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Abstract. Coupled surface-subsurface hydrologic models
are used worldwide to study historical patterns of water stor-
age and hydrologic behaviour, investigate the impact of man-
agement strategies on water resources, and quantify the im-
pact of changing climate, population, and policies. This study
presents a new hydrologic model to simulate surface and
subsurface in a physically based spatially distributed manner
by linking the popular SWAT+ and MODFLOW modelling
codes. Within this new code, SWAT+ simulates processes
in the landscape, soils, channels, and reservoirs, whereas
MODFLOW simulation groundwater processes and interac-
tion with land surface features (soil, channels, canals, reser-
voirs, tile drains). Geographic connections between SWAT+
objects and MODFLOW grid cells are established a priori
using a GIS and then read into the code to be used throughout
the simulation to map hydrologic fluxes (recharge, soil water
transfer, groundwater-channel exchange, canal seepage, tile
drainage outflow, groundwater-reservoir exchange, pumping
for irrigation) on a daily time step. The use and general ac-
curacy of the model is demonstrated for two study regions
that are subject to irrigation management: the Arkansas River
Basin in Colorado and the San Joaquin River Basin in Cal-
ifornia. An accompanying tutorial and example model data
allow for easy use of the model to other study regions. As
both SWAT+ and MODFLOW are widely used worldwide
for watershed and groundwater modelling, we expect that
this new tool can be an important asset in many water re-
sources projects.

1 Introduction

Watershed models are frequently used to assist with water
management, water policy, and assessment of future con-
ditions under changing climate, population, and land use.
These models typically focus on land surface hydrology,
streamflow, and reservoir storage and outflow. Such mod-
els include SWAT (Arnold et al., 1998) and its new ver-
sion SWAT+ (Bieger et al., 2017), VIC (Liang et al., 1994),
and HSPF (Duda et al., 2012). Although these models in-
clude subroutines for simulating groundwater storage, flow,
and discharge to streams, they are not treated in a physically
based spatially distributed manner, with groundwater flow
between aquifer sections and interactions with land surface
features (channels, soils, canals, etc.) not dependent on hy-
draulic head.

To include groundwater processes in a spatially distributed
manner while preserving the use of popular modelling codes,
watershed models have recently been linked to groundwa-
ter models, such as MODFLOW (Harbaugh, 2005; Nis-
wonger et al.,, 2011). Several codes have been developed
that link SWAT to MODFLOW, in which hydrologic fluxes
from SWAT (e.g., soil recharge) are mapped to MODFLOW
grid cells, and groundwater fluxes from MODFLOW (e.g.,
groundwater-stream exchange) are mapped to SWAT hy-
drologic response units (HRUs): Perkins and Sophocleous
(1999), Kim et al. (2008), Guzman et al. (2015), and Bai-
ley et al. (2016), with the latter used extensively world-
wide (Wang and Chen, 2021) due to it being open source
with accompanying tutorials, example datasets, and a QGIS
(QGIS Development Team, 2018) user interface for linking
the two models (Park et al., 2019). Example applications with
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the 2016 version include investigating the impact of pump-
ing on streamflow (Molina-Navarro et al., 2019; Liu et al.,
2019), assessing basin-wide water supply in managed sys-
tems (Aliyari et al., 2019; Gao et al., 2019), and quantify-
ing the impact of climate change on water resources (Chunn
et al., 2019), among many others. Other linkages include
SWAT+ and MODFLOW (Bailey et al., 2020a) and GS-
FLOW (Markstrom et al., 2008), with the latter integrating
PRMS (Precipitation-Runoff Modeling System) and MOD-
FLOW.

With the advent of SWAT+ and its growing use world-
wide, and based on the popularity of SWAT-MODFLOW,
there is a need to provide a modelling code that links SWAT+
and MODFLOW for surface-subsurface hydrologic and wa-
ter management applications. While Bailey et al. (2020a)
provided an initial version of SWAT+MODFLOW, SWAT+
has been modified extensively in the past 5 years to include
important features such as wetlands, floodplains, water allo-
cation and water rights schemes for irrigation and munici-
pal demand, and the use of decision tables to operate land
management. In addition, the linked code did not include
important features in a managed watershed, such as linking
groundwater pumping to irrigation, groundwater interactions
with canals and reservoirs, groundwater interaction with tile
drains, and groundwater transfer to soils under conditions
of a shallow water table. These features must be included
for model use in highly managed river basins. In a different
approach, Bailey et al. (2020b) developed a new groundwa-
ter flow module (gwflow) for SWAT+, which includes these
necessary linkage features for managed areas (Yimer et al.,
2023; Schulz et al., 2024). However, the model is limited to a
single-layer, unconfined aquifer, and is not suite for complex
geologic systems, which can be handled with MODFLOW.

In this paper, we introduce SWAT+MODFLOW, which
links the newest version of SWAT+ (version 61) with
MODFLOW-NWT (Niswonger et al., 2011), to create a sin-
gle executable code (Fortran). Within the code, MODFLOW
is called as a subroutine to simulate groundwater storage,
groundwater head and flow, and groundwater interactions
with soils, tile drains, channels, reservoirs, canals, and ir-
rigated fields. A key feature for managed areas is the link-
age of irrigation demand to groundwater pumping, for fields
designated as receiving irrigation water from the underlying
aquifer via a network of pumping wells. The model oper-
ates on a daily time step, with results output for water bal-
ance and spatio-temporal hydrologic fluxes. The new mod-
elling code is applied to two regions as demonstration cases:
the John Martin Reservoir watershed in the Arkansas River
Basin, Colorado; and the San Joaquin River watershed in
Central Valley, California. The models are loosely tested
against historical measurements of streamflow and ground-
water head. This paper is accompanied (https://zenodo.org/
records/14674981, last access: 15 November 2024) by a tuto-
rial document (SWAT+MODLFOW Tutorial.docx) that pro-
vides details of model theory and model input/output, and
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also the SWAT+MODFLOW compiled executable, source
code, model inputs/output files for the two study regions, and
video tutorials for model calibration, so that the model can be
applied to other study regions.

2 Methods

This section introduces the SWAT+MODFLOW modelling
code, the general method of connecting SWAT-+ objects
and MODFLOW grid cells, model inputs and output, and
model application to two study watersheds: the John Mar-
tin Reservoir watershed (JMR; 10056 km2) within the
Arkansas River Basin, Colorado, USA; and the Middle San
Joaquin-Lower Chowchilla Watershed, California (MSJ-LC;
9224 kmz) within the San Joaquin River Basin, California,
USA. Both regions have a semi-arid climate that requires ir-
rigation for crop cultivation. The JMR is an irrigated semi-
arid region, with irrigation provided by a network of pump-
ing wells and irrigation canals, with the latter diverting water
from the Arkansas River. Colorado water law treats surface
water and groundwater as a single resource, with strict water
rights governing the use of water for irrigation and domestic
use. The exchange of water between surface water (Arkansas
River, canals) and the aquifer is a major component of wa-
ter management. The MSJ-LC is within the Central Valley
of California, known for its rich agricultural history but also
recent groundwater depletion (Ojha et al., 2018; Vasco et al.,
2019; Jasechko and Perrone, 2020; Liu et al., 2022) due to
excess pumping for irrigation. Modelling theory is presented
within the context of the two study regions to facilitate un-
derstanding of modelling details.

2.1 SWAT+ theory and models

The Soil and Water Assessment Tool (SWAT; Arnold et al.,
1998) is a widely used hydrologic model for simulating hy-
drologic processes and water resources in watershed sys-
tems (e.g., Liu et al., 2021; Cao et al., 2023; Tefera et al.,
2023). SWAT is a quasi-distributed, continuous-in-time, pro-
cess based, basin-scale model that simulates hydrologic pro-
cesses at a higher spatial resolution by classifying the water-
shed into hydrologic response units (HRUs). HRUs are com-
putational units, each with distinct land use, soil, and slope
composition (Neitsch et al., 2011) within a given subbasin.
The SWAT+ model (Bieger et al., 2017), the upgraded
version of SWAT, offers improved hydrologic connections
within a watershed system. The base SWAT+ model has
the capability to simulate the movement of sediment, wa-
ter, and nutrients via a network of connected hydrologic
objects (HRUs, landscape units, aquifers, ponds, wetlands,
reservoirs, channels) in the watershed’s landscape. Users de-
termine the path by which water, nutrients, and sediment
are directed from one entity to another. The watershed is
partitioned into routing units (i.e., subbasins), which aggre-
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gate hydrographs and sediment/nutrient mass from different
HRUs and facilitate their transport over the landscape and
through the network of channels. The basic SWAT+ objects
for the two study regions are presented in Fig. 1 and Ta-
ble 1. JMR has 101 subbasins, 1324 channels, and 10611
HRUs, of which 5101 are assigned to boundaries of individ-
ual, cultivated fields. MSJ-LC has 87 subbasins, 2763 chan-
nels, and 18 821 HRUs, of which 13 349 are cultivated. The
data sources for the delineation of these objects are listed in
Table 2.

