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A conceptual root zone model to
calculate the application amount
and frequency of water available

for recharge

Francisco Flores-Lopez*, David Arrate and Mehrdad Bastani

California Department of Water Resources, Sacramento, CA, United States

Periods of extreme dry weather and extreme wet weather have stressed water
resources worldwide. California’s water management sectors face an increased
risk from climate change, and consequently the California Department of Water
Resources has investigated the benefits of using floodwater for managed aquifer
recharge (Flood-MAR). Flood-MAR requires the implementation of an integrated
surface-ground water resources approach that can address watershed hydrologic
processes from the atmosphere to the valley floor and the aquifer systems. In this
process, it was learned that there is a need to develop a root-zone model with
the capability of determining both the amount and the frequency of the applied
water at field scale using crop and soil data to avoid damaging agricultural crops.
Therefore, the following factors were considered: soil suitability, crop suitability,
and soil oxygen depletion due to the application of water available for recharge.
IDC (Integrated Demand Calculator) is a stand-alone root zone component of
the Integrated Water Flow Model (IWFM) which provides conceptual features for
simulating root zone saturation levels. We propose a simple conceptual root-zone
model to calculate the application amount and frequency of water available for
recharge through the implementation of Flood-MAR operations on agricultural
fields. The method is based on soil-land use combination, and crop saturation
tolerance considering seasonal patterns during a long-term application of water
available for recharge. The results of the conceptual root-zone model were (i)
the amount of applied water, (i) the reached saturation water content in the root
zone not exceeding 75 percent saturation to avoid inhibiting plant respiration and
growth, (iii) the potential return interval between applications for each soil-land
use combination, and (iv) the amount of applied water needed to maintain six
inches of ponding water depth in fallow land. The model proved it's a useful tool
for water management in practice where its utility is outstanding, and it provides
valuable information to guide planners, water district managers and farmers when
implementing Flood-MAR.

KEYWORDS

floodwater for managed aquifer recharge, conceptual root zone model, water
available for recharge, amount and frequency of WAFR, integrated demand calculator,
integrated water flow model

1 Introduction

Periods of extreme dry weather and extreme wet weather have stressed water resources
worldwide. Climate change is altering California’s water resources, leading to greater variability
in weather and hydrology (California Department of Water Resources (CDWR), 2022b).
Overall, all water management sectors in California face an increased risk from climate change
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and in the San Joaquin Valley, water management challenges are
intensifying. The San Joaquin Valley already faces severe water
management challenges even under current climate conditions,
including groundwater overdraft (California Department of Water
Resources (CDWR), 2022b; Faunt et al., 2016; Harter, 2015; SGMA,
2025) that is exacerbated by climate change.

The California Water Resilience Portfolio (California Department
of Water Resources (CDWR), 2020) prioritized key actions to secure
California’s water future, including opportunities to recharge and
watershed-scale climate vulnerability and adaptation assessments.
California’s Water Supply Strategy (California Department of Water
Resources (CDWR), 2022a) also emphasized the opportunities
associated with intentional groundwater recharge (i.e., managed
aquifer recharge) to harness the bounty of wet years to cope with
dry years.

The California Department of Water Resources (CADWR) in
partnership with federal, state, and local stakeholders developed the
San Joaquin Basin Flood-Managed Aquifer Recharge Watershed
Studies (California Department of Water Resources (CDWR), 2024)
to investigate the benefits of using floodwater for managed aquifer
recharge (Flood-MAR) across five watersheds located in the San
Joaquin Basin in California, USA.

Flood-MAR is an integrated and voluntary resource management
strategy that can be used to address the risks of a changed climate
condition to multiple sectors of water management including flood
risk, water supply, and ecosystems (California Department of Water
Resources (CDWR), 2018a). Flood-MAR requires the implementation
of an integrated surface-ground water resources approach that can
address watershed hydrologic processes from the atmosphere to the
valley floor and the aquifer systems. To properly analyze and integrate
these hydrologic processes, there is a need to deploy different
modeling tools. These models simulate current and past conditions
and predict future hydro-climatological conditions (California
Department of Water Resources (CDWR), 2024). In this process, it
was learned that there is a need to develop a root zone model with the
capability of determining both the amount and the frequency of the
applied water at field scale using crop and soil data.

Several models exist for simulating water flow in the root zone and
estimating groundwater recharge. It includes process-based numerical
models such as HYDRUS (Simtinek and van Genuchten, 2008), IDC
(Dogrul et al,, 2011), and SWAT (Neitsch et al., 2011), integrated
models such as MIKE SHE (Abbott et al., 1986a, 1986b) and
HydroGeoSphere (Brunner and Simmons, 2012), and hybrid models.
Each one of these platforms has their own distinct strengths and
applications depending on the scale, complexity, and objectives.

