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Abstract

Agricultural Managed Aquifer Recharge (Ag-MAR) is a potential and sustainable practice where agricultural
fields can be used to recharge depleted aquifers using excess precipitation during winter. However, there is
little information on the amount of Ag-MAR that can be applied to crops such as alfalfa. HYDRUS-2D was
used to estimate the net recharge in an alfalfa field grown on a sandy loam soil in a Mediterranean climate at
Parlier, California, USA in 2020-2022. The alfalfa field had four irrigation treatments: full irrigation during
summer growing season (March through November), mid-summer deficit irrigation treatment (March to
August and complete irrigation cutoff after August cutting), winter flooding treatment, and no winter
flooding. Recharge, evapotranspiration (ET,), soil moisture dynamics, and root water uptake were simulated
during the recharge period in winter. Previously fully irrigated treatments in summer, followed by winter
recharge led to cumulative groundwater recharge of 1459, 1687, and 1415 mm for 2020, 2021, and 2022,
respectively. These applications resulted in a net recharge of 85, 89, and 84% of the applied irrigation water
during the winter period, a significant contribution to groundwater aquifers. Mid-summer deficit irrigation
treatments, followed by winter recharge, resulted in net groundwater recharge of 1337, 1498, and 1272 mm
for 2020, 2021, and 2022, respectively, amounting to 78, 79, and 76% of the applied irrigation water during
winter flooding periods. HYDRUS simulation model predicted groundwater recharge potential in these
experiments successfully with a coefficient of determination, R’ values of 0.91, and 0.89 for the groundwater
recharge during winter flooding after the full irrigation in summer, and the mid-summer deficit irrigation,
respectively. These results confirm the potential utilization of HYDRUS simulations in predicting

groundwater recharge potential under similar sandy-soil conditions in California’s San Joaquin Valley.
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1. Introduction

Groundwater is one of the main sources of water for irrigation in California (CA), particularly during
drought years (Dahlke et al., 2018). Groundwater pumping for agricultural water needs in CA is
approximately 30% in wet years and increases up to 60% in dry years (Hanak et al., 2017). The recurring
drought in CA has significantly increased groundwater pumping that exceeds the natural recharge rates
(USGS, 2014; Lund, 2018). Additional depletion in groundwater aquifers will likely occur without
considerable improvements in groundwater resource management in California (Alam et al., 2019). This is

also relevant to other regions with similar agroecosystems and groundwater depletion history.

With the passage of the Sustainable Groundwater Management Act (SGMA) in 2014, Groundwater
Sustainability Agencies (GSA) are actively exploring options for bringing the critically over-drafted basins
back to their balance by 2040 (https://water.ca.gov/programs/groundwater-management/sgma-groundwater-
management). The San Joaquin Valley of California is one of the most productive agricultural regions in the
world, and it has several critically over-drafted basins under SGMA (DWR, 2016). The recent droughts in
California have caused declines in groundwater levels in 90% of wells in the Central Valley of California
which includes the San Joaquin Valley by as much as 3-15 m (DWR, 2017). These over-drafted basins could
be brought back to balance by intentionally applying excess flood water on agricultural fields during the

offseason (rainy season) for recharging aquifers (Jasechko and Perrone, 2020).

Agricultural Managed Aquifer Recharge (Ag-MAR) is an emerging technique that uses agricultural fields
as percolation basins to recharge the underlying aquifers (Ganot and Dahlke, 2021 a). Ag-MAR refers to the
cropland areas that can capture the excess water flow during winter to deliberately recharge groundwater
(Kocis and Dahlke, 2017; Dahlke et al., 2018). Ag-MAR has been proposed for CA and could be an effective
and potentially sustainable practice to bank excess water for long-term health of aquifers (Niswonger et al.,
2017). Using high-quality surface water Ag-MAR could also decrease groundwater salinity over time in
addition to decreasing pumping costs due to the rise in the water table (Bachand et al., 2014). The benefits

and limitations of implementing Ag-MAR projects have been summarized by Levintal et al. (2022).

Alfalfa is grown on about 240,000 ha of 461,000 ha of total hay crops, including grasses in the San
Joaquin Valley over the past 5 years (NASS, 2022). Given that a large percentage (~80%) of California
alfalfa is flood-irrigated utilizing gravity-fed systems, alfalfa is an important candidate for Ag-MAR flooding

(Putnam et al., 2021). On-farm groundwater recharge on alfalfa fields utilizing the existing surface irrigation
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infrastructures and excess surface water during high winter flows could be a promising water-saving practice
for the longevity and sustainability of groundwater resources. Unlike the potential risks of leaching of
residual pesticides or fertilizer in annual crops or fallow fields, alfalfa may be an ideal crop for Ag-MAR
projects since it does not require any nitrogen fertilizer after establishment, obtaining all N needs from
biological N, fixation or root uptake (Putnam er al., 2015). Its deep-rooted system typically prevents
movement of nitrates beyond the root zone and into the groundwater (Putnam and Lin, 2016). It should be
noted that alfalfa is not considered to be highly flooding-tolerant, and sustained flooding on established
stands, especially under hot conditions can kill plants and damage stands, primarily due to lack of soil
oxygen, but also soil pathogens. Damage is primarily a function of length of the flooding season, whether the
crop is dormant, temperature, soil physical properties, alfalfa varieties, and other factors. Tolerance to
several weeks of flooding by pastures has been observed (Redfearn and Beckman, 2019). Moreover, recent
studies on Ag-MAR on alfalfa have shown no significant negative impact on root health in soils with high

percolation rates, provided soil oxygen deficits are avoided (Dahlke et al., 2018).