SWAT+ operates on a daily time step. For each day of
the simulation, a water balance is performed for the soil pro-
file of each HRU; for each channel segment of the chan-
nel network; for each aquifer unit of the aquifer system;
and for each pond, lake, and reservoir. Water balance cal-
culations yield daily fluxes (m®d~") and updated storage
volumes (m3) for soil water, channel water, groundwater,
and reservoir water. Contributions to the channel network,
which makes up the water yield of a watershed, include sur-
face runoff from HRUSs; soil lateral flow from HRUs; tile
drainage outflow from HRUs; groundwater discharge from
aquifer units; and point sources or diversions, for exam-
ple from wastewater treatment plants (WWTPs) or to irri-
gation canals. For the JMR model, the measured outflow
(USGS station 07130500; Arkansas River below John Mar-
tin Reservoir, CO) from John Martin Reservoir (see Fig. 1b)
is used as a point source to specify daily inflow to the
SWAT+ channel representing the reach of the Arkansas
River. For the MSJ-LC model, measured monthly outflows
in the hill areas surrounding the valley are used as point
sources to specify monthly inflow to corresponding SWAT+
channels (data accessed from https://www.sciencebase.gov/
catalog/item/61e7442ed34e3618e01cf68f, last access: Octo-
ber 2024). For both models, canal diversions are included as
negative point sources at diversion points along the Arkansas
River and San Joaquin River. In this study, when SWAT+
is linked with MODFLOW, the original aquifer module of
SWAT+- is deactivated.

2.2 MODFLOW theory and models

MODFLOW is a Fortran-based computer program that sim-
ulates the storage, head, and movement of groundwater in a
multi-dimensional aquifer system in a physically based spa-
tially distributed manner. To solve for groundwater storage,
head, and flow in a spatially distributed manner, the aquifer is
discretized into a grid of rows and columns, making up a net-
work of connected grid cells. A groundwater balance is ap-
plied to each cell, accounting for groundwater inflows (e.g.,
recharge, injection, canal seepage, lake seepage, channel
seepage), groundwater outflows (e.g., pumping, evapotran-
spiration, groundwater discharge to channels, tile drainage
outflow), and the resulting change in storage, for either un-
confined or confined conditions. The model uses Darcy’s
Law to simulate groundwater flow between neighbouring
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cells, and a set of input files to specify inflows, outflows, ini-
tial head conditions, and boundary conditions for designated
cells within the model domain. Key aquifer properties that
govern groundwater flow and storage include hydraulic con-
ductivity (K) (vertical, horizontal), specific yield (Sy) (for
unconfined aquifers), and specific storage (Ss) (for confined
aquifers). For interaction with surface or near-surface fea-
tures such as channels, lakes, and tile drains, additional re-
quired input parameters include feature elevation (e.g., chan-
nel bed elevation, channel stage), channel/lake bed conduc-
tance, and drainage material conductance. Inflow and out-
flow features are included in the model using packages, with
a separate input file for each package. Typical packages in-
clude Recharge, River, Lake, Drain, Well, Reservoir, and
ET. A full list of packages and associated instructions to
create input files is available at: https://water.usgs.gov/ogw/
modflow-nwt/MODFLOW-NWT-Guide/index.html (last ac-
cess: November 2024). Models typically are applied to the
saturated zone of aquifers. However, with the use of the
Unsaturated-Zone Package (UZF; Niswonger et al., 2006),
flow in the unsaturated zone can also be simulated.

Several MODFLOW versions are available: MODFLOW-
2005 (Harbaugh, 2005), MODFLOW-NWT (Niswonger et
al., 2011), and MODFLOW 6 (Langevin et al., 2017). For
this study, we link SWAT+ to MODFLOW-NWT, as was
done previously for SWAT-MODFLOW (Bailey et al., 2016).
A MODFLOW-NWT model was therefore constructed for
the two study regions. For both regions, we used 500 m grid
cells, resulting in 311 rows and 280 columns for JMR and
189 rows and 336 columns for MSJ-LC. For the JMR, the
aquifer boundary is the same as the watershed boundary (see
Fig. 1b), resulting in 41542 active cells. For the MSJ-LC,
only the 33012 cells within the delineation of the Central
Valley aquifer (see Fig. 1c¢ for the aquifer boundary) are ac-
tive. Both models use a single layer to represent the uncon-
fined aquifer. Deeper confined layers are not included in the
models.

The datasets used to construct the MODFLOW model for
the JMR are listed in Table 2, with ground surface elevation
(m above sea level) and geologic units shown in Fig. 2a, b.
Each grid cell is assigned a ground surface elevation and bot-
tom elevation, using the dataset of unconfined aquifer thick-
ness (Table 2); an initial value of hydraulic conductivity (K)
and specific yield (Sy) using the map of geologic units; an
elevation and conductance for tile drains if a tile drain is
present; and an initial value of groundwater head (m), based
on a spatial interpolation of measured groundwater head (m)
from a network of 10 USGS monitoring wells for the year
2000.

The data for population grid cell properties for the MSJ-
LC model are extracted from the Central Valley Hydro-
logic Model version 2 (CVHM?2) (Faunt et al., 2024; model
data available at https://www.sciencebase.gov/catalog/item/
65bd367fd34e18c6baf32758, last access: July 2024), a
MODFLOW model which spans the entire Central Valley
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Figure 1. Maps of the two study regions: (a) and (b) show the location and hydro-management details of the John Martin Reservoir
Watershed, Colorado (HUCS8 11020009); (c) and (d) show the location and hydro-management details of the Middle San Joaquin-Lower
Chowchilla Watershed, California (HUC8 18040001). Panel (c) shows the spatial extent of the Central Valley aquifer and the CVHM2
MODFLOW model. Stream gages are shown on both study region maps. NHD+ channels = stream segments from the digital stream net-
work of the United States (Moore and Dewald, 2016). For the John Martin Reservoir model, the aquifer extent is the same as the watershed
boundary.

Table 1. Watershed features and modelling objects of the two study regions. HUC8 = 8-digit watershed identifier, for watershed subbasins

within the United States.

Watershed USGS HUC8  Area (kmz) Subbasins  Channels HRUs  Fields Rows Columns
John Martin Reservoir 11020009 10056 101 1324 10611 5101 311 280
Middle San-Joaquin-Lower Chowchilla 18040001 9224 87 2763 18821 13349 189 336

aquifer region (see Fig. lc for delineation of the Central
Valley aquifer and the CVHM?2 grid). The CVHM2 model
is constructed using 1 mile grid cells (1609.3 m) for a to-
tal of 441 rows and 98 columns and runs for 702 monthly
stress periods spanning April 1961 to December 2019. The
model uses 13 layers to discretize the vertical extent of the
aquifer. Data used to populate model input include climate
(precipitation, ET, runoff from surrounding hills), pumping
(agricultural, rural, municipal), monthly measured inflows
and river diversions, and well lithology for aquifer prop-
erties. For the MSJ-LC model used in this study, a geo-
graphic connection (intersection) was created between the
CVHM2 grid cells (1609.3 m) and the MSJ-LC grid cells
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(500 m), using GIS shape files of both grids. Using these
connections, cell values from the larger model (CVHM?2)
were mapped to the smaller “daughter” model. Variables for
mapping include time-varying boundary conditions (CHD
package), elevations (DIS package; see Fig. 2¢ for top el-
evation), aquifer properties (UPW package), municipal and
rural pumping (WELL package; re-written from the MNW2
package used in CVHM2), and initial groundwater head (m).
Agricultural pumping is simulated using the water alloca-
tion module of SWAT+-, as explained in Sect. 2.3.5. Due to
the smaller model using only a single layer, aquifer proper-
ties were averaged (weighted average for horizontal K by
layer thickness, see Fig. 2d; harmonic average for vertical
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Table 2. Datasets used in the construction of the original SWAT+ models and the gwflow inputs.