Some numerical models solve governing equations for water flow
and transport in the unsaturated and saturated zones at the watershed
scale. The first example is HYDRUS (1D/2D/3D) which solves the
Richards equation for variably saturated flow and simulates root water
uptake, evaporation, and infiltration under complex boundary
conditions (Simtnek and van Genuchten, 2008; Simtinek et al., 2016).
One illustration of Hydrus application in managed aquifer recharge
(MAR) is the model developed by Bali et al. (2023), which was used
to analyze the net recharge can be applied to alfalfa fields during
winter. Other studies also used Hydrus to implement the MAR
concept within their study area (Zhou et al., 2023; Sallwey et al., 2018).
The next example of numerical models is SWAT (Soil and Water
semi-distributed model for

Assessment Tool) which is a
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watershed-scale hydrology, including groundwater recharge. It links
recharge with land use and climate variability but has a simplified
representation of unsaturated flow (Neitsch et al., 2011; Arnold et al.,
2012). One case study of SWAT model implementation in MAR
concept is the work by Rath and Hinge (2024), which the model was
used as a tool to evaluate and identify suitable sites for MAR potential
within a river basin in Bengal. More studies utilized SWAT for
decision-making and assessment of aquifer recharge projects (Ehtiat
etal., 2018; Gyamfl et al., 2017). Another choice of numerical model
is MIKE SHE which is a fully integrated watershed-scale hydrologic
simulation model which originally derived from the SHE model
(Abbott et al., 1986a, 1986b) and couples surface, unsaturated, and
groundwater flow processes for holistic simulations. The modeling
framework developed by Martinsen et al. (2022) is a demonstration of
a regional study in China which impacts of different water resources
management strategies on MAR practices were explored using
MIKE-SHE software. The next modeling platform example is HGS
(HydroGeoSphere) which models three-dimensional water and solute
flow across surface and subsurface systems at watershed scale. It is
suitable for detailed studies involving recharge, flow paths, and
contaminant transport (Brunner and Simmons, 2012). Also, Coupled
Models have been practiced by combining physically based models
(e.g., HYDRUS for unsaturated flow) with machine learning or remote
sensing tools for parameter estimation (Yu et al., 2022; Liu et al., 2024).

On the other hand, IDC (Integrated Demand Calculator) is a
stand-alone root zone component of the Integrated Water Flow
Model (IWFM) which provides conceptual features for simulating
root zone saturation levels (Dogrul et al., 2011 and California
Department of Water Resources (CDWR), 2015b). The components
of IDC relevant to Flood-MAR include surface water flow, soil
moisture, soil percolation, and groundwater-surface water
interaction. Soil saturation and percolation rates in IDC simulates
recharge efliciency and help to determine the optimal flood levels
and timing for recharge. The IDC model also serves as a vital tool
for estimating recharge duration in agricultural flood-MAR
operations and balancing recharge potential with crop health. In this
context, understanding and controlling recharging duration is
essential for minimizing crop stress while maximizing groundwater
recharge. By simulating variables like soil saturation, drainage rates,
and root zone water retention, IDC model can simulate the water
dynamics over time, predicting when fields become saturated and
how long flood recharging persists and how frequent the recharge
event should be implemented. This is essential for determining the
acceptable recharge duration for specific crop types under
Flood-MAR projects (Ganot and Dahlke, 2021; Levintal et al., 2022).
O’'Geen et al., 2015 defined the root zone residence time (RZRT) as
the duration that the root-zone can remain saturated (or nearly
saturated) during flood or ponding events without causing
crop damage.

Effective flood-MAR requires careful planning to achieve maximum
recharge benefits without harming crops. The degree to which root zone
saturation harms agricultural crops depends on multiple factors,
including the soil type, the crop’s sensitivity to low soil oxygen levels, as
well as the timing, frequency, and duration of the saturation (Balerdi
etal., 2003). For recharge programs that use agricultural fields, the IDC
model can simulate different recharge frequencies (e.g., annual,
bi-annual) and periods (e.g., winter when crops are dormant) to identify
the most suitable times for both recharge and crop health. Specifically,
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for perennial crops, scheduling recharge events during dormant seasons
(e.g., winter) minimizes the risk of stress (Ganot and Dahlke, 2021).

We identified the need to provide a useful tool for water
management in practice and here, we propose a simple conceptual root
zone model to calculate the application amount and frequency of water
available for recharge through the implementation of Flood-MAR
operations on agricultural fields. The method is based on soil-land use
combination, and crop saturation tolerance considering seasonal
patterns during a long-term application of water available for recharge.

The objective of this manuscript is to determine the amount and
frequency of applied water using crop and soil data to avoid damaging
agricultural crops on a potential Flood-MAR implementation. Therefore,
the following factors are considered: soil suitability (O'Geen et al., 2015),
crop suitability (Dahlke et al., 2018), and soil oxygen depletion (Bachand
etal., 2019) due to the application of water available for recharge.

