying flood flows was
calculated at $36 per acre-foot during
this project (Bachand et al. 2013). These
costs included labor costs, land preparation, fuel and farm-scale infrastructure
improvements. Some applied water went
to direct recharge for future benefits and
some to in-lieu recharge for current benefits. In comparison, large-scale surface
water storage can cost from $300 to $1,100
per acre-foot (DWR 2013), and dedicated
recharge basins cost from $90 to $1,100
per acre-foot (Choy et al. 2014).
Groundwater is the only irrigation
source in this region of the Kings Basin
and groundwater is currently 220 to 230
feet below the surface in large areas of
the Kings River Basin (KRCD 2013; fig.
2). In the study area, groundwater costs
approximately $88 to $120 per acre-foot
to extract (D. Cameron, personal communication; JID 2010; MWH 2004). For
the study site, we calculated that if 25%
or more of the captured flood flows can
be used for in-lieu recharge, then the savings in groundwater pumping costs can

support an active on-farm flood capture
program by individual farmers (Bachand
et al. 2012, 2014).

Panoramic picture of the James Bypass from the Terranova Ranch in October 2010 (top) and early February 2011 (below) from the Highway 145 overpass
to the James Weir. Flood flows occur approximately on a 2-year interval, but the James Bypass can be dry for years at a time or flooded for several months
consecutively.
http://calag.ucanr.edu • OCTOBER–DECEMBER 2016
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Changing the operation of the statewide reservoir system
to release flows to optimize the integration of groundwater
and surface water storage and to manage flood risks . . . is a
paradigm shift for statewide water management and could
increase opportunities for groundwater recharge throughout
the Central Valley.
integration of groundwater and surface
water storage and to manage flood risks —
rather than focusing only on optimizing
surface water storage and managing flood
risks — is a paradigm shift for statewide
water management and could increase
opportunities for groundwater recharge
throughout the Central Valley.
Logistical, societal and legal issues
also exist. Many areas in the Central
Valley appear suitable for on-farm flood
recharge (Bachand et al. 2015; O’Geen et
al. 2015). But implementation challenges
include providing sustainable funding
mechanisms for system operation and
maintenance, developing flexible flood
capture strategies, working within water
rights constraints and managing risks
for growers (Bachand et al. 2015). For
participating growers, challenges include
integrating flood flow capture infrastructure and practices with farming operations, developing methods of funding
such as selling easements and irrigation

120

cost savings, working with water managers to rapidly mobilize when needed,
and developing an appropriate cropping
mix and nutrient management strategies to facilitate the flood flow program,
promote dual-purpose use (i.e., flood
capture and agriculture) and manage water quality risks. On-farm flood capture
could be leveraged to address societal
issues as well. Disadvantaged communities are disproportionately affected by
poor groundwater quality in the Central
Valley, and strategic implementation of
on-farm flood capture could dilute common contaminants such as nitrate and
salts (Ariyama 2015; Bachand et al. 2014)
and improve groundwater quality. Finally,
central to implementing on-farm flood
capture broadly is the question of how it
integrates into California’s water rights,
which provide the legal framework for
distributing water in California. c
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An integration of the WRIME (2007)
and KRCD (2013) groundwater overdraft
analyses finds groundwater overdraft
rates in the Kings Basin similar in magnitude to surplus flood flow losses. For
instance, from 1980 through 2009, surplus
flood flows past the James Weir were 7.4
MAF, and groundwater overdraft was
about 5.3 MAF. Current annual rates
of groundwater overdraft of 0.23 MAF
(KRCD 2013) are equivalent to the calculated annually averaged surplus flood
flows from the USGS dataset (fig. 1).
The McMullin Project will provide
capacity to offset Kings Basin groundwater overdraft. If operated over 3 months
to capture flood flows, a period typical
for flood flows past the James Weir (fig.
5), the McMullin Project would capture
90,000 acre-feet, about 40% of the annual King Basin overdraft of 230,000
acre-feet reported by KRCD (2013). When
considering the historical record since
1980 (USGS 2010), at a fully operational
capacity of 500 CFS, the McMullin
Project would have enabled capture of
nearly 20% of surplus flood flows (fig. 6).
Additional systems would provide additional capacity. We estimate that four
such projects (2,000 CFS diversion; 20,000
acres managed for recharge during flood
flow conditions) would have been able
to capture 60% of total flood flows over
that period, while six such projects (3000
CFS diversion; 30,000 acres managed for
recharge during flood flow conditions)
would have been able to capture 80%.
As the capacity increases, diminishing
returns would be expected, given the
decreasing frequency of flood flows great
enough to fill the available recharge
capacity.
Other factors come into play when
considering regional and statewide scaling. Climate change will complicate
surface water storage, altering the timing and magnitude of available surface
water runoff from the Sierra (DWR 2013;
Reclamation 2011, 2104). More recharge
capacity than predicted by historical records is likely needed. Adjusting to these
changes will require structural and operational adjustments to water management
facilities. Flood capture through recharge
is a relatively low cost and expandable
approach that could address problems
of both storage and timing. Changing
the operation of the statewide reservoir
system to release flows to optimize the