There are many soil and agronomic parameters to be considered for successful implementation of Ag-
MAR recharge projects. So, ideally, flooding for Ag-MAR is preferably done on fallow fields or during crop
dormancy periods when agricultural fields have the potential to serve as percolation basins for groundwater
recharge (Ganot and Dahlke, 2021 a). A tool for understanding ideal soils conditions, the soil-agricultural-
groundwater banking index (SAGBI), has been developed (O’Geen et al., 2015). Critical factors include soil
deep percolation rate, root zone residence time, topography, chemical limitations, and soil surface
conditions. Deep percolation rate and root zone residence time are frequently the most important factors, due
to their important relevance to the amount of groundwater recharge. The commonly used approaches to
quantify the potential for groundwater recharge and their associated limitations were summarized by Scanlon
et al. (2002). Various methods have been recommended for using and accurately estimating the potential for

groundwater recharge (Zhang et al., 2020).

Numerical simulation models are essential to study newly developed groundwater recharge practices
such as Ag-MAR. The HYDRUS software has been used in many studies to simulate vadose zone
hydrologic processes, nutrient leaching, salinization, and plant growth in different soils. HYDRUS solves
Richards equation (Siminek ef al., 1996) and has been widely used to simulate water flow and solute
transport within the vadose zone. It is also used to quantify the recharge/discharge to/from groundwater (e.g.,
Eltarabily er al., 2019 a, b, 2021). HYDRUS has been increasingly used to simulate groundwater recharge
during the growing season from irrigated cropland regions (e.g., Jiménez-Martinez et al., 2009; Lu et al.,

2011; Poch-Massegu et al., 2014; §iml°1nek, 2015; Patle et al., 2017; Porhemmat et al., 2018; Li et al., 2019;
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Dadgar et al., 2020; Li, 2020; Wang et al., 2021; Ganot and Dahlke, 2021b; Stafford et al., 2022; Post et al.,
2022).

During the alfalfa growing season, the objective of irrigation is to achieve the highest yields and highest
irrigation application efficiency while meeting crop evapotranspiration needs, with minimal deep percolation
and surface runoff. However, during winter flooding, existing surface irrigation systems could be utilized to
achieve pre-irrigation for crop production, as well as higher groundwater recharge efficiency while
eliminating surface runoff, and providing minimal crop damage (due to poor soil aeration). Accurate
predictions of groundwater recharge could help stakeholders and policymakers in making sustainable water
resources management decisions. Thus, the objective of this study was to experimentally and numerically
quantify the amount of applied water going to groundwater recharge on an alfalfa field utilizing an
intermittent irrigation regime (one or two irrigation events per week) for Ag-MAR in the winter. This
strategy was assessed under the combination of two summer irrigation treatments (full irrigation, and mid-
summer deficit irrigation) using the soil water balance and HYDRUS-2D model. The results of this research
could help in assessing the potential of utilizing Ag-MAR in the San Joaquin Valley of California for

maintaining a sustainable management plan for groundwater resources.

2. Materials and Methods

2.1. Experimental Layout and Field Description

A field experiment was conducted at the University of California, Kearney Agricultural Research and
Extension Center (KARE) near Parlier, CA in 2020-2022 on a one-year-old alfalfa field established in 2019
to determine the feasibility of utilizing the existing surface irrigation system for intermittent groundwater
recharge and to quantify the potential depth of groundwater recharge during the alfalfa dormant growing
period (winter season). The soil at the experimental site is classified as Hanford sandy loam (coarse-loamy,
mixed, superactive, nonacid, thermic Typic Xerorthents), a well-drained soil with a very low runoff risk
(hydrological soil group A). The landform is floodplains and alluvial fans. The parent material is Alluvium
derived from granite. The slope is from 0 to 2 %
(https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx). The depth to the water table at the study

site was 27 m at the beginning of the experiment.

The experiment was conducted on a 1.51-hectare field that was divided into 12 checks/plots. Winter flood
treatments were implemented on 50% of the total area (checks 1, 4, 5, 8, 9, and 12) (Fig. 1) while the other
half of the field was not exposed to winter flooding (checks 2, 3, 6, 7, 10, and 11). Two irrigation treatments

were applied during the growing season: full season-long irrigation (March through November), and mid-
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summer deficit irrigation treatment (irrigated only March through August). The fully irrigated plots received
two flood irrigation events per cut during the whole growing season (March-November) and the mid-summer
deficit irrigation plots were fully irrigated until early August and then irrigation was terminated after the
August cutting. The irrigation treatments were replicated in three blocks and were designed to study the

carry-over effect of the mid-summer deficit irrigation compared to full irrigation in summer on the net

amount of groundwater recharge.
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Fig 1. (a) Keymap of the research center (b) Experimental layout with a randomized complete block design consisting
of two summer treatments and two flooding treatments with three replicates, numbers represent the checks/plots
(twelve in total, width 16.5 m wide by 85 m long for all checks, except for checks 11, and 12, both checks were 8.25 m

wide and same length as the other checks)
2.2. Climate Data, Evapotranspiration, and Precipitation