2 Methods
2.1 Model purpose and description

A conceptual root zone model was developed with the purpose of
calculating the amount and frequency of water available for recharge
(WAFR) that can be applied to agricultural fields based on soil water
content thresholds, crop type, physical soil parameters, and other
parameter settings. The IDC model was used and is a stand-alone root
zone component of IWEM. Developed by the California Department of
Water Resources (CDWR) (2015a), IWEM calculates agricultural and
urban water demands. Agricultural water demand is calculated based
on climate data, crop types, crop acreages, soil properties, and irrigation
methods. IDC computes applied water demands for ponded and
non-ponded crops at each defined grid cell under user-specified climatic
and irrigation management settings. For all land-use types, precipitation,
as well as applied water, if any, is routed through the root zone (Dogrul
etal., 2011; California Department of Water Resources (CDWR), 2015b).

IDC is a root zone model that utilizes methods used by irrigation
scheduling models to compute root zone flows and water demands
from the agricultural field scale level up to river basin level (Dogrul
etal., 2011). Precipitation that falls on the ground surface infiltrates into
the soil at a rate dictated by the type of ground cover, physical
characteristics of the soil and the moisture that is already available in
the soil. The portion of the precipitation that is more than the infiltration
rate generates surface flow. In IDC, this surface flow is termed as direct
runof. Irrigation of agricultural lands and urban outdoor also generates
surface flow. Surface flow due to irrigation is termed as return flows in
IDC. Part of the precipitation and irrigation evaporate before infiltrating
into the soil. Infiltration due to precipitation and irrigation replenishes
the soil moisture in the root zone which is also depleted through plant
root uptake for transpiration and additional evaporation from the top
layers of the soil. The transpiration through the plants and evaporation
from the land surface, as well as the top layers of the soil, are all
simulated as single evapotranspiration (ET) term in IDC. IDC only
addresses the moisture vertical direction flow. The moisture that stays
in the root zone through its bottom boundary is termed as deep
percolation. IDC uses the conservation equation for the soil moisture
to compute the flow terms mentioned above and to route the soil
moisture through the root zone. For each land use type at a grid cell, the
conservation equation is applied in the corresponding defined allowable
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time-step length (California Department of Water Resources (CDWR),
2015b; Dogrul et al., 2011).

IDC is an object-oriented model that consists of (i) input data files,
(i) output data files, (iii) the numerical engine that reads data from input
files, computes applied water demands, routes water through the root
zone and prints out the results to output files, and (iv) an user interface
that utilizes an ASCII text file that allows the user to define input and
output files and simulation control data for the numerical engine (Dogrul
etal., 2011; California Department of Water Resources (CDWR), 2015b).

The conceptual IDC model that was developed is a grid-cell array
with seven columns by six rows, and each grid cell has a total area of
one-acre (0.405 ha). The conceptual IDC model was set up so that each
grid cell has a specific combination of a crop type (columns) and soil
type (rows). Figure 1 shows the model’s setup, crop type, and physical
soil properties for six soil types and seven crop types. The land-use and
crop type were defined by identifying the top perennial crops from the
2018 Land IQ database (California Department of Water Resources
(CDWR), 2018a, 2018b) in the San Joaquin Valley Watershed. The top
seven land-use and perennial crop types are alfalfa, almonds, pasture,
pistachios, vineyards, walnuts, and idle (or fallow land). Idle includes
the idle land (referred to as fallow land hereafter) and the compatible
crop land that is fallow during the winter period. These crops are
potatoes and sweet potatoes, cotton, and tomatoes. In this fallow land,
flood water can be applied during the whole winter season if water flood
is available because the land is not used for agriculture. Soil type
corresponds to the six Soil Agricultural Groundwater Banking Index
(SAGBI) suitability indexes (Excellent, Good, Moderately Good,
Moderately Poor, Poor, and Very Poor) (O'Geen et al,, 2015) with
corresponding physical soil properties needed in IDC and taken from
Rawls et al., 1982. The conceptual IDC model setup is shown in Figure 1.

2.2 Conceptual IDC model assumptions

The conceptual root zone model has six fundamental assumptions
that achieve the purpose of its development. These assumptions are
described next and all assumptions have the same level of importance.

2.2.1 Assumption 1

In the summer and fall seasons, the soil moisture content starts
midway between Field Capacity (FC - amount of water remaining in
the soil after excess water has drained away, typically a few days after
irrigation or rainfall, representing the upper limit of available water
for plant uptake) and Wilting Point (WP - soil moisture level at which
plants can no longer extract sufficient water to prevent wilting and will
not recover, even when placed in a saturated atmosphere) because of
crop production and deficit irrigation practices prior to harvest. In the
winter and spring seasons, the soil profile was assumed to be at FC due
to the overlapping with the rainy season.

2.2.2 Assumption 2

The WAFR application rate was limited by the potential oxygen
decline and set at a threshold of 75 percent saturation to avoid
inhibiting plant respiration and growth (Bachand et al., 2019).