Dataset Source Resolution (m)
Field boundaries Yan and Roy (2016)
g Crop rotation USDA-NASS, CDL
5 Topographic slope USGS National Elevation Dataset 10
g Soil boundaries and properties ~ Gridded Soil Survey Geographic (Soil Survey Staff, 2014) 10
5 Land use, Land cover U.S. Geological Survey, National Land Cover Data 30
© Stream segments Moore and Dewald (2016)
: Lakes and reservoirs Moore and Dewald (2016)
é Weather Global historical climatology network; PRISM
«n Water use Dieter et al. (2018)

Discharge from facilities

Skinner and Maupin (2019)

= Geologic units Horton et al. (2017) Vector Polygons
8 - Tile drainage Valayamkunnath et al. (2020) 30
E E Aquifer thickness Shangguan et al. (2017) 250
% ~  Groundwater head U.S. Geological Survey (Bailey and Alderfer, 2022) Vector Points
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Figure 2. Maps of the two study regions showing MODFLOW details: (a) and (b) show the ground surface elevation (ma.s.l., meter above
sea level) and geologic unit for John Martin Reservoir Watershed, and (c) and (d) show the ground surface elevation (masl) and horizontal

hydraulic conductivity (m d~1) of the unconfined aquifer.

K ; weighted average for Ss) over the 13 original layers. Fig-
ure 2d shows K values whereas Fig. 2b shows geologic unit
boundaries, as the aquifer properties for the JMR model have
not yet been calibrated. Boundary cells were identified from
the spatial extent of the Central Valley aquifer within the
MSJ-LC boundary, with monthly values of groundwater head
extracted from the CVHM2 model simulation.
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2.3 Linking SWAT+ and MODFLOW
2.3.1 Model overview

SWAT+MODFLOW was developed in this study as a sin-
gle Fortran code that integrates the MODFLOW-NWT code
into the SWAT+ code (version 61.0; https://swat.tamu.edu/
software/plus/, last access: March 2024). During the SWAT+
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simulation, MODFLOW is called as a subroutine to simu-
late groundwater storage, groundwater head, and interaction
with SWAT+ hydrologic objects such as soils, channels, and
reservoirs. All calculations for SWAT+ and MODFLOW and
variable interactions occur on a daily time step. We have writ-
ten 13 new subroutines into the SWAT+ code to run MOD-
FLOW, map variables between SWAT+ objects and MOD-
FLOW grid cells, and write results to output files. Figure 3
shows a diagram summarizing the hydrologic fluxes simu-
lated by SWAT+ (blue text) and MODFLOW (yellow text)
within the SWAT-+MODFLOW code. Within the code, the
subroutines used to link SWAT+ and MODFLOW are given
the prefix “smrt” (swat-modflow-rt3d). Although this pa-
per does not report results of nutrient (nitrogen, phosphorus)
transport in groundwater using RT3D (Wei et al., 2019; Wei
and Bailey, 2021), the current code contains this functionality
and will be reported in a follow-on study. The linkage input
files and output files specific to MODFLOW also are given
the prefix “smrt”. The groundwater fluxes, the corresponding
SWAT+ objects to which they are linked, the corresponding
MODFLOW package that simulates the flux, the input file
that contains the linkage information, and the flux abbrevi-
ation used in inputs and outputs, are listed in Table 3. Tem-
poral watershed-wide groundwater fluxes (mm; normalized
by watershed area) are output on a daily, monthly, annual,
and average annual basis, using a set of output files. Spatial
(cell-by-cell) flux values (m3 d~1) are written to output files
for each month and year, for each groundwater flux. The next
sections provide details for each of the 7 fluxes listed in Ta-
ble 3. More details and file explanations are provided in Sup-
plement.

2.3.2 Recharge (soil to aquifer) and soil transfer
(aquifer to soil)

Water can be exchanged between the soil profile and the un-
confined aquifer in two directions: from the soil profile to the
aquifer, if the water table is at or below the base of the soil
profile (Fig. 4a), and from the aquifer to the soil profile, if the
water table is within any layer of the soil profile (Fig. 4b).

In the first scenario, recharge to the water table originates
from deep percolation that exits the bottom of the soil profile.
Deep percolation and recharge are first calculated for each
HRU (on a daily time step) and then transferred to the MOD-
FLOW grid cells for the Recharge package. Routing through
the vadose zone is not simulated in a physically based man-
ner, but rather using a transfer function:

Ri=[(1-¢) dp;]+[e7 PR ] (1)

where dp; is the depth (mm) of deep percolation for the cur-
rent day i, R is the recharge from the previous day (i — 1)
and the current day i, and § is the recharge delay term (days).
The term on the left is the recharge from the current day’s
deep percolation, and the term on the right is the recharge
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from the previous day’s deep percolation. The transfer func-
tion spreads out the recharge temporally, so that portions of
the deep percolation water reach the water table at different
times. Once daily recharge is calculated for each HRU, the
amount of recharge (m3 d~1) to each individual MODFLOW
cell is calculated by summing the contribution from all inter-
secting HRUs:

n
Reenn = Z Vhru,' Fhrui )

i=1

where Vi is the daily volumetric flow rate of recharge
(m> d~1) for the ith HRU connected to the grid cell, and Fppy
is the fraction of the ith HRU that is occupied by the cell.
For example, Fig. 5a shows the geographic intersection be-
tween cell 49 174 and 3 HRUs, highlighted in yellow (6908,
7011, 7012), for the JIMR model. The area of each HRU is
412200, 85500, and 234 900 m?, respectively. The overlap-
ping area between the cell and each HRU is 134 080, 39 275,
and 31211 m?, respectively, resulting in HRU fractions of
0.325, 0.460, and 0.133, respectively.

In the second scenario, in which the water table rises to
within the soil profile, the groundwater volume within the
soil profile is removed from the grid cell and transferred to
the HRU soil profile, which then is subject to soil water pro-
cesses such as plant transpiration, soil evaporation, soil lat-
eral flow, tile drainage, saturation excess flow, or recharge to
the water table. The volume of groundwater Vg, transferred
to the soil profile is:

ng = dsat - Feell - Sy 3

where dgy is the depth of soil profile saturated by the water
table (m) (i.e., the vertical distance from the water table to the
base of the soil profile), F is the area of the cell the resides
spatially in the HRU (m?), and Sy is the aquifer specific yield.
This volume is then added to the soil storage array of the soil
layers, based on the fraction of the layer that is saturated.

2.3.3 Groundwater ET

ET from the saturated zone is simulated using the EVT pack-
age of MODFLOW. Groundwater ET is calculated only if
the water table in a grid cell is above a specified elevation
Zbot (M), calculated by subtracting a specified ET extinction
depth EXDP (m) (i.e. the depth below which ET cannot oc-
cur) from the ground surface zg,f. The maximum depth of
ET that can be removed from the saturated zone is equal to
the unsatisfied ET, referred to as ET emain (mm), set equal to
the difference between the potential ET (mm) and the actual
ET (mm) simulated for each HRU soil profile for the day.
The connection between HRUs and grid cells for mapping
unsatisfied ET is the same as for mapping soil percolation to
grid cell recharge. The depth of groundwater ET (mm) re-
moved from the cell is calculated using the following linear
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Figure 3. Cross-section of watershed, showing fluxes simulated by SWAT+ and MODFLOW.

Table 3. Summary of SWAT+ connections, MODFLOW package, and input/output for each simulated groundwater flux in

SWAT+MODFLOW.
Groundwater flux SWAT+ object MODFLOW Package Input file Abbreviation
Recharge to water table HRUs Recharge smrt.hrucells rech
GW Evapotranspiration HRUs EVT smrt.hrucells gwet
GW to soil profile HRUs Recharge smrt.hrucells soil
GW-channel exchange Channels River smrt.chancells gWSW
GW pumping for irrigation ~ HRUs Well water_allocation.wro  pump
GW-canal exchange Channels River smrt.canalcells canl
GW-drain outflow Channels Drain smrt.drngcells drng
GW-reservoir exchange Reservoirs Reservoir smrt.resveells resv
relationship: the daily volumetric flow rate Q (m3d~") of exchange by
comparing the groundwater head (hgy) in the grid cell to
hi j < zbot = ETgw =0 . ) the stream stage (Msieam) in the channel. If the groundwa-
hi,j > zvot = ETGw = ETremain - (zslu:f—:zz]lft) ter head is higher than the stream stage, then groundwater

The depth of groundwater ET is multiplied by the horizontal
spatial area of the HRU to provide a volumetric flow rate in
m3 d~!, and then divided amongst the cells connected to the
HRU. This groundwater volume is removed from the grid
cell. Simulating groundwater ET occurs if the EVT package
of MODFLOW is activated.