Climatic data were acquired from the California Irrigation Management Information System (CIMIS)
(CIMIS station no. 39) which is located at KARE (36° 35' 51" N, 119° 30" 15" W) (https://cimis.water.ca.gov/
Stations.aspx), and selected data are reported during the experimental period (Fig. 2 a, b). Two Tule
Technologies Inc. (Davis, CA, USA) (https://tule.ag/sensors/) evapotranspiration stations were installed in
the field, one in check 9 which was a winter flooded treatment, and the other in check 6 where there was no
winter flooding applied. This technology is based on the surface renewal method, which is returned to the
customer as in-field daily evapotranspiration, ET,. Watermark soil moisture sensors (https://irrometer.com)
were installed in each plot (check) at four depths (30, 60, 90, and 120 cm) to monitor soil matric potential.
The soil matric potential (SMP) in KPa was chosen and measured using the Watermarks since it represents
the relative availability of the amount of water held in the soil profile for plant uptake than choosing the
volumetric soil water content (SWC) which indicates the quantity of the water in the soil but does not

directly indicate the availability of this water to plants.
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Fig. 2 (a) Solar radiation and mean wind speed (b) maximum and minimum air temperature
In the winters of 2020, 2021, and 2022 water was applied for groundwater recharge in the winter flooding

treatments (Fig. 3, Table 1). The winter flooding of 2020 occurred from 20" February until 2™ April,
resulting in 43 days of 10 intermittent flooding events with approximately one flooding event per week. In
2021, the winter flooding events occurred over 53 days, from 9™ February to 2™ April, and consisted of 16
flooding events (approximately two flooding events/week). The third winter flooding (in 2022) was
conducted from 20™ January to 7" April, with 12 flooding events applied over 78 days (approximately one
flooding event/week). Water for groundwater recharge was applied in addition to winter precipitation. Soil
samples were collected before and after flooding events to develop the soil moisture retention curve (Fig. 4).
In general, there is no specific trendline of the relation between the soil matric potential and the volumetric
water content throughout the whole range of the volumetric water contents but could be specified in parts of
the relationship. In the last segment of the trendline at the lower values of volumetric soil water content (near
or below the wilting point), the relation could be linear which is similar to the Van Genuchten model (van
Genuchten, 1980). The R? of the generated polynomial equation equals 0.95, and the equation was then used
to calculate the volumetric water contents from the measured soil water potentials (Fig. 5 a— f). Later in the
simulation, Van Genuchten—Mualem model was selected as a single—porosity model for defining soil
hydraulic model without hysteresis. However, in practice, selecting the preferential flow model and fitting a
perfect link between laboratory or theoretical model and field conditions is relatively difficult (Simtnek et

al., 2003).
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178  Table 1 Summary of the winter flooding events: dates and application amounts (in mm) during 2020, 2021, and 2022

Date  Applied (mm) Date  Applied (mm) Date  Applied (mm)
20 Jan 152
27 Jan 190
3 Feb 162
9 Feb 101
10 Feb 126
12 Feb 155
16 Feb 142
17 Feb 120
19 Feb 106
20 Feb 116
23 Feb 131
24 Feb 156
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Fig. 5 Volumetric water content (6, cm® cm™) measured at four depths during winter flooding following the fully
irrigated treatment for (a) 2020, (b) 2021, and (c) 2022, respectively, and during the winter flooding following the
mid-summer deficit irrigated treatment (d) 2020, (e) 2021, and (f) 2022

2.3. Numerical Simulation Model

2.3.1. Governing equations

HYDRUS is a finite element model for simulating the movement of water, heat, and multiple solutes in
variably saturated media (Simtnek ez al., 2005). Water flow is simulated using Richards equation (Simtinek
et al., 1996), which allows incorporating a sink term to account for water uptake by plant roots (Feddes et al.
1978). HYDRUS can handle flow regions delineated by irregular boundaries. The flow region itself may be
composed of nonuniform soils having an arbitrary degree of local anisotropy (Wang et al. 1997). Flow and
transport can occur in a horizontal or vertical plane or a three-dimensional region. The water flows part of the
model can deal with (constant or time-varying) prescribed head and flux boundaries, as well as boundaries

controlled by atmospheric conditions. Soil surface boundary conditions may change during the simulation
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from prescribed flux to head-type conditions (and vice versa). In this study, we used HYDRUS-2D to
numerically solve Richards' equation for the transient water flow through a homogeneous, isotopic soil
(Siméinek et al., 2008):

96 9
97 9x

oh\| 9 dh
k(h)ﬁ)]+a—z{(k(hja—z +k1h)}—5(1)

Where 6 is the volumetric water content [L*L~], & is the soil-water pressure head [L], S is the sink source of
water [T'], ¢ is time [T], z is the vertical spatial coordinate of the simulated soil domain (depth) [L], and k is
the hydraulic conductivity (LT™"). The sink term (S) represents the volume of water removed per unit of time
from a unit volume of soil due to plant water uptake. Feddes et al. (1978) defined S in terms of pressure head

(h) to account for water stress:
S(h) = o(h) S, (2)

Where the water stress function (%) is dimensionless of the soil water pressure head (0 < a < 1), and S, is
the potential water uptake rate [T']. Water uptake is assumed to be zero close to saturation and below the
wilting point pressure head. The spatial distribution of the roots can be specified using Vrugt model in
HYDRUS simulation (Vrugt et al., 2001a, b). Solution of Eq. (1) requires characterization of the soil
hydraulic properties, as defined by the soil water retention, 6(h), and unsaturated hydraulic conductivity
function, k(h). The constitutive relationships of van Genuchten-Mualem (van Genuchten, 1980) represent the

effective saturation, S, by:

U [1+(—ah"]" 3)
and
1

1-{1-8"

m 2
I

Where 6 is the volumetric water content [—], 6, is the saturated water content [—], 6, is the residual water

k(h)=k,S,

content [—], k(h) is the hydraulic conductivity in the matric potential (m) (pressure head), a [L'], k, is the
hydraulic conductivity in saturated conditions. n, [ are shape parameters, and m:1—%. Though these four
parameters are directly related to pore size distribution, pore connectivity, and tortuosity.