2.2.3 Assumption 3

The soil moisture content threshold of FC was established as the
threshold growers feel safe to reach before WAFR can be re-applied.
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Crop Type - . . ) Idle (Fallow
E Land 1Q 2018 Alfalfa Almonds Pasture  Pistachios Vineyard  Walnuts Land)
Root Depth (ft) 6.0 6.0 6.0 6.0 6.0 6.0
1-Acre
SAGBI Excellent .
Suitability Grid
Index Good
Moderately
Good
Moderately
Poor
Poor
Very Poor
Soil Types Properties - Rawls et. al. 1982
. - . Saturation X Lamba-Pore
SAGBI . Median  Wilting Field Effective )
o Soil Texture i K Water . Size
Suitability Ksat Point  Capacity Porosity R
Index Type (ft/day)  (%Vol) (%Vol) Content (%Vol) Distribution
(%Vol) (dimensionless)
Excellent Sand 7.94 6.4 13.7 37.6 41.7 0.69
Good Loamy Sand 3.00 7.3 15.6 38.7 40.1 0.55
Moderatel
0Geratey | sandy loam | 1.05 | 8.9 20.8 413 41.2 0.38
Good
Moderately | SandyClay | o) | 14, | 268 45.0 33.0 0.32
Poor Loam
Poor Clay Loam 0.45 16.1 33.0 47.9 39.0 0.24
Very Poor | Sandy Clay 0.37 20.4 32.8 46.5 32.1 0.22

FIGURE 1

In the top half it is shown the conceptual IDC model set up by crop type (alfalfa, almonds, pasture, pistachios, vineyards, walnuts, and idle) and soil type
(SAGBI Suitability Index Soil Types: Excellent, Good, Moderately Good, Moderately Poor, Poor, and Very Poor). In the bottom half it is shown the
corresponding physical soil properties implemented in conceptual IDC model. In the Y-axis of the top and bottom half, the soil types properties (Rawls

et al, 1982) are shown for corresponding SAGBI Suitability Index.

2.2.4 Assumption 4

Based on field experience, it was recommended that the IDC
root zone simulations be run to a depth of six feet (1.829 m) which
is typically the irrigation management depth of most mature
tree crops.

2.2.5 Assumption 5

Conceptual IDC Model assumed six inches (15.24 cm) per day of
applied water based on typical turnout capacity for 20-acre (8.094 ha)
blocks. The six inches (15.24 cm) water application volume was
derived based on field reports that irrigation flow through turnouts
is approximately five cubic feet per second (cfs) (0.142 m?/s), the
equivalent of 0.5 acre-foot per day (616.74 m® per day). A 20-acre
(8.094 ha) field will therefore accept up to six-acre inches (616.74 m®)
of water per day. Additional applied water rates of 10 and 15 cfs
(0.283 and 0.425 m*/s) were considered.

2.2.6 Assumption 6
Up to six inches (15.24 cm) of ponding depth in fallow lands. The
six inches (15.24 cm) of ponding depth reflects the maximum height
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of standing water in the field that growers can manage with small
field berms.

2.2.7 Underlaying assumptions

The conceptual IDC model was built to determine, based on the
amount of applied WAFR, crop type, physical soil properties, and
initial soil moisture content, the time it would take for the flood
water to percolate and the root zone water content to return to an
acceptable level to allow the next application of WAFR. IDC
estimates the timing of flood water to infiltrate and to reach a
specific soil moisture content threshold (i.e., field capacity) that
determines when flood water can be re-applied. This information is
transferred to the crop compatibility calendar (CCC) in the
Recharge Operation Model, which adjusts the timing for application
based on constraints of the crop life cycle (e.g., bloom, dormancy,
etc.), field operation (e.g., pruning, timing of fertilizer application),
and other practices that protect crop health and crop management.
The CCC informs the Recharge Operation Model about how much
water can be applied throughout a crop cycle on a daily time-step
Assessment Tool (GRAT), 2025).

(Groundwater Recharge
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Precipitation is taken here into account to determine the total
potential applied surface water for recharge.

2.3 Spatial and temporal model
configuration

2.3.1 Spatial configuration

The spatial configuration in IDC is defined by the “Element”
configuration file (Element. DAT) where the configuration for each
element represented in the model is defined. For the conceptual IDC
model, each element in the grid was defined by a single grid of
one-acre (0.405ha) area. Each element represents a specific
combination of crop type and soil type as described in Figure 1. The
nodal coordinate file (NodeXY. DAT) contains the node identification
number and corresponding X and Y coordinates.

2.3.2 Temporal configuration

To better represent the temporal distribution of input and output
datasets, IDC keeps track of the actual date and time of each time-step
in a simulation period. Each data entry in the input time series data file
is required to have a date and time stamp which allows IDC to retrieve
time series data correctly. This, in return, allows the user to maintain a
single set of time series input data files for applications, where the
starting and ending date and time of the simulation may change. For the
conceptual IDC model, one-day time-step length was used.

2.4 Model set-up

2.4.1 Initial soil moisture content

The conceptual IDC model was developed to determine the timing
of the re-application of WAFR based on soil types and crop types for the
fall, winter, spring and summer seasons. It is known that the water
content in the soil profile varies from season to season, so it was decided
to use different initial soil water contents depending on the seasons. An
initial soil water content of FC was assumed for winter and spring
seasons since these seasons overlapped with the rainy season. For the
summer and fall seasons when precipitation is mainly absent, the initial
soil water content assumed was halfway between WP and FC.

