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Abstract: Water management strategies need to balance water security and food production,
particularly in semi-arid regions wherein irrigation is required to supplement rainfall. Irrigated
stream-aquifer systems present a unique challenge in this effort, due to complex groundwater—surface
water interactions and the high level of human intervention in managing irrigation practices.
This paper has two objectives: first, to detail a method for constructing and applying a coupled
SWAT-MODFLOW to irrigated stream—aquifer systems; and second, to use the model to quantify
the effects of decreasing irrigation on hydrological responses and crop yield. The method is applied
to a 734 km? study region in the Lower Arkansas River Valley, an alluvial valley in Colorado, USA,
which has been intensively irrigated for over 100 years and is threatened by shallow water tables.
Therefore, a reduction in applied irrigation amounts has the double benefit of conserving water and
decreasing waterlogging, given that crop yield can be maintained for food production. The results
indicate that an approximate 10% decrease in total applied irrigation water results in decreases of 6%
in surface runoff, 8% in evapotranspiration, and 4% in recharge water. It also results in an increase
of 4% in groundwater return flow to the Arkansas River, and an actual increase in groundwater
levels due to the decrease in groundwater pumping, pointing to the need for targeted irrigation
reduction strategies to decrease waterlogging occurrence. The irrigation reduction yields an average
9% decrease in corn and alfalfa yield. This modeling approach is in general transferable to other
similar irrigated river valleys.

Keywords: SWAT-MODFLOW; modeling; intensively irrigation; hydrological response; crop yield;
groundwater—surface water interactions

1. Introduction

The increasing scarcity of water is an immediate threat to the sustainable development of areas
around the world. Water resource managers faces the growing challenges of providing sustainable
water supplies while maintaining and even increasing crop productivity, all in the face of increasing
demand, limited resources, and the variation of streamflow and groundwater volumes due to short-term
human management and long-term climatic patterns [1-4]. The optimum management of available
groundwater and surface water resources is particularly difficult in irrigated stream-aquifer systems due
to the interaction between groundwater and surface water and the high degree of human intervention
in providing irrigation water to cultivated fields. Both groundwater and surface water are used for
irrigation, with recharge to the alluvial aquifer providing return flow to streams [5-9]. However, in
many regions, high water tables result in waterlogging, soil salinization, and nutrient accumulation in
the aquifer and downstream areas [10-15]. Therefore, water management strategies in these regions
must balance water conservation with crop yield while also seeking to lower groundwater levels.
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Due to the complexity in these systems, watershed-scale hydrological models have been essential
tools to capture the major hydrological processes and investigate solutions through alternative
management strategies [16-19]. Some of the commonly used models focus on land surface processes,
and include the Agricultural NonPoint Source pollution model (AGNPS [20]), the Hydrological
Simulation Program—Fortran (HSPF [21]), the Hydrologic Modeling System (HEC-HMS; [22]),
the KINematic runoff and EROSion model (KINEROS [23]), the Soil and Water Assessment Tool
(SWAT [24]), the Soil and Water Integrated Model (SWIM [25]), and the CASCade of planes in
2-Dimentions (CASC2D [26]).

SWAT, the most popular of these, is considered a promising tool for continuous simulations in
predominantly agricultural watersheds, and often is used to assess changes in water due to land use
and agricultural management practices [27-31]. For example, SWAT was used to evaluate impacts of
various dairy farming facts on land-use changes in the 3050 km? Sondu River basin in Kenya [32], and
to analyze the implementation of land management practices to improve water quantity and maintain
crop production in Central German [33]. In the Midwest United States, a study used the SWAT model
to explore the response of crop yield to climate variability and estimate crop yield under different
drought and aeration stresses conditions [34]. SWAT also has been applied in the Aral Sea drainage
basin in northwest Iran to access water savings as a result of improved irrigation techniques [35].
This study showed that changing the traditional irrigation system to a pressurized irrigation system can
lead to basin level water conservation and increase crop production. However, they did not capture the
individual hydrological responses, especially the interactions of groundwater and surface water [36].
The current SWAT model often performs poorly in watershed systems wherein groundwater discharge
is a significant component of streamflow [27,37,38], due to lack of consideration of geographic location
of groundwater and spatially-varying aquifer characteristics. In addition, the influence of pumping
wells on groundwater head gradients cannot be simulated.