2.3.2. Boundary and initial conditions

HYDRUS-2D simulation requires setting boundary conditions along all the outer edges of the flow
domain. In our study, the simulated domain has dimensions of 100 cm width and 120 cm depth (Fig. 6 a). A

5-cm mesh size was selected and the ratio of the sizes of two neighboring elements was restricted not to
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exceed 1.5. The vertical boundaries were assigned as no flux boundary, where one of them is due to
symmetry, and the other due to the large extent of the computational domain. The top surface boundary was
assigned as atmospheric pressure which allows for evaporation and transpiration to take place. Tule
Technologies provided the daily ETa that was used as an input in the HYDRUS model and considered as

“potential root water uptake (RWU)” for model simulation, then obtained the “actual” RWU.

A variable flux (Var.Fl;, cm day™') was assigned along the top width (100 cm) of the domain on days
when water was applied and the flux was set to zero on the day after, to swiftly change between the start and
the end of the flooding event so that numerical coverage could be achieved without errors. Transpiration was
assigned along the 100 cm top width. Groundwater was relatively deep (about 26 m away from the bottom
boundary of the model domain) thus, the bottom boundary was assigned as free drainage along the whole
bottom width (100 cm), thus the calculated flux (in cm? day') would be divided by the 100 cm and

multiplied by 10 to obtain how much water (in mm) per day seeped down for groundwater recharge.

Root distribution parameters are shown in Fig. 6b. The default iteration criteria and time discretization of
HYDRUS-2D were used, except for the smaller initial time step (10* days) to overcome any potential
convergence issues during infiltration. From the continuous monitoring of soil matric potential using
Watermark sensors, volumetric water contents were calculated (using the soil moisture retention equation
discussed earlier). The initial soil moisture at the beginning of simulation period of each year was clearly
defined, and in this case, a warmup period was not assigned in the model simulation.

Variable flux (cm day™)

Root Water Uptake
-
(S 0.234
0.208
0.182
0.156
0.130
0.104
0.078
0.052
0.026
0.000

Max : 0.289
Min : 0.000

' Sandy loam soil :“' SO0 ~_No flux

PR (b)
Free drainage (cm day™) ~ ¢
(a)

Fig. 6 (a) Conceptual model of the simulated domain where the soil is a uniform and isotropic sandy loam (b) Root

distribution parameters



238 Initial soil moisture contents (6;) were calculated by converting soil matric potential, and kPa reading
239 from Watermark sensors to volumetric water contents (cm® cm™) (along the soil profile) during a precedent
240 period (a week to ten days) before starting the winter flooding events (for the two cases of the full (Fig. 5 a—
241 c) and summer-deficit irrigation treatments (Fig. 5 d-f), for each year, 2020, 2021, and 2022. For the case of
242  winter flooding after the full irrigation treatment, the soil moisture content was almost uniform along the soil
243  depth where it ranged from 0.270 cm? cm™ (at the top), to 0.280 cm?® cm™ (at the bottom), from 0.300 cm?
244  cm? (at the top) to 0.310 cm?® cm™ (at the bottom), and from 0.258 cm® cm™ (at the top) to 0.289 cm® cm™ (at
245 the bottom) for 2020, 2021, and 2022, respectively (Fig. 7 a—c). There were considerable spatial differences
246 in the initial soil moisture values along the soil depth for the winter flooding treatments following the mid-
247 summer deficit irrigation treatment. Values range from 0.180 cm® cm™ (at the top) to 0.060 cm® cm™ (at the
248 bottom), from 0.295 cm® cm™ (at the top) to 0.059 cm? cm™ (at the bottom), and from 0.298 cm?® cm™ (at the
249 top) to 0.059 cm’ cm™ (at the bottom) for the year 2020, 2021, and 2022, respectively (Fig. 7 d—f).
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250  Fig. 7 Initial soil moisture contents (cm® cm™) at the beginning of the winter flooding along the soil profile (black lines

251  are the edges between a smoothed colored scale of v) for the winter flooding seasons of (a) 2020, (b) 2021, (¢) 2022,
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following full irrigation treatment in summer and the winter flooding seasons of (d) 2020, (e) 2021, and (f) 2022,
following mid-summer deficit irrigation treatments

2.3.3. Soil and root water uptake parameters

Soil hydraulic parameters are required to be assigned in HYDRUS for the selected material either using
the van Genuchten—-Mualem relationships (van Genuchten, 1980) for the predefined soil types or using the
neural network prediction functions. Table 2 shows the soil hydraulic parameters, and root distribution
parameters in addition to Feddes’ parameters used for the model simulation where a, n, and / in HYDRUS
are considered to be merely empirical coefficients affecting the shape of the hydraulic functions. Root
distribution directly affects the water uptake and therefore the soil-moisture distribution (Hao et al., 2005).
Although crop water requirements were relatively small during the winter (evapotranspiration, ET, is
relatively small in winter and during the groundwater recharge period), the variation of root distribution
parameters did not considerably affect the root water uptake, especially in winter flooding simulation. Thus,
the growth of roots was not considered during the winter flooding period, assuming that half growth is

achieved before flooding.