2.4.2 Applied water

The water applied can be defined as the total volume of WAFR
applied to agricultural fields per day independently of site suitability
(O'Geen et al., 2015), crop suitability (Dahlke et al., 2018), conveyance
or agricultural management practices associated with agricultural
crops. The depth of water per unit area and per day was defined as six
inches (15.24 cm) over five consecutive days. The volume of six inches
(15.24 cm) per acre (0.405 ha) of applied water is the result of the
turnout’s capacity to deliver water in most of the service areas at the
field scale. To input the data into the conceptual IDC model, the
“Agricultural Water Supply Requirement” data file was used with a
volume of 21,780 cubic feet (616.741 m®) per day (six inches
(15.24 cm) per day or 0.5 acre-foot (616.741 m®) per day) over the five
consecutive days. However, when the soil water content reaches the
threshold of 75 percent saturation (Bachand et al., 2019), applied
water starts decreasing to maintain the 75 percent saturation content
and avoid inhibiting plant respiration and growth.
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2.4.3 Crop evapotranspiration

Crop evapotranspiration (ETc) values for alfalfa, almonds, pasture,
pistachios, vineyards, walnuts, and soil evaporation (Okc) for fallow
land simulated were determined by the California Simulation of
Evapotranspiration of Applied Water (Cal-SIMETAW) model
(California Department of Water Resources (CDWR), 2013; Orang
etal,, 2013) on a daily time step. These Cal-SIMETAW ETc values were
validated using the Irrigation Training and Research Center (ITRC)
(2012) California Polytechnic State University Evapotranspiration
Data for the CIMIS ETo Map Zone 15 Merced (Irrigation Training and
Research Center (ITRC) (2012)). The 1998 wet year was used by
Cal-SIMETAW and ITRC to compare both datasets. A comparison of
both datasets is shown in Figure 2.

2.4.4 Land use

To simulate the application of water into agricultural fields
without having excess water or surface runoff, the conceptual IDC
model was set up to run with non-ponded routines and shifting to
ponded routines during specified days. The non-ponded routines are
used during most of the year (growing and non-growing seasons)
where the soil moisture routing in the root zone is active. During
growing and non-growing seasons, perennial crops (alfalfa, almonds,
pasture, pistachios, vineyards, and walnuts) are actively growing but
also in dormant conditions during wintertime. The shift to ponded
conditions happens during specific days that WAFR is applied to
agricultural lands. The conceptual IDC model changes to ponded
routines to route the soil moisture in the root zone where lands can
potentially get saturated or even flooded as described next.

Figure 3 shows a decision chart representation of a hydrological
year starting on October 01 and ending on September 30. The
conceptual IDC model runs with ponded routines for five consecutive
days during the fall (Oct 01-05), winter (Jan 01-05), spring (Apr
01-05), and summer (01-05) seasons when WAFR is applied. The
rest of the time the model runs with non-ponded routines. Two input
files are used to set up the non-ponded and ponded routines. The
“Non-Ponded Crop Area” file (CropAreas.dat) contains the land use
distribution of non-ponded (agricultural) crops for each element in
the simulation period. Each element associated with each crop and
soil type combination is active when there is a coefficient of one (1.0)
and non-active when there is a coefficient of zero (0.0) during each
time step in the input area file. In Figure 3 the “Non-Ponded Crop
Area” file has values of one (1.0) when WAFR is not applied. The
“Ponded Crop Area” file (RiceAreas.dat) contains the land distribution
for crops when WAEFR is applied, and agricultural fields can
potentially get flooded. Ponded routines are needed here so WAFR
can be ponded, and it does not become excess water or surface runoff
that will be drained out of the field domain. In this file, values of one
(1.0) are used for those days when WAFR is applied, and zero (0.0)
when not applied. As notice, there is an overlap of both files,
non-ponded and ponded crop areas, with one land use active with
non-ponded routines, and then there is a shift to ponded routines for
a few days allowing the applied WAFR to be ponded if needed and
then shifting back to non-ponded conditions when WAFR
stops adding.

2.4.5 Precipitation

Precipitation was not considered in the conceptual IDC model.
Precipitation is considered in the CCC of the Recharge Operation
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1998 Reference Evapotranspiration
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FIGURE 2
Cal-SIMETAW and ITRC reference evapotranspiration in inches per month (one inch per month equal to 25.4 mm per month) for the 1998 year (wet
year).
If Apr Al Flood water is applied therefore
O1to [ land use distribution with Ponded
2 Routines (1.0)
. No
ACH Flood water is applied therefore Flood water is not applied
|4 land use distribution with Ponded therefore land use distribution
Routines (1.0) with Non-Ponded Routines (1.0)
¥ No L 4
Flood water is not applied \CEll Flood water is applied therefore
therefore land use distribution | (and use distribution with Ponded
with Non-Ponded Routines (1.0) Routines (1.0)
A 4 . No
Y Clood w a ore Flood water is not applied
> i use distribt jed therefore land use distribution
Routi with Non-Ponded Routines (1.0)
No ‘
End
Flood water is not applied
therefore land use distribution (Sep30)
with Non-Ponded Routines (1.0)
FIGURE 3

Decision chart representation of a hydrological year (Oct 01 to Sep 30) with implementation of non-ponded routines and ponded routines for soil

moisture routing in the root zone.
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Model (Groundwater Recharge Assessment Tool (GRAT), 2025)
where precipitation is subtracted from the daily total applied WAFR.