2.3.4 Groundwater-channel exchange

Exchange of water between the aquifer and stream chan-
nels is simulated using the River package of MODFLOW.
Within the River package, Darcy’s Law is used to calculate

https://doi.org/10.5194/gmd-18-5681-2025

discharges through the channel bed into the channel. If, how-
ever, the groundwater head is lower than the stream stage,
then stream water seeps through the channel bed into the
aquifer. For these calculations, channel width (m) and simu-
lated daily channel stage (m) are provided by SWAT+ chan-
nel routines; channel bed conductivity (m d—1), channel bed
elevation (m), and channel bed thickness (m) are provided
in MODFLOW inputs; groundwater head (m) in the cell is
simulated on a daily basis; and the channel length (m) within
each grid cell is provided by a geographic intersection be-
tween SWAT+ channels and intersecting MODFLOW grid
cells (Fig. 5b; yellow cells are in connection with SWAT+

Geosci. Model Dev., 18, 5681-5697, 2025
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Figure 4. Schematics showing process of deep percolation and recharge for the condition of (a) water table disconnected from the soil profile

and (b) water table within the soil profile.

Figure 5. Maps showing spatial connections between (a) HRUs and grid cells and (b) channels and grid cells.

channels). The channel highlighted in red (channel #497) is
along the Arkansas River and is in connection with 7 grid
cells. Through an intersection routine within GIS, the length
L of the channel within each of the grid cells is 428, 532, 562,
513, 131, 525, and 119 m. The length of the channel within
the grid cell is directly proportional to the area of channel
bed in connection with the aquifer and therefore is a strong
control on the amount of water that can be transferred be-
tween the aquifer and the channel. If SWAT+- is linked with
MODFLOW, then the regular channel seepage calculation
with the channel control subroutine is not used. Therefore,
the hydraulic conductivity of channel bed sediments as listed
in the SWAT+ input files is not used.

2.3.5 Groundwater pumping for irrigation demand

For a standard SWAT+ model, the water allocation module
can be used to control water transfer between SWAT+ ob-
jects for water demand conditions, such as irrigation. Sources
of irrigation water can include channels, reservoirs, aquifers,
or unlimited (i.e., water sourced from outside the model do-
main). For the JMR model, HRUs receive irrigation water

Geosci. Model Dev., 18, 5681-5697, 2025

from channels (via canal diversions), groundwater, and un-
limited (canals that divert water upstream of the watershed
boundary, for the Fort Lyon canal). For the MSJ-LC model,
HRUs receive irrigation water from channels and ground-
water. For SWAT+MODFLOW, if the irrigation source in
the water allocation input is specified to be “aquifer”, then
MODFLOW simulates groundwater pumping to satisfy the
irrigation demand. Irrigation will occur only if sufficient
groundwater is available in the grid cell. If the irrigation de-
mand is greater than the available groundwater in the cell,
then all groundwater is removed to satisfy a portion of the
demand. Pumping can occur either (1) in a single cell, or
(2) from all grid cells connected geographically to the de-
mand HRU. This option is controlled in the water allocation
input file.

The details of the simulation of irrigation demand and ir-
rigation supply is shown in Fig. 6. Crop growth is simulated
on a daily basis given daily weather, crop type, and man-
agement operations. When soil water stress, defined as the
fraction of potential plant growth achieved due to soil water
deficit, reaches a threshold value (specified by the user), an

https://doi.org/10.5194/gmd-18-5681-2025
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irrigation demand is triggered for the target HRU. Irrigation
is then withdrawn from the specified source (channel, reser-
voir, aquifer, unlimited), conditional to the available water
volume in the source object. Multiple irrigation sources can
be specified for each demand object, with the order and de-
mand fraction specified for each source. A specified depth
(mm) of water is then applied to the field, and then subject to
a runoff ratio. For both models, the applied irrigation depth is
set to 25.4 mm (1 in.) and the soil water stress is set to 0.80.

2.3.6 Groundwater-canal exchange

Earthen irrigation canals often seep water to the under-
lying unconfined aquifer. They can also receive ground-
water if the water table is higher than the canal stage.
In SWAT+MODFLOW, this exchange is simulated using
MODFLOW’s River package. The exchange rate (m>d~')
is calculated using Darcy’s Law, for each MODFLOW grid
cell in geographic connection with an irrigation canal:

heanl — h gw )
dped

Qcanl = ApedKbed ( (5)

where Apeq =the area of the canal bed in contact with the
aquifer within the grid cell (m?)=the width of the canal
(m) - the length of the canal in the grid cell (m); Kpeq = the
hydraulic conductivity of the canal bed material (m d=b:
hcanl = the head (stage) of the canal water (m); hgyw =the
head of groundwater in the grid cell (m); and dpeg = the
thickness of the canal bed material (m).

Canal seepage is simulated for the JMR model. For the
JMR model, there are 17 canals (see Fig. 1b). When inter-
sected with the MODFLOW grid, there are 1277 grid cells
that are designated as “canal cells” (Fig. 7a), and for which
the exchange rate is calculated. The length of the canal in
the grid cell is determined from the intersection results. The
exchange rate should be calculated only when there is water
in the irrigation canal. For the JMR model, this is between
1 April and 15 October of each year. If the irrigation canal is
connected to a point source diversion, such as with the JMR
model, then calculated canal seepage is provided by the water
already diverted to the canal from the channel source. There-
fore, diverted canal water can provide both irrigation water to
fields and canal seepage to the underlying aquifer. If ground-
water discharges to the canal (i.e., groundwater head > canal
stage within the grid cell), then this volume is added to the
water diverted into the canal, which can be used for irrigation
in downstream areas within the canal command area.

2.3.7 Groundwater-drain exchange

Subsurface drains (“tiles”) are often placed in agricul-
tural landscapes to drain excess soil water and groundwa-
ter. SWAT+ has a tile drainage routine. While this rou-
tine removes excess soil water, drainage should also oc-
cur if groundwater rises to the level of the drains. This can

https://doi.org/10.5194/gmd-18-5681-2025
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be simulated in SWAT+MODFLOW using MODFLOW'’s
drain package. Within the package, groundwater head (m)
is compared to the drain elevation (m); if the head is
higher than the drain, then groundwater is removed via the
drain. With new SWAT-+MODFLOW linkage routines, this
removed groundwater is transferred to specified SWAT+H
channels for channel routing. The groundwater-drain fea-
ture for SWAT+MODFLOW is activated using the Drain
package of MODFLOW. For the JMR model, there are 814
Drain cells (Fig. 7b), as identified by the national dataset of
Valayamkunnath et al. (2020). The channel to which drainage
water is transferred was determined by proximity to the Drain
cell.

2.3.8 Groundwater-reservoir exchange

Water can be exchanged between reservoirs and an under-
lying unconfined aquifer. Within SWAT+MODFLOW, this
exchange can occur between reservoirs objects and MOD-
FLOW grid cells, using MODFLOW'’s Reservoir package.
The reservoir package uses Darcy’s Law to calculate the
transfer of water from the aquifer to the reservoir, or from
the reservoir to the aquifer, depending on their relative po-
sition. For each daily time step of the simulation, the reser-
voir stage is updated using the simulated reservoir depth of
the reservoir object. If MODFLOW is active, then the orig-
inal seepage calculation in the reservoir control subroutine
is not used. In the JMR model there are 302 MODFLOW
grid cells that are connected to reservoir objects. For each
cell, the connected reservoir object, stage (m), depth (m), hy-
draulic conductivity (m d~1), and bed thickness (m) are listed
are specified.

2.4 Summary of code, inputs, and outputs

The model inputs, model code structure, and model out-
puts are summarized in Fig. 8. Model inputs consist of
SWAT+ inputs, MODFLOW package inputs, and smrt in-
puts, with the latter containing all necessary geographic con-
nectivity (HRUs, channels, canals, reservoirs, drains) be-
tween SWAT+ objects and MODFLOW cells. Within the
code structure diagram, blue text indicates new subroutines
for SWAT+MODFLOW. “smrt_initialize” reads in all ob-
ject connections. For each daily time step, “smrt_well” is
called to determine pumping rates for MODFLOW cells,
if groundwater irrigation is specified for HRUs. During the
“command” subroutine, HRU (“hru_control”) and routing
unit (“ru_control”) calculations are first performed, followed
by “smrt_run”, which maps SWAT+- variables (recharge, un-
satisfied ET, channel stage, canal stage, reservoir stage) to
MODFLOW cells, runs MODFLOW, and then maps MOD-
FLOW variables (channel exchange, canal exchange, drain
exchange, reservoir exchange) to SWAT+ objects. Reservoir
calculations (“res_control”), point sources (“recall”), and
channel routing (“sd_channel_ control”) are then called to

Geosci. Model Dev., 18, 5681-5697, 2025
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Figure 6. Flow process within the SWAT+ code to simulate demand-driven irrigation events, for each field HRU on a daily basis. Irrigation
events are triggered by a specified water stress (COND) in the soil profile. This irrigation demand (depth of water AMOUNT - area of
field =m?) is then compared to available water storage AVAIL in the source object (channel, reservoir, or aquifer) to determine the volume
Withdraw (m3 d~!) that can be removed from the object and applied to the field as irrigation. For the aquifer, the demand is compared to
groundwater stored in the MODFLOW cell that underlies the field, to determine how much can be pumped. Finally, the irrigation water is
applied to the HRU, and runoff is calculated using the runoff ratio SURQ.