Table 2. Material properties for water flow, Feddes’ parameters for root water uptake, and root distribution

parameters
USDA (texture) van Genuchten retention parameters
O, [-] O, [-] a [1/cm] nl-] k, [em day™'] [[-]
Sandy loam 0.041 0.388 0.024 1.407 36.125 0.5
Feddes’ parameters for root water uptake
P, [cm] Po,, [cm] P>y [cm] P, [cm] P; [cm] oy [cm day‘]] ry [cm day"]
-10 -25 -1500 -1500 -8000 0.50 0.10
Root distribution parameters
Depth of max. Max. root Radius of max.
Max. depth ] ) ) ) . Pz Px
intensity radius intensity
100 cm 60 cm 25 cm 15 cm 1 1

Simulations were executed for the winter flooding of 2020, 2021, and 2022 (twice for each year, for the
case of full and mid-summer deficit irrigation treatments), six in total. The time variable boundary conditions
were the same for the full and deficit irrigation scenarios for each year, while the initial moisture contents
were different (previously shown in Fig. 7 a—f). Forty-three, fifty-three, and seventy-eight days were assigned
as a final time for the winter flooding season of year 2020, 2021, and 2022, respectively. A daily time
interval was assigned to differentiate the values of drainage after each flooding event (irrigation applications)
for each flooding season, separately. The following water balance components: soil water content, root water
uptake, and boundary fluxes (the variable flux at the top boundary, representing the applied winter water, and

the bottom flux for the free drainage to groundwater) were quantified within the model to estimate annual
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and seasonal effects of the winter ag-MAR and summer irrigation treatments on the overall water balance

and the amount of groundwater recharge.

2.3.4. Water Balance Calculation

A water balance model in HYDRUS 3x was used to calculate the fraction of applied winter water moving
to deep percolation or groundwater recharge which is quantified as the flux through the bottom boundary of
the domain (free drainage). Deep percolation was estimated at a daily time step. Previous research used
HYDRUS for mass balance estimates and proved its accuracy of calculations (e.g., Han er al., 2015; Tonkul
et al., 2019; Er-Raki et al., 2021). In this study, groundwater recharge (GWR) was also calculated using the
following soil water balance equation:

GWR,=1,+ P, + ET, - AS,~ R, (5)

Where [, is the amount of winter applied water (mm) at time ¢, P, is precipitation (rainfall) (mm), ET, is
actual evapotranspiration (mm), 4S the change in soil storage (mm) (dependent on the available water
capacity (AWC) of the soil), and R, is surface runoff (mm) which was considered to be negligible since all
applied water infiltrated downward (no surface runoff). For each time step, / was calculated from the
difference in flowmeter readings at the beginning and end of the flooding event divided by the application
area (check’s area). The mass balance for groundwater recharge was calculated on a daily time step based on
the change in soil water content (storage, 45) and the amount of free drainage that occurred at the bottom of
the domain (120 cm depth). Finally, the total average contributions of applied water for groundwater

recharge were calculated and compared between the three winter flooding seasons.

3. Results and Discussion
3.1. Results of Summer Treatments before Winter Flooding Treatments

Before presenting the results from HYDRUS simulations and water balance calculations of the two
different winter flooding treatments, the previous summer treatments were discussed to interpret the
difference in soil moisture and storage before winter flooding treatments (either starting the flooding or no
flooding). Table 3 summarizes the irrigation data and duration of the full and mid-summer deficit summer
treatments and how much water was saved as a result of the mid-summer deficit irrigation treatments.
Results showed that 44%, 41%, and 37% of irrigation water was saved when the mid-summer deficit

irrigation was implemented in 2019, 2020, and 2021, respectively.

Alfalfa experienced water stress during the 2019 growing season before the implementation of the mid-

summer deficit treatment in August 2019 until the day of the groundwater recharge on 19" February 2020
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while the applied water of the full treatment during summer was enough to meet the crop water requirements
of 1397 mm. The applied irrigation water during the 2020, and 2021 growing seasons up to the
implementation of mid-summer deficit irrigation treatment was adequate to meet the crop’s water
requirements, while the full irrigation treatments received more water than the actual evapotranspiration.
1019 and 1064 mm of water was applied while ET, was 1026, and 1048 mm, during the 2020, and 2021

seasons, respectively.

The applied water during the full irrigation treatments in summer (from 12" May to 2" Nov 2020, and
from 23 April to 19™ Oct 2021) was over the ET, by 698, and 641 mm, respectively. Cumulative ET, from
3" April 2020 to the date of the last irrigation event of full treatment (2™ Nov 2020) was 940 mm while from
3" April 2020 to 19" Oct 2021 was 975 mm. This means that the over-irrigation during these two summer
seasons (for the full treatment) provided water in advance which was not fully stored in the root zone and
was available for the plant for the upcoming uptake. Some water was released down below the root zone
when soil moisture was over the field capacity thus, the soil moisture content “the initial” before the
upcoming winter treatments (either flooded or without flooding) was much higher (almost equal to the field

capacity) than those following the deficit treatment in summer.
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Table 3 Summary of summer treatments data of irrigation events, duration, ET,, and % saving of irrigation

water of mid-summer deficit than full irrigation

Summer treatments

s e . % Saving of
Irrigation water Evapotranspiration, ET, e L.
irrigation water

Note Treatment . Cumulative . .
First Last . Cumulative Period
No. applied .
event event (mm) of calculation
(mm)

Full 12 10" May 30" Oct

Before winter treatments 2019 2019
of 2020 Mid-summer 10™ May 8™ Aug

Deficit 2019 2019

1397 From 1* Jan
1336 2019 to 19®
777 Feb 2020 44

] 2[}1 M 2nd
. Full 14 ay Nov
Before winter treatments 2020 2020
of 2021 Mid-summer 12" May 10" Aug
Deficit 2020 2020

1724 From 3 April
1026 2020 to 8™ Feb
1019 2021 41

Full 14 239 April 19" Oct

Before winter treatments 2021 2021
of 2022 Mid-summer 23" April  26™ Jul

Deficit 2021 2021

1689 From 3 April
1048 2021 to 19*
1064 Jan 2022 37

®  Evapotranspiration, ET, was calculated for the period between the date of the day just after the last day of applying the
previous winter flooding to the day before the first day of applying the next winter flooding in the following year.
® For ET, during summer of 2019 (before winter treatments of 2020), the starting date of the period where the

evapotranspiration was calculated was on 1* January, when there was no previous winter treatment.