3 Results and discussion

3.1 Model output files

The conceptual IDC model produces several optional output files.
In the “Root Zone Component Main” file (ROOTZONE_MAIN.dat),
the user can specify file names to which soil moisture, land, and water
use budgets are printed. These files are created in binary format for
run-time efficiency and to save computer storage space. A post-
processing tool (Budget) which is available for downloading from the
IDC web site is required to process these binary files and create tables
in ASCII text file format. Additionally, IDC generates an end-of-
simulation moisture content output file that is already in ASCII text
format. This file lists soil moisture for each land-use type at each
element in the modeling domain (Budget\RootZone.hdf), and it is the
output file that was used here to extract IDC results.

The root zone soil moisture file is post-processed in Microsoft
Excel using an Add-in tool developed to quickly import data from
IDC Budget file into Excel. The root zone soil moisture output file
which has units of volume for each land-use type at each element is

10.3389/frwa.2025.1554774

then processed in Microsoft Excel to get outputs in units of length
(inches) per unit area needed in CCC of the Recharge Operation
Model (Groundwater Recharge Assessment Tool (GRAT), 2025). This
file is a simulation result and has IDC results for each combination of
crop type and soil type.

3.2 Model results

Conceptual IDC model result for the almonds crop model with
a Moderately Good SAGBI suitability index soil type and five cfs
(0.142 m?/s) of applied water is shown in Figure 4. In this example,
six inches (15.24 cm) of applied water over one acre (0.405 ha) field
per day (equivalent to five cfs (0.142 m?/s)) are applied over five
consecutive days (dark blue line) which corresponds to the inputs in
the The outputs
evapotranspiration (dash-green line) and the percolation (marron

soil moisture mass balance. are crop
line). The percolation starts at zero on day one and reaches almost six
inches (15.24 cm) per day by day five and then gradually decreases
over time, eventually returning to zero. The potential return interval
(period defined by the end of applied water and when water can
be re-applied when ending storage reaches field capacity) between
applications is twenty days. It is determined when applied water stops

(Day 5) and when the field capacity moisture content threshold is

35 0.00
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FIGURE 4

in the conceptual root zone model.
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Example of the Conceptual IDC model Results for an Almonds Crop Model with a Moderately Good SAGBI Suitability Index Soil Type and six inches
(15.24 cm) per day (five cfs or 0.142 m?/s) of applied water. Six inches (15.24 cm) of water are applied over five (1 to 5) consecutive days (blue line)
resulting in percolation (red line) that increases over time reaching a peak by day five. On day six, applied water stops and the percolation rate starts to
decrease over time. The initial water soil content (light blue line) for winter time is field capacity since it is the rainy season and it is safe to assume that
soils are wet. The ending storage increases over time from day one to day five reaching the highest soil water content on day five, then the ending
storage decreases over time since there is not more applied water. Crop evapotranspiration (dash line) occurs and it is variable each day depending on
climatological conditions. Applied water is an input, percolation and Crop evapotranspiration are outputs, and ending storage is the change in storage
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reached (Day 25). In this conceptual IDC model results for almonds,
the root zone moisture content (ending storage or magenta line)
starts at field capacity because it is winter season (January) on day
one, reaches almost 3/4 saturation by day five when applied water
stops and starts decreasing gradually. This is the change in storage in
the soil moisture mass balance.

By running the conceptual IDC model and by applying water
until the peak soil moisture threshold is reached, average seasonal
evapotranspiration and percolation determine how long it would take
to reach the field capacity moisture content threshold, so water can
be re-applied. The reapplying interval is defined by the physical soil
type the
evapotranspiration rate. Figure 5 shows an example for the Almonds

properties and specific  climate-driven  crop
crop where six inches (15.24 cm) of water depth (five cfs or
0.142 m*/s) of applied water is applied over five consecutive days
during the four seasons: fall (October 1-5), winter (January 1-5),
spring (April 1-5), and summer (July 1-5).

Figure 5 shows that if six inches (15.24 cm) of water depth
(equivalent to five cfs or 0.142 m?/s) are applied over five consecutive
days, the soil moisture content by day five is almost 3/4 saturation
(equivalent to 24.7 inches or 62.7 cm) for the six feet (1.829 m) depth
soil profile. At the end of day-five applied water stops. During summer
(July), the ending soil moisture content takes approximately 10 days
to drain down to reach the field capacity threshold (orange line).
During winter (January), the ending soil moisture content takes about
20 days to drain down to reach the field capacity threshold (red line).
Spring and fall season intervals are between summer and winter. This

interval between when the applied water stops and when the ending

10.3389/frwa.2025.1554774

soil moisture content reaches field capacity threshold is the potential
return interval between applications (see Figure 4).