Spatio-temporal hydrological processes and water management assessment can also be addressed
through integrated models such as CATchment HYdrology (CATHY [39]), the Ground-water
and Surface-water Flow Model (GSFLOW [40]); Parallel groundwater Flow (ParFLOW [41]),
HydroGeoSphere [42], OpenGeoSys (OGS [43]), and MIKE SHE [44]. Examples of applying these
integrated models for investigating management strategies include the application of GSFLOW
to the second largest inland river basin in China [45] to perform temporal optimization for the
conjunctive use of surface water and groundwater for irrigation, and applying MIKE SHE to analyze
the influence of groundwater dynamics in the estimation of hydrology-land surface feedback in a
225 km? region in Kansas [46]. While many studies focus on assessing groundwater surface-water
interactions under climate change [47,48], agronomic and environmental feedbacks [6,49-51], and
wetland interactions [52,53], there is a need for an assessment of land management practices on
hydrological processes and agronomic responses in a fully integrated stream-aquifer systems wherein
major human interventions in managing irrigation practices occur.

The objective of this study is twofold: first, to detail a method for constructing and applying
a coupled SWAT-MODFLOW (modular three-dimensional finite-difference groundwater model -
MODEFLOW) to irrigated stream-aquifer systems; and second, to use the model to quantify the
effects of decreasing irrigation on hydrologic responses and food production (i.e., crop yield). System
responses include stream flow, groundwater elevation, groundwater discharge to streams, and
crop yield. The objective will be accomplished through the use of a coupled groundwater surface
SWAT-MODFLOW model that links SWAT with MODFLOW [54], which is a widely used groundwater
flow model. Whereas previous model applications to this study region focused on groundwater flow [55]
(MODFLOW using the River package) and groundwater flow with streamflow [50] (MODFLOW
using the Streamflow Routing package), the use of SWAT-MODFLOW provides a representation of all
major hydrologic processes, including surface runoff and soil lateral flow. In addition, the inclusion
of SWAT allows for the simulation of crop yield. Although the model is based on the published
SWAT-MODFLOW modeling code [56], it has been modified to include detailed representations of
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canal diversion, canal seepage, applied irrigation amounts of surface water (canals), and groundwater
(pumping wells) for each field, and the evapotranspiration of shallow groundwater. The model is
applied to a 732 km? region of the Lower Arkansas River Valley (LARV) in southeastern Colorado, an
intensively irrigated system in which shallow water tables have caused waterlogging and associated
soil salinization in recent decades. The model is calibrated and tested against land surface and
subsurface system-response variables as well as crop yield.

Section 2 provides a brief theoretical overview of SWAT, MODFLOW, and the coupled
SWAT-MODFLOW model, followed by modifications of the SWAT-MODFLOW code to enhance
model capability in irrigated stream—-aquifer systems. Section 3 demonstrates the method of applying
the modified SWAT-MODFLOW code to the LARV, and Section 4 provides results and a discussion.

2. Model Construction and Composition

2.1. Overview of SWAT and MODFLOW

The Soil and Water Assessment Tool (SWAT) is a continuous time, physically-based, and spatially
semi-distributed model [24]. It has been successfully used to test and evaluate eco-hydrological
processes containing surface and soil water flow, nutrient mass transport, food production, and
land-use management practices at the watershed scale [57-62]. The watershed is typically divided into
multiple sub-basins based on topography. Hydrologic response units (HRUs) in each sub-basin are
created by lumping similar land-use and soil layers in which the vertical flows and nutrient transport
are calculated. The output from each HRU is routed according to the channel routing algorithm to
the watershed outlet. A main disadvantage of SWAT is its lumped, linear reservoir approach, which
oversimplifies the groundwater processes. It results in significant conceptual limitations regarding the
physical representation of the aquifer heterogeneity, groundwater flow, and the surface and subsurface
interactions in the hydrological system.