1.47
McMullin project
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Diverted flood flows (CFS)

Fig. 6. The McMullin Project, if operational at build-out capacity (capable of diverting 500 CFS) since
1980, would have been able to capture nearly 20% (1.47 MAF) of the total available surplus flood flows
(7.35 MAF) in the James Bypass from 1980 through 2009. We estimate that four equivalent projects
(capable of diverting 2,000 CFS total), would have the capacity to capture 60% (4.41 MAF) of flood
flows. As more capacity is added, diminishing returns occur because there are fewer flood events large
enough to fill the recharge system to full capacity. Flow data source: USGS 2010. Overdraft estimate
from WRIME (2006a) and KRCD (2013).

• VOLUME 70, NUMBER 4

P.A.M. Bachand is President and Principal Investigator/
Engineer at Bachand & Associates, Davis; S.B. Roy
is Principal Engineer at Tetra Tech, Research and
Development, Lafayette; N. Stern is Environmental
Scientist at Delta Stewardship Council, Sacramento; J.
Choperena is Senior Project Manager at Sustainable
Conservation, San Francisco; D. Cameron is General
Manager at Terranova Ranch, Helm; W.R. Horwath
is Professor of Soil Biogeochemistry and J.G. Boswell
Endowed Chair in Soil Science in the Department of
Land, Air and Water Resources at UC Davis.

This project was funded through a 2010 NRCS
Conservation Innovation Grant (CIG) grant awarded to
Bachand & Associates (Demonstrating Groundwater
Recharge with Storm Flood Flows on Agricultural
Lands using Best Management Practices to mitigate
groundwater overdraft). We appreciate the help
of Dr. Chris Hartley and Dave Krietemeyer of the
NRCS in helping us achieve our goals. Terranova
Ranch provided the site, significant matching funds,
collaboration and assistance. We acknowledge
Steve Haugen of KRWA and John Mallyon of James

Irrigation District for keeping us informed of Kings
River water management. We appreciate the support
of Rick Hoelzel and Eric Osterling of KRCD. Finally, we
thank UC Davis scientific staff for providing expertise
on laboratory methods and data collection.