The potential return interval between applications is used to
define the “black-out period” in the CCC of the Recharge Operation
Model (Groundwater Recharge Assessment Tool (GRAT), 2025)
which is when no additional WAFR is applied to agricultural fields.
This black-out period used in the model may be longer than actual
practice by farmers who may desire to reapply water or take some risk
applying water if WAFR is available. A conservative black-out period
can be used in the recharge operation model to avoid overestimating
potential recharge although it may result in missing the opportunity
to capture more available WAFR (Groundwater Recharge Assessment
Tool (GRAT), 2025).

Table 1 shows the potential return interval in days between water
applications by crop types (alfalfa, almonds, pasture, pistachios,
vineyards, and walnuts) and soil types (SAGBI Suitability Index Soil
Types: Excellent, Good, Moderately Good, Moderately Poor, Poor, and
Very Poor). When applied water stops, the ending soil moisture
content may reach 3/4 saturation or less depending on the SAGBI soil
type, and from there, the soil moisture content will drain down until
reaching field capacity. The shortest potential return interval is for the
Excellent SAGBI soil type as expected. The potential return interval
increases gradually for Good, and Moderately Good. However, for
Moderately Poor, Poor and Very Poor return intervals get shorter
compared to the Moderately Good SAGBI soil type. This is due to the
field capacity parameters (Rawls et al., 1982) where sandy type soils
have greater field capacity parameters than clay type soils (see
Figure 1), thus in the sandy soil types the field capacity threshold is

Depth
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TABLE 1 Potential return interval in days for applied water by crops (alfalfa, almonds, pasture, pistachios, vineyards, and walnuts) and soil types (SAGBI
Suitability Index Soil Types: Excellent, Good, Moderately Good, Moderately Poor, Poor, and Very Poor).

SAGBI Soil Type Seasons Alfalfa Almonds Pasture Pistachios Vineyard Walnuts
Excellent Fall (Oct) 8 8 8 8 9 8
Winter (Jan) 9 9 9 9 9 9
Spring (Apr) 8 8 8 8 8 8
Summer (Jul) 7 7 7 7 7 7
Good Fall (Oct) 17 20 18 23 23 19
Winter (Jan) 20 20 22 20 20 20
Spring (Apr) 15 16 16 17 17 16
Summer (Jul) 13 12 13 13 13 12
Moderately Good Fall (Oct) 27 40 30 41 42 40
Winter (Jan) 33 33 38 33 33 33
Spring (Apr) 22 24 24 26 25 25
Summer (Jul) 18 16 18 18 19 16
Moderately Poor Fall (Oct) 31 39 30 41 41 39
Winter (Jan) 27 33 38 33 33 33
Spring (Apr) 19 24 24 26 25 25
Summer (Jul) 18 16 18 18 19 16
Poor Fall (Oct) 19 23 20 26 27 23
Winter (Jan) 23 22 24 23 23 23
Spring (Apr) 17 18 18 19 18 18
Summer (Jul) 14 12 14 14 14 13
Very Poor Fall (Oct) 20 25 21 28 29 24
Winter (Jan) 24 24 26 24 24 24
Spring (Apr) 17 18 18 14 19 18
Summer (Jul) 13 12 14 14 14 13

The potential return interval between applications is determined between the day that applied water stops and when the field capacity moisture content threshold is reached.

reached sooner. Since Flood-MAR is a multi-benefit approach
(California Department of Water Resources (CDWR), 2018a) all six
SAGBI soil types are used. The Excellent, Good, and Moderately Good
SAGBI soil types have a high infiltration rate, so they are used to
achieve maximum recharge benefits mainly on farm recharge
programs. Any applied WAFR will infiltrate and eventually percolate
quickly making these soil types ideal for Flood-MAR. The Moderately
Poor, Poor and Very Poor SAGBI soil types are used to create
shorebird habitat where a field must be continuously inundated for
30 days with 2 inches (5.08 cm) of ponding.

Results for the conceptual IDC model also include the total
applied water in units of length (inches) over five consecutive days (six
inches (15.24 cm) per day equivalent to 5 cfs or 0.142 m?/s) and
corresponding reached saturation water content in the root zone
profile. In sandy soil types such as Excellent and Good SABGI soil
types, a total of 30 inches (76.2 cm) of water is applied (color bars in
Figure 6), and the reached saturation water content is 40.5 percent for
Excellent SAGBI soil type and almost 60 percent for Good SAGBI soil
type (see dash-black line in Figure 6). As the sand content starts
decreasing and the amount of loam and clay increases, the total
amount of applied water decreases as expected. The amount of applied
water is about 29 inches (73.66 cm) for the Moderately Good SAGBI
soil type and it goes down gradually up to 15 inches (38.1 cm) in the

Frontiers in Water 09

Very Poor SAGBI soil type (color bars in Figure 6). The saturation
water content in the Moderately Good, Moderately Poor, Poor and
Very Poor SAGBI soil types stay around 75 percent saturation (dash-
black line in Figure 6).