Figure 7. (a) Canal cells (green) and (b) tile drain cells (red) for the JMR model. In (a), the gray polygons indicate boundaries of cultivated

fields.

complete the daily time step. The subroutine “smrt_output”
is then called to compute and output watershed-wide ground-
water fluxes (mm) and cell-by-cell fluxes (m? d~!) to output
files.

2.5 Model simulations for the two study regions

The JMR model is run for the 2000-2008 period. As an ex-
ample of performing global sensitivity analysis, the JMR is
run with PEST++ (White et al., 2020; object-oriented code
written in C4+ that extends the algorithms of the original
PEST program) for the Morris Method. Details, a parame-
ter list, and results are provided in the accompanying tutorial
(Supplement). In the Morris Method (Morris, 1991), the in-

Geosci. Model Dev., 18, 5681-5697, 2025

fluence of a selected model parameter is assessed by quanti-
fying the ratio of the change in the simulated response (e.g.,
streamflow, groundwater head) to the change in parameter
value. This ratio is calculated for multiple base values of the
parameter, with the collection of ratios then averaged to pro-
vide an overall sensitivity index for the parameter. This pro-
cess is repeated for all selected model parameters, with the
parameters then ranked according to their sensitivity index.
Parameters with the highest index have the highest control on
model output.

Stream channel Manning’s roughness, aquifer hydraulic
conductivity, specific yield, channel bed conductivity, and
channel bed thickness control streamflow in the downstream

https://doi.org/10.5194/gmd-18-5681-2025
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Model Inputs SWAT+ Model Code Model Outputs
. main » | SWAT+
Climate # Read SWAT+ input parameters, databases Basin water balance (dy,mo.yr.aa)
Connections hyd_connect
- . HRU water balance
T E TS > » smrt_initialize (connections: HRU, canl, drng. resv)
smrt_chan_read (connections: chan) Channel water balance
Management & Land Use . ;
] time_control Reservoir water balance
£ Each daily time step:
MODFLOW-NWT wallo_control
modflow nam wallo_withdraw . » | SMRT
R Tl smrt_well (pumping rate for cells)
smrt_out_mf_balance_dy, mo, yr, aa
Main packages: bas, dis, upw, rch, riv, command
wel, chd, mnw2 hru_control smrt_out_mf_***_mo, yr
] ru_control (canl, drng. gwet, gwsw, mnw2, rech,
OpIEl R E e smrt_run resv, soil, wlag, wiwl)
SMRT smrt_conversion2mf
mf run smrt_out_mf_gwhead_mo yr
smrt.hrucells _rt S
smrt_conversion2swa
T AT TR res_control = smrt_out_mf_gwhead_obs

smrt.canalcells

smrt.resvcells

smrt.drngcells

recall
sd_channel_control

write values
smrt_output

Figure 8. Diagram showing the model inputs, basic model code structure, and model outputs for SWAT+MODFLOW. MODFLOW pack-
ages: bas = basic, dis = discretization, upw = upstream weighting (aquifer properties), rch = recharge, riv = river, wel = well, chd = constant
head boundary, mnw2 = multi-node pumping. SWAT+ code: smrt = swat-modflow-rt3d; wallo = water allocation routine; hru = hydrologic

response unit; ru = routing unit; res = reservoir; recall = point source.

portion of the Arkansas River. As an example of perform-
ing model calibration for a SWAT+MODFLOW, the JMR
model is also calibrated using PEST (Doherty, 2020) for
monthly streamflow at the two USGS streamflow gages
(Lamar, Granada) and annual groundwater head (m) at the
10 USGS monitoring wells. PEST files and results are
provided as Supplement. The MSJ-LC model is run for
the 1981-2019 period. This model is not calibrated, with
model results deemed sufficient for the purpose of presenting
the SWAT+MODFLOW code. The Nash-Sutcliff Efficiency
(NSE) factor is used to assess model performance for stream-
flow generation. Both models are analysed for water balance
and spatio-temporal land surface, channel, and groundwater
fluxes.

Model simulations are run on a desk-top computer, 13th
Gen Intel(R) Core(TM) i7-13700 2.10 GHz; with 64 GB in-
stalled RAM. Model run-times for the JMR and MSJ-LC
models are 25 and 112 min, respectively, resulting in ~ 3 min
per simulation year. If SWAT+ is run with MODFLOW, run-
times are 7 and 58 min, respectively, or ~0.8 and 1.5 min
per simulation year. Therefore, including MODFLOW for
these two regions increases model run-time by 250 % and
100 %, respectively. These increases seem to be acceptable
for model applications such as calibration, sensitivity analy-
sis, and uncertainty analysis which often require hundreds or
thousands of model runs.

https://doi.org/10.5194/gmd-18-5681-2025

3 Results and discussion

General model output is presented here to demonstrate the
correctness of the SWAT+MODFLOW code, in terms of wa-
ter balance, streamflow generation, and groundwater storage
and fluxes. As these models are not intended for use in sce-
nario analysis, a comprehensive model calibration has not
been attempted.

3.1 General water balance

Average annual hydrologic fluxes for the two study re-
gions are presented in Table 4. Both regions are semi-arid,
with annual precipitation of only 359 and 342 mmyr~! for
JMR and MSIJ-LC, respectively. Due to extensive ground-
water pumping in the MSJ-LC (127 mmyr~! for irriga-
tion as compared to 11 mmyr~! for JMR; 8 mmyr~! for
rural and municipal pumping), significant groundwater in-
flow along the model boundary (64 mm yr~!) occurs. Surface
runoff fraction (surface runoff/precipitation) is much higher
for MSJ-LC (23 %) than for JMR (6 %), whereas recharge
(3mmyr~!) is the same. Canal seepage (2mm yr~!) occurs
for JMR. For the IMR, groundwater-channel exchange oc-
curs mostly through river seepage (1 mmyr—!). Groundwa-
ter discharge (0 mm yr~!) should occur between the Lamar
and Granada gage sites, and could be forced to occur through
additional model calibration and manual parameter adjust-
ments.

Geosci. Model Dev., 18, 5681-5697, 2025
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Table 4. Average annual hydrologic fluxes for the two study re-
gions, as simulated by the SWAT+MODFLOW model.

JMRW  MSIJ-LC
Hydrologic Flux mm yr_1 mm yr_1
Precipitation 359 342
Boundary inflow 1 64
Canopy ET 92 0
Soil ET 77 31
Transpiration 216 349
Surface runoff 21 78
Soil lateral flow 0 6
Recharge 3 3
Soil Transfer 0 0
Groundwater discharge 0 0
River seepage 1 4
Groundwater irrigation 11 127
Other pumping (rural, municipal) 0 8
Canal irrigation 29 0
Canal seepage 2 0

3.2 Spatio-temporal hydrologic fluxes

Daily hydrologic fluxes (runoff, soil lateral flow, ET, ir-
rigation, recharge, pumping, canal seepage) are shown in
Fig. 9 for both models, showing seasonal patterns in ET and
groundwater pumping for irrigation. Both regions experience
declines in groundwater head (Fig. 9a, d), as more ground-
water is removed via pumping than replenished by recharge
from fields or canals. Simulated groundwater head (m) and
key groundwater fluxes (pumping, recharge, canal seepage;
all in m3d~!) for the JMR model are shown in Fig. 10
for July 2008. Locations and magnitudes are as expected.
Fig. 10a shows a 1: 1 plot of simulated vs. measured ground-
water head, for the 10 monitoring well locations. Generally,
there is good agreement, although two wells show an over-
estimation of groundwater head. These results could be im-
proved with additional calibration. Similar results are shown
for the MSJ-LC model in Fig. 11. Groundwater head (m) pat-
terns show (Fig. 11a, b) show a decline in groundwater head
in areas of pumping (Fig. 11d), with magnitudes of pump-
ing (up to > 1000 m> d~!) much higher than recharge (up to
50m> d~!). These results are also seen in the average annual
depths of fluxes (Table 4), with pumping and recharge equal
to 127 and 3 mmyr~!, respectively. When compared to an-
nual changes in measured groundwater head (m) for the San
Joaquin River Basin (Fig. 12), simulated results (Fig. 11b)
show reasonable decreases in head (0.1-1.0myr~!) in the
northeast and southwest regions of the watershed.