3.2. Root Water uptake and cumulative fluxes

After the HYDRUS model was set up for the two summer irrigation treatments (full and mid-summer
deficit) and the winter flooding for 2020-2022, results of the spatial distribution of moisture content were first
evaluated and compared with the moisture records from the soil matric potential measurements (using the
Watermark sensors) in each plot and treatment. Winter flooding plots that were fully irrigated in the summer
before the winter recharge experiment (checks 1, 8, and 9) had high initial soil moisture contents (Fig 7 a—c:
volumetric water content ranges from 0.26 to 0.31 cm® cm™). In contrast, the previous mid-summer deficit
irrigation treatment (in checks 4, 5, and 12) had a marked effect on the initial soil moisture conditions before
imposing the winter flooding treatments (Fig 5 d—f). Thus, initial moisture content of winter flooding plots
after the mid-summer deficit was almost close to the residual moisture of the sandy loam (0.041 cm® cm?,
Fig 7 d-f).

Irrespective of the recharge or irrigation treatment, the actual root water uptake was nearly similar to the
potential root water uptake indicating the crop had no stress. The winter flooding plots received the same
amount of applied water in winter regardless of whether they were deficit or fully irrigated treatments (Table
1). The actual root water uptakes in the winter flooding—deficit irrigation treatments were similar to the

flooding treatments that were fully irrigated partially reflecting crops' semi-dormancy and overall lower
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water use, however, they fluctuated from one year to another. Root water uptakes are shown in Fig. 8 a—c for
the winter flooding (after mid-summer deficit irrigation and full irrigation treatments) for all three years
where the x-axis represents the dates of the winter seasons, and the y-axis represents the root water uptake
(mm). Generally, an upward increase in flux was observed over time during the winter flooding (towards

April) where evapotranspiration increases.
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Fig. 8 Root water uptake (cm day™) during the winter flooding (either after full or mid-summer deficit irrigation
treatments, where ET,during the two summer treatments were the same) for (a) season of 2020, (b) season of 2021,

and (c) season of 2022

Figs 9 a—c shows the cumulative root water uptake during the winter flooding season of 2020, 2021, and
2022. In all three seasons, almost all the applied water drained out of the bottom of the domain. The
cumulative root water uptake recorded 66, 85, and 89 mm during the winter flooding of years 2020, 2021,
and 2022, respectively for both the full and deficit irrigated treatments reflecting the expected minimal root
water uptake due to minimal plant growth activity, and hence large flux of water towards the groundwater
aquifer. The cumulative root water uptake was only 3.9, 4.5, and 5.3% of the cumulative applied water
during the winter flooding periods in 2020, 2021, and 2022, respectively. Cumulative applied water during
the winter flooding periods of 2020, 2021, and 2022 were 1715, 1896, and 1682 mm, respectively. In 2020,
cumulative deep percolation of applied winter water was 1537 and 1366 mm for the full and mid-summer
deficit irrigation treatments, respectively. In 2021, deep percolation of winter recharge was 1707 and 1577
mm for the full and mid-summer deficit treatments, respectively, and 1467, and 1391 mm in 2022 for the full

and mid-summer deficit treatments, respectively.
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Fig. 9 Cumulative root water uptake (mm) for (a) winter flooding season of 2020 (43 days) full/deficit (b) for winter
flooding season of 2021 (53 days) full/deficit (c) for winter flooding season of 2022 (78 days) full/deficit

3.3. Winter Flooding following Full-summer Irrigation Treatments

Free drainages (for recharging groundwater) were compared for the winter flooding seasons of 2020,
2021, and 2022 for the full irrigation treatment in summer. 2020, and 2022 have the same irrigation
frequency (one irrigation event per week), and 2021 has two irrigation events per week. The comparison
between the flooding frequency and the contribution to groundwater recharge was assessed over the three
years, then the pattern of the free drainage was compared with the applied water events for each year (Fig. 10
a—c).

When winter flooding events were more frequent, more groundwater recharge was obtained while the
total applied winter water was almost the same over the three years. Thus, the highest contribution to
groundwater recharge was obtained in 2021 which was equal to 90.1% of the applied winter water. When
one winter event per week was practiced, (for 2020, and 2022), the groundwater recharge was slightly lower,
where it counted for 89.6% and 87.2% of the applied winter water, respectively. Table 4 summarizes the

drainage and the applied water contribution to groundwater recharge for each flooding season.

Further, drainage pattern is associated with the winter events where drainage occurred after the
application of each event, which is clearly shown as a sudden increase in the graph (Fig. 10 a—c). The
number of drainage fluxes (pulses shown in Fig. 10 a—c) was equal to the number of winter irrigation events.
Ten, sixteen, and twelve drainage fluxes were obtained during the flooding of 2020, 2021, and 2022,
respectively, which are identical to the number of winter events. That means from the first applied irrigation
event, drainage was observed across the bottom boundary. This is because the initial moisture content (right
before applying the first flooding event) was close to the field capacity of the soil and this “additional water”

brings the soil moisture to levels that exceeded its saturated capacity and then drainage started to occur.
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Fig. 10 Drainage (mm) and applied water (mm) during the winter flooding (left) and the cumulative fluxes (mm) (right) after full irrigation in summer

growing seasons of (a) 2020, (b) 2021, and (c) 2022



Table 4 Applied water, groundwater recharge (in mm day™) just after each flooding event, and the percentage of groundwater recharge to the applied water during the winter

flooding seasons following full irrigation treatment during the summer of 2020, 2021, and 2022.