A comparison of the conceptual IDC model results against other
tools such as the one developed by Ganot and Dahlke (2021) indicates
that the recommended conceptual IDC model identified values are in
the range of other scientific research results. For example, Ganot and
Dahlke (2021) calculated the Ag-MAR flood duration for grapevine
assuming an effective root depth of 1-meter (3.28 feet) in a fine sandy
loan soil using the RZRT learning tool, and a saturation tolerance of
7-days. The water application duration for Ag-MAR was 6-days and a
total water applied of 2.7-meters (8.9 feet). In the conceptual IDC
model for vineyard on sandy loam (moderately good SAGBI soil type)
with a root depth of six feet (1.83 m), the total applied water over five
consecutive days is 27-inches (0.69 m) in winter time and 29-inches
(0.74 m) during summer time. Conceptual IDC model results are
conservative respect to Ganot and Dahlke (2021) since the total
applied water does not exceed the 75 percent saturation while Ganot
and Dahlke (2021) saturate the root depth of 1-meter (3.28 feet). This
explains the difference in total applied water.

Conceptual IDC model results for fallow land are shown in
Figure 7. For Excellent and Good SAGBI soil types up to ninety
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Applied water exclusively on Idle (fallow land) in all SAGBI soil types (primary Y-axis) and corresponding reached ponding depth (secondary Y-axis).
Applied water delivery was 18 inches (45.72 cm) per day of water depth (15 cfs or 0425 m?/s) over 5 consecutive days.

inches (2.29 m) of water (color bars in Figure 7) can be applied (18
inches (45.7 cm) per day of water depth (15 cfs or 0.425 m¥/s).
However, no ponding depth can be achieved with this amount of
applied water (see black line in Figure 7). This is due to the high
content of sand in these corresponding soil types, and it is held up
by the physical soil parameters in Figure 1. For Moderately Good,
Moderately Poor, Poor, and Very Poor SAGBI soil types a ponding
depth of six inches (15.24 cm) is reached (see dash-black line in
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Figure 7) as it is defined in the model assumptions. The total applied
water on those fallow lands starts decreasing from 79 inches
(2.01 m) in the Moderately Good to 38 inches (96.5 cm) over five
consecutive days in the Very Poor SAGBI soil type. This is the result
of higher content of loam and clay in these SAGBI soil types and it
is reflected in the physical soil parameters that characterized these
SAGBI soil types (see Figure 1). The six inches (15.24 cm) of
ponding depth reflects the maximum height of standing water in
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the fallow land fields that growers can manage with small
field berms.

All conceptual IDC model results are used by the crop compatibility
calendar in the Recharge Operation Model (Groundwater Recharge
Assessment Tool (GRAT), 2025). CCC is a daily schedule that
determines how many units of length (inches) of water can be safely
applied to each soil-land use combination per day without reducing
crop yields. The CCC adjusts the timing for application based on
constraints of the crop life cycle (e.g., bloom, dormancy, etc.), field
operation (e.g., pruning, timing of fertilizer application), and other
practices that protect crop health and crop management. This daily
recharge capacity is first filled with localized precipitation and then by
the WAFR that is conveyed through irrigation districts’ conveyance,
network and the field turnouts. In other words, the conceptual root-
zone model does not consider precipitation in the mass balance
calculations, however in the CCC, the daily applied water is reduced
based on the daily observed precipitation.

4 Conclusion

In this manuscript, a conceptual root zone model is proposed to
calculate the application amount and frequency of water available for
recharge when Flood-MAR is implemented. The conceptual model
uses physical soil parameters (e.g., hydraulic conductivity, saturation
water content, field capacity, wilting point thresholds, effective
porosity, and others) from Rawls et al. (1982), and the six top perennial
crops (alfalfa, almonds, pasture, pistachios, vineyard, and walnuts)
and fallow land in the San Joaquin Valley Watershed defined by the
2018 Land IQ database (California Department of Water Resources
(CDWR), 2018a, 2018b).

The conceptual root zone model proposes to apply six inches
(15.24 cm) of applied water on agricultural fields as a result of
conveyance capacity and average acre field size. The results of the
conceptual model were the amount of applied water, the reached
saturation water content in the root zone not exceeding 75 percent
saturation to avoid inhibiting plant respiration and growth, the potential
return interval between applications for each soil-land use combination
per day, and the amount of applied water needed to maintain six inches
(15.24 cm) of ponding water depth in fallow land. All this information
was used by the crop compatibility calendar in the recharge operation
model to define daily schedules based on agricultural practices and
biological constraints that ultimately determine how many units of
length (inches) of water can be safely applied to each soil-land use
combination per day without reducing crop yields.

The conceptual root zone model is a response to the need to develop
a useful tool for water management in practice. It is important to
acknowledge the limitations of this conceptual model. As it was shown,
the model is a method that provides valuable information to guide water
district managers and farmers when implementing Flood Managed
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