3.3 Streamflow

Measured and simulated monthly streamflow are shown
in Fig. 13 for the two study regions. For the Arkansas
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River within the JMR, the model replicates streamflow
well (NSE =0.89, 0.81), due to appropriate canal diversions
and groundwater-channel exchange. For the San Joaquin
River within the MSJ-LC, simulated streamflow in the
upper reaches of the river (Mendota — 11254000) does
not match measured streamflow to a reasonable degree
(NSE =—-0.31). However, simulated streamflow improves
downstream, for the Fremont (NSE=0.57) and Newman
gage sites (NSE =0.55), with the timing of peak flow and
baseflow represented correctly. Peak flow for the five ma-
jor events between 1981 and 2019 is underestimated by the
model, which could be improved with further calibration of
surface runoff in tributary watersheds.

3.4 Study limitations

The intent of this paper is not to provide calibrated mod-
els that can be used for scenario analysis. Rather, the ob-
jective is to present a new hydrologic modelling code,
SWAT+MODFLOW, which can be used to simulate all
major surface-subsurface hydrologic processes and fluxes
within a watershed system in a physically based spatially dis-
tributed manner. Therefore, although the models presented
here for the Arkansas River Basin and the San Joaquin River
Basin perform reasonably well with expected results (e.g.,
decrease in groundwater head, canal seepage, groundwa-
ter pumping for irrigation), more calibration would need to
be performed before application to scenarios such as man-
agement practices, climate, population growth, or policy
changes. Other study limitations including the following:

Vadose zone hydrology. The model, as currently coded,
does not include physically based unsaturated flow in the va-
dose zone between the bottom of the soil profile and the wa-
ter table. Rather, a transfer function is used to route deep per-
colation water temporally to the water table. This limitation
could be remedied using the Unsaturated Zone Flow (UZF)
package (Niswonger et al., 2006), which could receive soil
deep percolation as input and then route water through the
vadose zone to the water table. This can be explored in later
studies.

Confined aquifers. The models presented herein contain
only unconfined aquifers. Although confined aquifers or
aquifer systems with multiple layers can be included in
MODFLOW, this feature was not explored in this study.

Channel-cell connections. Channel depths in SWAT+ can
vary each daily time step but are uniform across the length
of the channel. For long channels, this means that realistic
spatially-dependent channel stages are not simulated with the
model. Therefore, although groundwater head (m) can vary
for each MODFLOW grid cell, each cell connected to a chan-
nel will use the same channel stage (m) to calculate the ex-
change rate with Darcy’s Law. This limitation can be reme-
died by using short channels to delineate the stream system
in the watershed. This was attempted in this study, by using
NHD+ channel segments to represent the channel objects,
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Figure 9. Time series of daily model output. Panels (a), (b), and (c) show average head from all monitoring well locations, major hydrologic
fluxes, and major groundwater fluxes for the Joaquin River watershed; (d), (e), and (f) show groundwater volume, major hydrologic fluxes,
and major groundwater fluxes for the John Martin Reservoir watershed.
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Figure 10. Maps of simulated SWAT+MODFLOW cell-by-cell results for the John Martin Reservoir Watershed, showing (a) groundwater
head (m), (b) pumping for irrigation, (c) recharge, and (d) canal seepage for July 2008. For (a), the location of the USGS monitoring wells
is shown with black dots, and a plot of simulated vs. measured groundwater head is shown next to the head map. For (b), (¢), and (d), white
areas indicate regions where volumetric flow rates =0.
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Figure 11. Maps of simulated SWAT4+MODFLOW cell-by-cell results for the San Joaquin watershed, showing (a) groundwater head for the
year 2018 (m), (b) average yearly change in head (m) between 1981 and 2018 (positive values = decrease in head), (c) average daily recharge

for 2018, and (d) average daily irrigation pumping for 2018.
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Figure 12. Average yearly change (1981-2018) in observed
groundwater head (myr_l) for each USGS groundwater moni-
toring well within the San Joaquin River Basin, which contains
the study region MSJ-LC (18040001). Red =decrease in head;
Blues = increase in head.

Geosci. Model Dev., 18, 5681-5697, 2025

resulting in 1324 and 2763 channels in the JMR and MSJ-
LC models, respectively.

4 Conclusions

In this study, we present the SWAT+MODFLOW mod-
elling code, a software tool that links the SWAT+ watershed
model with the MODFLOW-NWT groundwater model, cre-
ating a single executable that can simulate surface-subsurface
hydrological processes in a watershed system. The use
of MODFLOW replaces the standard groundwater module
of SWAT+, which treats groundwater movement and in-
teraction with land surface features in a simplistic man-
ner. SWAT+ simulates land surface hydrology, soil hydrol-
ogy, and channel hydrology, whereas MODFLOW simu-
lates groundwater hydrology and the interaction between
groundwater and surface features (soils, canals, channels,
reservoirs, tile drains, irrigation pumps). The model op-
erates on a daily time step. Geographic connections be-
tween MODFLOW grid cells and SWAT+ objects (HRUs,
channels, reservoirs) are created using a GIS and then
listed in a set of input files to be read into the modelling
code and then used during each daily time step to map
variables (e.g., recharge, groundwater-channel exchange,
groundwater-canal exchange, tile drainage outflow, pumping
for irrigation) between SWAT+ and MODFLOW.

The modelling code is tested for accuracy and general ap-
plication to two watersheds in semi-arid regions: the John

https://doi.org/10.5194/gmd-18-5681-2025
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Figure 13. Monthly time series of measured and simulated streamflow at USGS streamflow gaging sites in the (a, ¢) John Martin Reservoir
watershed and the (b, d, ) San Joaquin River watershed. The gage name and USGS site are shown in red for each plot. Also, the NSE value

is shown on each plot.

Martin Reservoir (JMR) watershed in the Arkansas River
Basin, Colorado; and the Middle San Joaquin — Lower
Chowchilla (MSJ-LC) watershed in the Central Valley, Cal-
ifornia. The JMR watershed is distinguished by canal diver-
sions, canal seepage, and surface water irrigation, whereas
the MSJ-LC is distinguished by groundwater pumping for ir-
rigation and resulting groundwater depletion. Model results
are tested against monthly streamflow (m> s~ ') at gaging sta-
tion locations and annual groundwater head (m) at monitor-
ing well locations, to demonstrate the model’s capability in
replicating historical hydrologic conditions to a reasonable
degree. Further calibration can be performed if the models
are to be used for scenario analysis.

The new SWAT+MODFLOW modelling code can be a
helpful resource to researchers, engineers, and policy makers
in studying water storage and movement and watersheds, and
the impact of management practices, policies, and climate on
surface water supply and groundwater supply in a physically
based manner. As both SWAT+ and MODFLOW are widely
used worldwide for watershed and groundwater modelling,
we expect that this new tool can be an important asset in
many water resources projects.

Code and data availability. Source code of SWAT-+MODFLOW,
model files for the two study regions, video tutorials for using
PEST calibration software, and the SWAT+MODFLOW tutorial
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document are available at https://doi.org/10.5281/zenodo.14674981
(Bailey, 2025).
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Author contributions. RB wrote the linkage code, imbedded the
MODFLOW code into SWAT+, created MODFLOW inputs, and
supervised the model simulations; SA performed model calibration;
JG developed the SWAT+ code; MW constructed the SWAT+ mod-
els.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors. Also, please note that this paper has not re-
ceived English language copy-editing. Views expressed in the text
are those of the authors and do not necessarily reflect the views of
the publisher.

Geosci. Model Dev., 18, 5681-5697, 2025


https://doi.org/10.5281/zenodo.14674981
https://doi.org/10.5194/gmd-18-5681-2025-supplement

5696

Financial support. This research has been supported by the U.S.
Department of Agriculture (grant nos. 59-3098-8-002 and 59-3098-
2-001).

Review statement. This paper was edited by Charles Onyutha and
reviewed by Gerrit H. de Rooij and Kerry Callaghan.

References

Aliyari, F.,, Bailey, R. T., Tasdighi, A., Dozier, A., Arabi, M., and
Zeiler, K.: Coupled SWAT-MODFLOW model for large-scale
mixed agro-urban river basins, Environ. Modell. Softw., 115,
200-210, https://doi.org/10.1016/j.envsoft.2019.02.014, 2019.

Arnold, J. G., Srinivasan, R., Muttiah, R. S., and Williams, J. R.:
Large Area Hydrologic Model Development and Assessment
Part 1: Model Development, J. Am. Wat. Resour. As., 34, 73—
89, https://doi.org/10.1111/j.1752-1688.1998.tb05961.x, 1998.

Bailey, R.: SWAT+MODFLOW model: code and
example models, Zenodo [data set and code],
https://doi.org/10.5281/zenodo.14674981, 2025.