The modular three-dimensional finite-difference groundwater model (MODFLOW) is a physically
based, fully distributed model [54]. It uses the finite different approach to solve the groundwater
flow equations for the hydraulic head in each grid cell based on sources and sinks (e.g., recharge,
pumping), initial and boundary conditions, and aquifer parameters (e.g., river conductance, specific
storage, specific yield, and hydraulic conductivity). MODFLOW has various packages that simulate
different hydrological processes, such as soil deep percolation (i.e., water that leaves the bottom
of the soil profile) is considered by recharge package (RCH), groundwater pumping/injection is
represented by well package (WEL), groundwater discharge/recharge is simulated by the river package
(RIV) along the river grid cells, and the evapotranspiration package (EVT) evaluates groundwater
upflux to evapotranspiration when the groundwater table raises into the root zone. A recent version
is MODFLOW-NWT, which performs well in unconfined groundwater systems with the complex
non-linear drying and rewetting processes [63]. MODFLOW lacks a meaning of specifying the
conditions in terms of hydrological processes at the watershed surface. Therefore, it is often linked
with land surface models such as SWAT [56,64-66], as is done in the study we addressed in this paper.

2.2. SWAT-MODFLOW Linkage

The SWAT-MODFLOW modeling code [56] combines the SWAT 2012 and MODFLOW-NWT, a
Newton-Raphson formulation for MODFLOW-2005, into a single FORTRAN code, which replaces the
SWAT groundwater module with the MODFLOW code. The fundamental linkage between the two
models is based on mapping schemes that occur on a daily time step that passes SWAT-calculated deep
percolation as a recharge to the MODFLOW grid cell. Then, the MODFLOW-calculated hydraulic
head is compared with the SWAT stream channels to determine stream-aquifer interactions on a daily
time step. The SWAT HRUs are first split into disaggregated HRUs (DHRUSs), in which each DHRU
contains a geographical location to store SWAT daily calculations (e.g., soil deep percolation). All the
mapping information is stored in four text inputs files that are read at the beginning of the simulation.



Water 2019, 11, 1576 4 of 26

Within the framework, SWAT simulates surface and soil zone processes (e.g., stream stage, surface
runoff, overland flow, lateral flow, surface evapotranspiration, and plant growth), while MODFLOW
simulates groundwater hydrology in each grid cell (e.g., groundwater elevation, three-dimensional
groundwater flow, and surface—groundwater interactions). The main steps in the daily loop of the
SWAT-MODFLOW code are shown in Figure 1.

Daily Loop
» PS: Point Source
MF: MODFLOW

GW: Groundwater

» Convert HRU variables to DHRU variables
» Convert DHRU variables to grid variables

» Convert SWAT units to MF units

)« T T e iy S .
Soil Stream PET

percolation stage remain
- MF simulation:

;/RgH//WEL//RIV//EVT/ m

SWAT simulation: :
Land surface hydrology Seepage/Discharge
Soil water hydrology Pumping Canal GWET
ET rate Seepage
Irrigation e e R T N
No « Convert grid cell variables to DHRU

A variables
« Convert DHRU variables to HRU variables
« Convert MF units to SWAT units

Link with MF
Pumping Wells

Stream route

Daily Loop
ends

Figure 1. Flow of information in modified Soil and Water Assessment Tool (SWAT)-MODFLOW
modeling structure, with MODFLOW called as a subroutine within the main SWAT FOTRAN code.

2.3. SWAT-MODFLOW Modifications

Modifications to the SWAT-MODFLOW code are made for simulating irrigation-related processes
in the irrigated stream-aquifer system. These include new subroutines for groundwater irrigation and
groundwater evapotranspiration, as detailed in the following sections.

2.3.1. Irrigation Events

The SWAT automatic irrigation algorithm is applied to represent irrigation events that can be
triggered based on plant water demand [67]. Irrigation water can be provided either by surface water
through earthen canals or by groundwater through pumping wells. For surface water irrigation, the
standard SWAT procedure is used by specifying the sub-basin reach from which the surface water is
derived, representing canal diversions from the main stem of the river. For groundwater irrigation, as
can be seen in Figure 1, daily pumping rates are specified in the MODFLOW'’s WEL package input file,
with these volumes converted to irrigation depths for application to SWAT HRUs on the following day.
The conversion of volumes to depths and the application to SWAT HRUs are performed using new
subroutines within the SWAT-MODFLOW code. To employ this new model linkage, the model user
must prepare a file (swatmf_irrigate.txt) that contains the following information:

e  HRUs and associated sub-basin assigned to each pumping well, with the pumping well designated
by a row and column within the MODFLOW grid;
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e  Conveyance efficiency for each subbasin (percentage of pumped groundwater that is lost between
the well and the field of application, representing loss from an earthen canal); and
e  Runoff ratio (percentage of applied irrigation water that runs off the field).