2020
Flooding event 2 3¢ 4 5 6" 7" gn 9 10"
Date 27Feb S5Mar 12Mar 17Mar 19Mar 23 Mar 26Mar 30Mar 2 Apr Total
No. of days (in simulation) 8 15 22 27 29 33 36 40 43
Applied water, /,(mm day™) 261 288 246 145 113 141 136 146 123 1715
GW recharge, (mm/daily avg.) 248 259 231 133 101 130 125 135 112 1537
Percentage of GW recharge (%) 95 90 94 92 89 92 92 92 91 90
2021
Flooding event 2n 31 4 5 6" 7" gn 9 10" e 12" 13" 14" 15" 16" Total
Date 12Feb 16Feb 19Feb 23Feb 26Feb 2 Mar 5 Mar 9Mar 12Mar 16Mar 19Mar 23 Mar 26Mar 30Mar 2 Apr
No. of days (in simulation) 4 8 11 14 18 22 25 29 32 36 39 43 46 50 53
Applied water, I, (mm day™) 155 142 106 131 113 119 124 120 119 119 101 104 101 121 120 1896
GW recharge, (mm/daily avg.) 150 138 101 126 102 115 118 115 115 113 84 62 80 116 112 1707
Percentage of GW recharge (%) 97 97 95 96 90 97 95 96 97 95 83 60 79 96 93 90
2022
Flooding event 2nd 3¢ 4 5 6" 7" gn ot 100 1" 120 Total
Date 27 Jan 3Feb 10Feb 17Feb 24Feb 3Mar 10Mar 17Mar 24Mar 31Mar 7 Apr
No. of days (in simulation) 8 15 22 29 36 43 50 57 64 71 78
Applied water, I, (mm day™) 190 162 126 120 156 126 138 137 148 89 138 1682
GW recharge, (mm/daily avg.) 182 140 107 101 136 119 120 120 130 32 134 1467
Perc_entage of GW recharge (%) 96 86 85 84 87 94 87 88 88 36 97 87
399

400
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3.4. Winter Flooding following Mid-Summer Deficit Irrigation Treatment

Drainage fluxes of winter flooding after the mid-summer deficit irrigation treatments in 2020, 2021,
and 2022 are shown in Fig. 11 a—c. Similar to winter flooding after the full irrigation treatment in
summer, the highest contribution to groundwater recharge occurred when winter water was more
frequent: two events per week than one event per week. The contribution of the applied winter water to
groundwater recharge was 79.6%, 83.2%, and 82.7% for years 2020, 2021, and 2022, respectively
(Table 5).

Regarding the drainage patterns for each year of flooding, it is clear that groundwater recharge did
not occur from the beginning of the winter water application (Fig. 11 a—c). The first winter flooding
event on the plots (4, 5, and 12) that were previously deficit irrigated during the summer had zero
groundwater recharge. That means soil needs one full flooding event to bring the soil water content
back to the field capacity or close to saturation. The drainage started to recharge the groundwater after
the second winter event where it contributed to 86.4%, 96.7% from the second event of winter season
of 2020, and 2022 while it counted for only 59.9% of the second water application for the frequently
flooded events (season of 2021). Interestingly, for the third application event of the winter flooding
season of 2021, the year with the more frequent applications, the contribution to groundwater recharge
increased to 96.4%, around the values of the contribution from other consequent application events.
This indicates that growers, who implement such practices, need to monitor the initial soil moisture
content before starting the first flooding event to accurately estimate how much water is needed to

bring the soil to saturation.
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Table 5 Applied water, groundwater recharge (in mm day™) after each flooding event, and the percentage of groundwater recharge to the applied water during

the winter flooding seasons following mid-summer deficit irrigation of the year 2020, 2021, and 2022.

2020
Flooding event 1 2 34 4" 50 6" 7" g gt 10"
Date 20Feb 27Feb S5Mar 12Mar 17Mar 19Mar 23 Mar 26Mar 30Mar 2 Apr Total
No. of days (in simulation) 1 8 15 22 27 29 33 36 40 43
Applied water, I, (mm day™) 116 261 288 246 145 113 141 136 146 123 1715
GW recharge, (mm/daily avg.) 0 225 232 226 124 101 120 118 118 102 1366
Percentage of GW recharge (%) 0.0 86 81 92 86 89 85 87 81 83 80
2021
Flooding event ™ 2 34 4 50 6" ™ 8" 9" 10" e 120 13" 14® 15" 16"
Date 9 Feb 12Feb 16Feb 19Feb 23Feb 26 Feb 2 Mar 5 Mar 9 Mar 12Mar 16 Mar 19Mar 23Mar 26Mar 30Mar 2 Apr Total
No. of days (in simulation) 1 4 8 11 14 18 22 25 29 32 36 39 43 46 50 53
Applied water, J,(mm day™) 101 155 142 106 131 113 119 124 120 119 119 101 104 101 121 120 1896
GW recharge, (mm/daily avg.) 0 93 137 102 125 105 109 114 111 113 112 84 62 90 111 109 1577
Percentage of GW recharge (%) 0 60 96 96 95 93 92 92 93 95 94 83 60 89 92 91 83
2022
Flooding event 1 2n 34 4 50 6" ™ 8" 9 0" e 12" Total
Date 20Jan 27 Jan 3 Feb 10Feb 17Feb 24 Feb 3 Mar 10Mar 17Mar 24 Mar 31 Mar 7 Apr
No. of days (in simulation) 1 8 15 22 29 36 43 50 57 64 71 78
Applied water, I, (mm day™) 152 190 162 126 120 156 126 138 137 148 89 138 1682
GW recharge, (mm/daily avg.) 0 184 160 110 111 143 117 135 133 147 25 126 1391
Percentage of GW recharge (%) 0.0 97 99 87 93 92 93 98 97 99 28 91 83
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3.5. Water Balance