Bailey, R. and Alderfer, C.: Groundwater Data in Unconfined
Aquifers — conterminous United States, Collection, figshare,
https://doi.org/10.6084/m9.figshare.c.5918738.v2, 2022.

Bailey, R. T., Wible, T. C., Arabi, M., Records, R. M., and
Ditty, J.: Assessing regional-scale spatio-temporal patterns
of groundwater—surface water interactions using a coupled
SWAT-MODFLOW model, Hydrol. Process., 30, 44204433,
https://doi.org/10.1002/hyp.10933, 2016.

Bailey, R. T., Park, S., Bieger, K., Armold, J. G., and
Allen, P. M.: Enhancing SWAT+ simulation of groundwa-
ter flow and groundwater-surface water interactions using
MODFLOW routines, Environ. Modell. Softw., 126, 104660,
https://doi.org/10.1016/j.envsoft.2020.104660, 2020a.

Bailey, R. T., Bieger, K., Arnold, J. G., and Bosch, D.
D.: A new physically-based spatially-distributed ground-
water flow module for SWAT+, Hydrology, 7, 75,
https://doi.org/10.3390/hydrology7040075, 2020b.

Bieger, K., Arnold, J. G., Rathjens, H., White, M. J., Bosch, D.
D., Allen, P. M., Volk, M., and Srinivasan, R.: Introduction to
SWAT+, a completely restructured version of the soil and wa-
ter assessment tool, J. Am. Water Resour. As., 53, 115-130,
https://doi.org/10.1111/1752-1688.12482, 2017.

Cao, K., Liu, X., Fu, Q., Wang, Y., Liu, D., Li, T., and Li,
M.: Dynamic and harmonious allocation of irrigation wa-
ter resources under climate change: A SWAT-based multi-
objective nonlinear framework, Sci. Total Environ., 905, 167221,
https://doi.org/10.1016/j.scitotenv.2023.167221, 2023.

Chunn, D., Faramarzi, M., Smerdon, B., and Alessi, D. S.: Appli-
cation of an integrated SWAT-MODFLOW model to evaluate
potential impacts of climate change and water withdrawals on
groundwater—surface water interactions in West-Central Alberta,
Water, 11, 110, https://doi.org/10.3390/w11010110, 2019.

Dieter, C. A., Maupin, M. A., Caldwell, R. R., Harris, M. A., Ivah-
nenko, T. L., Lovelace, J. K., Barber, N. L., and Linsey, K. S.:
Estimated use of water in the United States in 2015, in: Circular,
Report 1441, Reston, VA, 76, https://doi.org/10.3133/cir1441,
2018.

Geosci. Model Dev., 18, 5681-5697, 2025

R. T. Bailey et al.: SWAT4+MODFLOW

Doherty, J.: PEST, Model-independent Parameter Estimation: User
Manual, 7th edn., Watermark Numerical Computing, Brisbane,
Australia, 3338-3349, 2020.

Duda, P. B., Hummel, P. R., Donigian Jr., A. S., and Imhoff, J.
C.: BASINS/HSPF: Model use, calibration, and validation, T.
ASABE, 55, 1523-1547, https://doi.org/10.13031/2013.42261,
2012.

Faunt, C. C., Traum, J. A., Boyce, S. E., Seymour, W. A.,
Jachens, E. R., Brandt, J. T., Sneed, M., Bond, S., and
Marcelli, M. F.: Groundwater Sustainability and Land Sub-
sidence in California’s Central Valley, Water, 16, 1189,
https://doi.org/10.3390/w16081189, 2024.

Gao, F, Feng, G., Han, M., Dash, P., Jenkins, J., and Liu, C.: As-
sessment of surface water resources in the big sunflower river
watershed using coupled SWAT-MODFLOW model, Water, 11,
528, https://doi.org/10.3390/w11030528, 2019.

Guzman, J. A., Moriasi, D. N., Gowda, P. H., Steiner,
J. L., Starks, P. J., Arnold, J. G., and Srinivasan, R.:
A model integration framework for linking SWAT and
MODFLOW, Environ. Modell. Softw., 73, 103-116,
https://doi.org/10.1016/j.envsoft.2015.08.011, 2015.

Harbaugh, A. W.: MODFLOW-2005, the US Geological Sur-
vey modular ground-water model: the ground-water flow pro-
cess (Vol. 6), US Department of the Interior, US Geological Sur-
vey, Reston, VA, USA, 6, A16, 2005.

Horton, J. D., San Juan, C. A., and Stoeser, D .B.: The state ge-
ologic map compilation (SGMC) geodatabase of the contermi-
nous United States: US Geol. Surv., No. 1052, Data Series 1052,
46 pp., https://doi.org/10.3133/ds1052, 2017.

Jasechko, S. and Perrone, D.: California’s Central Valley ground-
water wells run dry during recent drought, Earth’s Future, 8,
€2019EF001339, https://doi.org/10.1029/2019EF001339, 2020.

Kim, N. W. Chung, I. M., Won, Y. S., and Arnold,
J. G.: Development and application of the integrated
SWAT-MODFLOW  model, J. Hydrol, 356, 1-16,
https://doi.org/10.1016/j.jhydrol.2008.02.024, 2008.

Langevin, C. D., Hughes, J. D., Banta, E. R., Niswonger, R. G., Pan-
day, S., and Provost, A. M.: Documentation for the MODFLOW
6 groundwater flow model, No. 6-A55, US Geological Survey,
https://doi.org/10.3133/tm6ASS, 2017.

Liang, X., Lettenmaier, D. P., Wood, E. F., and Burges, S. J.: A sim-
ple hydrologically based model of land surface water and energy
fluxes for general circulation models, J. Geophys. Res.-Atmos.,
99, 14415-14428, https://doi.org/10.1029/94JD00483, 1994.

Liu, P. W., Famiglietti, J. S., Purdy, A. J., Adams, K. H., McEvoy,
A. L., Reager, J. T., Bindlish, R., Wiese, D. N., David, C. H., and
Rodell, M.: Groundwater depletion in California’s Central Val-
ley accelerates during megadrought, Nat. Commun., 13, 7825,
https://doi.org/10.1038/s41467-022-35582-x, 2022.

Liu, W, Park, S., Bailey, R. T., Molina-Navarro, E., Andersen, H.
E., Thodsen, H., Nielsen, A., Jeppesen, E., Jensen, J. S., Jensen,
J. B., and Trolle, D.: Comparing SWAT with SWAT-MODFLOW
hydrological simulations when assessing the impacts of ground-
water abstractions for irrigation and drinking water, Hydrol.
Earth Syst. Sci. Discuss. [preprint], https://doi.org/10.5194/hess-
2019-232, 2019.

Liu, Z., Herman, J. D., Huang, G., Kadir, T., and Dahlke, H. E.:
Identifying climate change impacts on surface water supply in

https://doi.org/10.5194/gmd-18-5681-2025


https://doi.org/10.1016/j.envsoft.2019.02.014
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x
https://doi.org/10.5281/zenodo.14674981
https://doi.org/10.6084/m9.figshare.c.5918738.v2
https://doi.org/10.1002/hyp.10933
https://doi.org/10.1016/j.envsoft.2020.104660
https://doi.org/10.3390/hydrology7040075
https://doi.org/10.1111/1752-1688.12482
https://doi.org/10.1016/j.scitotenv.2023.167221
https://doi.org/10.3390/w11010110
https://doi.org/10.3133/cir1441
https://doi.org/10.13031/2013.42261
https://doi.org/10.3390/w16081189
https://doi.org/10.3390/w11030528
https://doi.org/10.1016/j.envsoft.2015.08.011
https://doi.org/10.3133/ds1052
https://doi.org/10.1029/2019EF001339
https://doi.org/10.1016/j.jhydrol.2008.02.024
https://doi.org/10.3133/tm6A55
https://doi.org/10.1029/94JD00483
https://doi.org/10.1038/s41467-022-35582-x
https://doi.org/10.5194/hess-2019-232
https://doi.org/10.5194/hess-2019-232

R. T. Bailey et al.: SWAT+MODFLOW

the southern Central Valley, California, Sci. Total Environ., 759,
143429, https://doi.org/10.1016/j.scitotenv.2020.143429, 2021.

Markstrom, S. L., Niswonger, R. G., Regan, R. S., Prudic, D. E., and
Barlow, P. M.: GSFLOW-Coupled Ground-water and Surface-
water FLOW model based on the integration of the Precipitation-
Runoff Modeling System (PRMS) and the Modular Ground-
Water Flow Model (MODFLOW-2005), US Geological Sur-
vey techniques and methods, 6, 240, https://pubs.usgs.gov/tm/
tm6d1/, 2008.