References
Ariyama J. 2015. Nitrogen Leaching and Groundwater
Recharge Modeling for the On-Farm Flood Flow Capture
Project in Fresno, California. Thesis, Department of Land,
Air and Water Resources, UC Davis, CA.
Bachand P, Dahlke H, Horwath W, et al. 2015. Capturing El
Niño for the underground. California Water Blog, Oct.13,
2015. http://californiawaterblog.com/2015/10/13/
capturing-el-nino-for-the-underground/.
Bachand PAM, Horwath WR, Roy S, et al. 2012. Implications of Using On-Farm Flood Flow Capture to Recharge
Groundwater and Mitigate Flood Risks along the Kings
River, CA. Final report to USDA-NRCS. Bachand & Associates, Davis, CA. http://aquaticcommons.org/11287/.
Bachand PAM, Horwath WR, Roy SB, et al. 2014. Implications of using on-farm flood flow capture to recharge
groundwater and mitigate flood risks along the
Kings River, CA. Environ Sci Technol 48(23):13601–9.
doi:10.1021/es501115c.
Bachand PAM, Trabant S, Vose S, Mussetter B. 2013.
McMullin On-Farm Flood Capture and Recharge Project:
Hydraulic and Hydrologic Analyses (H & H). Final report,
TO# 01, prepared for Kings River Conservation District for
submittal to California DWR.
Choy J, McGhee G, Rohde M. 2014. Recharge: Groundwater’s second act. Water in the West, Stanford University.
http://waterinthewest.stanford.edu/groundwater/recharge/ (accessed Dec. 3, 2014).
[CDEC] California Data Exchange Center. 2012. Department of Water Resources. USGS Station. http://cdec.water.ca.gov/. Data from January through July 2017.
[CDFA] California Department of Food and Agriculture.
2015. Agricultural Statistics Review, 2014-2015. Page 14.
www.cdfa.ca.gov/statistics/.
[CIMIS] California Irrigation Management Information
System. 2011. Westlands Station #105. Data from Jan. 1,
2011, to Dec. 7, 2011.
[CNRA] California Natural Resource Agency. 2013.
Strategic Growth Plan, Bond Accountability. Reference
Number: 3860-P1I-467. mplemented by Kings River
Conservation District. Awarded 3/4/2013. http://bondaccountability.resources.ca.gov/Project.aspx?ProjectPK=858
5&PropositionPK=5 (accessed September 2, 2016).
[DWR] Department of Water Resources. 2003. California’s
Groundwater. Bulletin 118, 2003 update. www.water.
ca.gov/groundwater/bulletin118.cfm (accessed Dec. 1,
2014).
DWR. 2012. Central Valley Flood Protection Plan, A Path
for Improving Public Safety, Environmental Stewardship,
and Long-term Economic Stability. Central Valley Flood
Management Planning Program, Floodsafe California.
Public Draft, December 2011. www.water.ca.gov/floodsafe/fessro/docs/flood_tab_cvfpp.pdf.
DWR. 2013. California Water Plan Update 2013. Bulletin
160-13. www.water.ca.gov/waterplan/cwpu2013/final/
index.cfm.

DWR. 2014. Public Update for Drought Response:
Groundwater Basins with Potential Water Shortages,
Gaps in Groundwater Monitoring, Monitoring of Land
Subsidence, and Agricultural Land Fallowing. November 2014. www.water.ca.gov/waterconditions/docs/
DWR_PublicUpdateforDroughtResponse_GroundwaterBasins.pdf.
Hayhoe K, Cayan D, Field CB, et al. 2004. Emissions pathways, climate change, and impacts on California. Proc
Natl Acad Sci USA 101:12422–7.
[JID] James Irrigation District. 2010. Water Management Plan 2010 (years covered: 2005–2009). Prepared
for Bureau of Reclamation Mid-Pacific Region. Date of
final: March 2011. www.usbr.gov/mp/watershare/wcplans/2011/james_id_final_2011_wmp.pdf.
[KBWA] Kings Basin Water Authority. Kings Basin Integrated Regional Water Management Plan. Adopted October 17, 2012. www.kingsbasinauthority.org/wp-content/
uploads/2014/04/20121017_KB_IRWMP-lowres.pdf.
[KRCD] Kings River Conservation District. 2000. Feasibility
Study Report. Preliminary Design and Estimate of Costs
for Two Potential Groundwater Recharge Sites Within the
McMullin Recharge Project Area. Kings River Conservation District. April 2000.
KRCD. 2006. McMullin Recharge Feasibility Study. Proposition 13 Grant No F7708 with DWR.
KRCD. 2013. Annual Groundwater Report, 2012-2013.
www.krcd.org/water/groundwater_management/annual_report.html (accessed Nov. 13, 2014).
KRCD and [KRWA] Kings River Water Association. 2009.
The Kings River Handbook. September 2009.
Langridge R, Fisher A, Racz A, et al. 2012. Climate Change
and Water Supply Security: Reconfiguring Groundwater
Management to Reduce Drought Vulnerability. California
Energy Commission. Pub no. CEC-500-2012-017.
MWH. 2004. Dry Creek Recycled Water, Groundwater
Recharge Feasibility Study. Prepared for City of Roseville.
Produced by MWH, Inc., Job number 1511098. Contributing agencies: City of Roseville Department of Utilities,
Sacramento Groundwater Authority, and California Department of Water Resources. June 2004. www.sgah2o.
org/sga/files/pub-drycreekfullreport.pdf.
[NRCS] USDA Natural Resources Conservation Service.
1998. Soil Quality Information Sheet, Soil Quality Resource Concerns: Available Water Capacity. www.nrcs.
usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_051279.
pdf (accessed Sept. 10, 2014).
O’Geen AT, Saal MBB, Dahlke HE, et al. 2015. Soil suitability index identifies potential areas for groundwater
banking on agricultural lands. Calif Agr 69(2):75–84.
doi:10.3733/ca.v069n02p75.
Reclamation. 2005. Flood Damage Reduction Technical
Appendix. Upper San Joaquin River Basin Storage Investigation Initial Alternatives Information Report. www.
water.ca.gov/storage/docs/USJ%20Project%20Docs/
USJRBSI_IAIR_2005.pdf.