The water balance was calculated from daily soil moisture data and compared with HYDRUS
simulation results for each winter flooding period. Table 6 summarizes these values and the
contribution of applied water to the groundwater recharge after each flooding season. The total amount
of groundwater recharge is mostly determined by the applied water through flooding events. It
accounted for 85%, 89%, and 84% during the flooding seasons of 2020, 2021, and 2022, respectively
after plots received the full irrigation treatment in summer. While for the winter flooding applied after
deficit irrigation in summer, groundwater recharge accounted for only 78%, 79%, and 76% of the total

applied water during winter flooding season of 2020, 2021, and 2022, respectively.

Since the experimental site had no significant precipitation during the flooding events and alfalfa
was semi-dormant during winter flooding with minimal growth activity resulting in evapotranspiration
amounting to 135, 150, and 186 mm during the winter flooding periods. These periods were from 20"
February to 2" April 2020, from 9" February to 2" April 2021, and from 20" January to 7" April 2022.
The total change in soil moisture (storage) during the three winter flooding seasons was considerably
high when a previous deficit irrigation treatment was applied in summer compared to the full irrigation
treatment. This indicates that initial soil moisture content was relatively low (near residual moisture
content, 0,) and more water was needed to fill soil storage in the deficit irrigated plots when applying

winter water for Ag-MAR.

Generally, rainfall did not affect the total soil moisture in the entire soil profile before start of the
winter seasons. The highest rainfall event prior to winter flooding (which started on 20™ February)
occurred on 16" January 2020 and accounted for 11 mm. A 31 mm of rainfall occurred on 28" January
2021, eleven days before the start of 2021 winter flooding season on 9" February. Small intermittent
rainfall events took place between 1* January and 19" January 2022, 2 mm in total before starting

winter flooding season of 2022 on 20" January.

The correlations between the observed values of the groundwater recharge (mm) and the calculated
values from HYDRUS simulation after each flooding event of the three flooding periods (10, 16, and
12 events in 2020, 2021, and 2022) are shown in Fig. 12 a, and b. A very good agreement between
HYDRUS results and the calculated values of groundwater recharge was obtained for the full and mid-

summer deficit irrigation scenarios with R? values of 0.91, and 0.89, respectively.



457 Table 6 Summary of the mass balance input parameters (precipitation and applied water), change in soil storage,

458  and estimated drainage (groundwater recharge) and its contribution to the applied water for the winter flooding

459 treatments after full irrigation in summer and mid-summer deficit irrigation for 2020, 2021, and 2022.
Applied Change in GW Contributi %
Yea pp Precipitati  ET, . g Contribution
Treatment water soil moisture recharge on to GW
r (mm) on (mm) (mm) (mm) (mm) (%) (from
¢ HYDRUS)
202  Flood/Full 1715 52 135 173 1459 85 90
0
Flood/ 1715 52 135 295 1337 78 80
Deficit
202  Flood/Full 1896 28 150 87 1687 89 90
1
Flood/ 1896 28 150 276 1498 79 83
Deficit
202  Flood/Full 1682 40 186 121 1415 84 87
2
Flood/ 1682 40 186 264 1272 76 83
Deficit
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461  Fig. 12 Correlation between calculated and simulated groundwater (GW) recharge (mm) for (a) winter flooding

462 after full irrigation treatment (b) winter flooding after mid-summer deficit treatment
463 4. Conclusion

464 The impact of different winter flooding and summer (full and deficit) irrigation treatments were
465 investigated to quantify the potential of using alfalfa fields for groundwater recharge (also known as
466 Ag-MAR) using field experimental data and HYDRUS-2D. The recharge was directly dependent on
467 initial soil moisture content at the beginning of each winter flooding season as well as the water

468 applied during the flooding season.

469 HYDRUS simulated recharge, root water uptake, evapotranspiration, and soil moisture dynamics

470 well during winter flooding periods. For the winter flooding treatments that followed a full irrigation
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season, groundwater recharge amounts of 1537, 1707, and 1467 mm which is equivalent to 90, 90, and
87% of the applied water were achieved in 2020, 2021, and 2022, respectively. Recharge amounts
during winter flooding following the mid-summer deficit irrigation treatment were 1366, 1577, and

1391 mm or 80, 83, and 83% of the applied water for years 2020, 2021, and 2022, respectively.

HYDRUS simulations agreed well (with R* values of 0.91, and 0.89 for winter flooding following
full irrigation treatments, and winter flooding following deficit irrigation treatments, respectively) with
calculated soil water balance estimates from field measurements. Results from this work demonstrate
the importance of considering the initial soil moisture content prior to winter flooding for groundwater
recharge as well as the benefits of starting the growing season with a full soil profile. Utilizing alfalfa
fields and existing surface irrigation infrastructure could provide enough net recharge to meet the
seasonal crop water requirements of alfalfa or other major crops in the San Joaquin Valley. While such
groundwater recharge scenarios are possible during wet years, partial implementation of such practices
could be utilized during most years when flooding events occur early in the year when most crops
including alfalfa are dormant. The findings from this work could help growers, water regulators, and
other stakeholders and policymakers in making informed decisions regarding sustainable water
resources management in the San Joaquin Valley and other basins impacted by SGMA in California as

well as other regions with similar agroecosystems.
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