Molina-Navarro, E., Bailey, R. T., Andersen, H. E., Thodsen,
H., Nielsen, A., Park, S., Jensen, J. S., Jensen, J. B., and
Trolle, D.: Comparison of abstraction scenarios simulated by
SWAT and SWAT-MODFLOW, Hydrolog. Sci. J., 64, 434-454,
https://doi.org/10.1080/02626667.2019.1590583, 2019.

Moore, R. B. and Dewald, T. G.: The Road to NHDPlus
— Advancements in Digital Stream Networks and Associ-
ated Catchments, J. Am. Water Resour. As., 52, 8§90-900,
https://doi.org/10.1111/1752-1688.12389, 2016.

Morris, M. D.: Factorial sampling plans for preliminary computa-
tional experiments, Technometrics, 33, 161-174, 1991.

Neitsch, S. L., Arnold, J. G., Kiniry, J. R., and Williams, J. R.:
Soil and water assessment tool theoretical documentation version
2009, Texas Water Resources Institute, TR-406, 2011.

Niswonger, R. G., Prudic, D. E., and Regan, R. S.: Documentation
of the Unsaturated-Zone Flow (UZF1) Package for modeling un-
saturated flow between the land surface and the water table with
MODFLOW-2005, No. 6-A19, https://doi.org/10.3133/tm6A19,
2006.

Niswonger, R. G., Panday, S., and Ibaraki, M.: MODFLOW-NWT, a
Newton formulation for MODFLOW-2005. US Geological Sur-
vey Techniques and Methods, No. 6-A37, 44, 2011.

Ojha, C., Shirzaei, M., Werth, S., Argus, D. F,, and Farr, T. G.:
Sustained groundwater loss in California’s Central Valley exacer-
bated by intense drought periods, Water Resour. Res., 54, 4449~
4460, https://doi.org/10.1029/2017WR022250, 2018.

Park, S., Nielsen, A., Bailey, R. T., Trolle, D., and Bieger, K.: A
QGIS-based graphical user interface for application and evalu-
ation of SWAT-MODFLOW models, Environ. Modell. Softw.,
111, 493-497, https://doi.org/10.1016/j.envsoft.2018.10.017,
2019.

Perkins, S. P. and Sophocleous, M.: Development of a com-
prehensive watershed model applied to study stream yield
under drought conditions, Groundwater, 37, 418-426,
https://doi.org/10.1111/j.1745-6584.1999.tb01121.x, 1999.

QGIS Development Team: QGIS Geographic Information System,
Open Source Geospatial Foundation Project, http://qgis.osgeo.
org (last access: November 2024), 2018.

Schulz, E. Y., Morrison, R. R., Bailey, R. T., Raffae, M., Arnold,
J. G., and White, M. J.: River corridor beads are impor-
tant areas of floodplain-groundwater exchange within the Col-
orado River headwaters watershed, Hydrol. Process., 38, 15282,
https://doi.org/10.1002/hyp.15282, 2024.

Shangguan, W., Hengl, T., Mendes de Jesus, J., Yuan, H.,
and Dai, Y.. Mapping the global depth to bedrock for
land surface modeling, J. Adv. Model. Earth Sy., 9, 65-88,
https://doi.org/10.1002/2016MS000686, 2017.

https://doi.org/10.5194/gmd-18-5681-2025

5697

Skinner, K. D. and Maupin, M. A.: Point-source nutrient loads to
streams of the conterminous United States, 2012, No. 1101, US
Geological Survey, https://doi.org/10.3133/ds1101, 2019.

Soil Survey Staff: Natural Resources Conservation Service, United
States Department of Agriculture, Web Soil Survey, https://
websoilsurvey.nrcs.usda.gov/ (last access: June 2021), 2014.

Tefera, G. W., Dile, Y. T., Srinivasan, R., Baker, T., and
Ray, R. L.: Hydrological modeling and scenario analysis
for water supply and water demand assessment of Addis
Ababa city, Ethiopia, J. Hydrol. Reg. Stud., 46, 101341,
https://doi.org/10.1016/j.ejrh.2023.101341, 2023.

Valayamkunnath, P., Barlage, M., Chen, F., Gochis, D. J., and
Franz, K. J.: Mapping of 30-meter resolution tile-drained crop-
lands using a geospatial modeling approach, Sci. Data, 7, 1-10,
https://doi.org/10.1038/s41597-020-00596-x, 2020.

Vasco, D. W., Farr, T. G., Jeanne, P.,, Doughty, C., and
Nico, P.: Satellite-based monitoring of groundwater deple-
tion in California’s Central Valley, Sci. Rep., 9, 16053,
doi.org/10.1038/s41598-019-52371-7, 2019.

Wang, Y. and Chen, N.: Recent progress in coupled
surface—ground water models and their potential in
watershed  hydro-biogeochemical  studies: A review,
Watershed Ecology and the Environment, 3, 17-29,
https://doi.org/10.1016/j.wsee.2021.04.001, 2021.

Wei, X. and Bailey, R. T.: Evaluating nitrate and phosphorus re-
mediation in intensively irrigated stream-aquifer systems using
a coupled flow and reactive transport model, J. Hydrol., 598,
126304, https://doi.org/10.1016/j.jhydrol.2021.126304, 2021.

Wei, X., Bailey, R. T., Records, R. M., Wible, T. C., and Arabi,
M.: Comprehensive simulation of nitrate transport in cou-
pled surface-subsurface hydrologic systems using the linked
SWAT-MODFLOW-RT3D model, Environ. Modell. Softw., 122,
104242, https://doi.org/10.1016/j.envsoft.2018.06.012, 2019.

White, J., Hunt, R., Fienen, M., and Doherty, J.: Approaches
to Highly Parameterized Inversion: PEST++ Version 5, a
Software Suite for Parameter Estimation, Uncertainty Analy-
sis, Management Optimization and Sensitivity Analysis: U.S.
Geological Survey Techniques and Methods 7C26, 52 pp.,
https://doi.org/10.3133/tm7C26, 2020.

Yan, L. and Roy, D. P.: Conterminous United States crop field size
quantification from multi-temporal Landsat data, Remote Sens.
Environ., 172, 67-86, https://doi.org/10.1016/j.rse.2015.10.034,
2016.

Yimer, E. A., Bailey, R. T., Van Schaeybroeck, B., Van De Vyver,
H., Villani, L., Nossent, J., and van Griensven, A.: Regional eval-
uation of groundwater-surface water interactions using a cou-
pled geohydrological model (SWAT+ gwflow), J. Hydrol. Reg.
Stud., 50, 101532, https://doi.org/10.1016/j.ejrh.2023.101532,
2023.

Geosci. Model Dev., 18, 5681-5697, 2025


https://doi.org/10.1016/j.scitotenv.2020.143429
https://pubs.usgs.gov/tm/tm6d1/
https://pubs.usgs.gov/tm/tm6d1/
https://doi.org/10.1080/02626667.2019.1590583
https://doi.org/10.1111/1752-1688.12389
https://doi.org/10.3133/tm6A19
https://doi.org/10.1029/2017WR022250
https://doi.org/10.1016/j.envsoft.2018.10.017
https://doi.org/10.1111/j.1745-6584.1999.tb01121.x
http://qgis.osgeo.org
http://qgis.osgeo.org
https://doi.org/10.1002/hyp.15282
https://doi.org/10.1002/2016MS000686
https://doi.org/10.3133/ds1101
https://websoilsurvey.nrcs.usda.gov/
https://websoilsurvey.nrcs.usda.gov/
https://doi.org/10.1016/j.ejrh.2023.101341
https://doi.org/10.1038/s41597-020-00596-x
https://doi.org/10.1016/j.wsee.2021.04.001
https://doi.org/10.1016/j.jhydrol.2021.126304
https://doi.org/10.1016/j.envsoft.2018.06.012
https://doi.org/10.3133/tm7C26
https://doi.org/10.1016/j.rse.2015.10.034
https://doi.org/10.1016/j.ejrh.2023.101532

	Abstract
	Introduction
	Methods
	SWAT+ theory and models
	MODFLOW theory and models
	Linking SWAT+ and MODFLOW
	Model overview
	Recharge (soil to aquifer) and soil transfer (aquifer to soil)
	Groundwater ET
	Groundwater-channel exchange
	Groundwater pumping for irrigation demand
	Groundwater-canal exchange
	Groundwater-drain exchange
	Groundwater-reservoir exchange

	Summary of code, inputs, and outputs
	Model simulations for the two study regions

	Results and discussion
	General water balance
	Spatio-temporal hydrologic fluxes
	Streamflow
	Study limitations

	Conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Financial support
	Review statement
	References