Reclamation. 2011. West-Wide Climate Risk Assessments:
Bias-Corrected and Spatially Downscaled Surface Water
Projections. Tech Memo 86-68210-2011-01. March 2011.
www.usbr.gov/watersmart/docs/west-wide-climate-riskassessments.pdf.
Reclamation. 2014. West-Wide Climate Risk Assessments:
Sacramento and San Joaquin Basins Climate Impact
Report. Prepared for Reclamation by CH2MHill under
Contract No. R12PD80946. September 2014. www.usbr.
gov/watersmart/wcra/docs/ssjbia/ssjbia.pdf.
RMC. 2015. Creating an Opportunity: Groundwater
Recharge through Winter Flooding of Agricultural Land
in the San Joaquin Valley. Prepared by RMC Water and
Environment. October 2015.
Tetra Tech. 2011. Task G. Los Angeles Aqueduct System
Climate Change Study Final Report. Prepared for Los Angeles Department of Water and Power. June 1, 2011.
Thorne J, Boynton R, Flint L, et al. 2012. Development
and Application of Downscaled Hydroclimatic Predictor
Variables for Use in Climate Vulnerability and Assessment
Studies. California Energy Commission. Pub no. CEC-5002012-010.
[USACE] US Army Corp of Engineers. 1999. Post-Flood
Assessment for 1983, 1986, 1995, and 1997, Central Valley, California. www.auburndamcouncil.org/pages/pdffiles/1-ExecuSum.pdf (accessed Sept. 9, 2014).
USACE. 2002. Sacramento and San Joaquin River Basins
Comprehensive Study, Interim Report. December 2002.
[USDA] United States Department of Agriculture. 2016.
Economic Research Service: Farm Income and Wealth
Statistics. www.ers.usda.gov/data-products/farmincome-and-wealth-statistics/annual-cash-receipts-bycommodity.aspx.
[USGS] United States Geological Survey. 2010. National
Water Information: Web Interface. USGS Water Resources. Daily data for USGS 11253500 James Bypass
(Fresno Slough) NR San Joaquin, CA. http://waterdata.
usgs.gov/ca/nwis/dv/?site_no=11253500&agency_
cd=USGS&amp;referred_module=sw. Accessed 2010.
[WRIME] Water Resources & Information Management
Engineering. 2006a. Technical Memorandum Phase 1,
Task 4, Analysis of Water Supplies in Kings Basin. Prepared
for Upper Kings Basin Water Forum and Kings River Conservation District in coordination with California Department of Water Resources. May 2006.
WRIME. 2006b. Memorandum: Kings Basin Conjunctive
Use Feasibility Analysis. www.krcd.org/water/ukbirwma/
docs_rept.html.
WRIME. 2007. Kings Basin Integrated Groundwater and
Surface water Model (Kings IGSM), Model Development
and Calibration. Prepared for Upper Kings Basin Water Forum, Kings River Conservation District, and City of Fresno
in Coordination with California Department of Water Resources by Water Resources & Information Management
Engineering, Inc. November 2007. http://project.wrime.
com/krcd/krcd_igsm.htm.

http://calag.ucanr.edu • OCTOBER–DECEMBER 2016

207