The depth of irrigation water to the groundwater-supplied HRU via a pumping well is calculated as:

Vsub—irr,i = Z qump,n,i X Rconvey,i 1)
Ve i
Dsub—irr,i = M x 1000 (2)
i
airdj = Dsub—irr,i X (1 - Rrunoff,i) 3)

where V,5.ir+; is the total volume of irrigation water provided to SWAT sub-basin i (m3/day); Qpump,n,i
is the amount of water pumped for a specified grid cell n for a given sub-basin i (m?/day); Reonvey,i
is conveyance efficiency for a given sub-basin 7; Dg,;.i1; is the depth of irrigation provided to SWAT
sub-basin i (mm), with the 1000 included to convert from meters to mm; A; is the total HRU area that
receives irrigation water in a given sub-basin i; aird; is the amount of irrigation water applied to a
given HRU j; and R,y0f is the runoff efficiency for a given sub-basin i. The irrigation depths for the
groundwater-supplied HRUs are applied on the following day.

2.3.2. Groundwater Evapotranspiration

Due to the presence of shallow water tables in many semi-arid irrigated regions, the volume of
groundwater removed via evapotranspiration (ET) is calculated as a linearly varying function of depth
below the water table using MODFLOW's EVT package. The EVT package simulates the influence
of direct evaporation and plant transpiration in removing water from the saturated groundwater
regime based on the following assumptions: (1) when the groundwater elevation is at or above the
root zone, which is the bottom layer of SWAT soil profile, ET from the water table occurs with a user
specified maximum rate; (2) when the groundwater elevation is below a specified extinction depth, ET
from the saturated zone ceases; (3) between these two limits, ET from the water table varies linearly
with groundwater elevation [68]. The maximum evapotranspiration rate EVTR provided to the EVT
package is calculated as the difference between the potential ET rate (PET) (mm) calculated by SWAT
and the actual ET rate (AET) (mm) simulated by SWAT:

EVTR = PET - AET (4)

with the assumption that a portion of the PET rate can be satisfied by the shallow water table.

Therefore, this coupling process is effective in the new coupling code when the groundwater table
is within the root zone. With other SWAT-MODFLOW interactions, groundwater ET is simulated on a
daily time step.

3. SWAT-MODFLOW Application to Irrigated Stream—-Aquifer System

3.1. Study Region: Lower Arkansas River Valley, Colorado

The modified SWAT-MODFLOW code is illustrated in application to a 732 km? irrigated
stream—aquifer system along the Lower Arkansas River Valley (LARV) in southeastern Colorado
(Figure 2A). In this study region, the snowmelt-derived Arkansas River runs through a shallow
sandy alluvial aquifer (10-20 m in thickness) that contains two main tributaries, Timpas Creek and
Crooked Arroyo. The average temperature is 13.6 °C, with the monthly temperature varies between
—7/9 °C (low/high) and 16/33 °C in December and July, respectively. The mean annual crop reference
evapotranspiration (ETr; Alfalfa reference equation) is about 1650 mm, which is much larger than the
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mean annual precipitation of 273 mm (Figure 3). Two-thirds of the annual rainfall occurs between
April and August, primarily during brief but intense thunderstorms.

Horse Creek 6 9

Arkansas River

| = Tributaries
| Denver [ Waterodies
Imigated
lorado Fellow N
[ Naturally Vegetated A

;' Resorvior o s w ok
. AN Timpaso Crooked ~ Anderson ;.
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[ mooFLow
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Figure 2. (A) Location of the study region in Colorado; (B) crop type for each cultivated field for
the year 1999; (C) horizontal hydraulic conductivity (m/day) for layer 1; (D) sub-basins created by
the SWAT; the inlet and outlet gauging stations are also shown; (E) MODFLOW grid cells; the 89
monitoring well locations and MODFLOW river cells are also shown.
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Figure 3. Monthly average rainfall and reference evaporation in the study region.
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The climate is semi-arid, which requires irrigation to supplement rainfall for crop growth. Over
the past century, irrigation has been practiced either through diverting water from the Arkansas River
into an extensive network of earthen canals (Figure 2A green lines), or more recently from the aquifer
through a network of 575 pumping wells (Figure 2A black dots). From 89 groundwater observation
wells (Figure 2E red dots), the groundwater table is 2-20 m below the surface. Groundwater recharge
is provided by the infiltration of precipitation, percolation of applied irrigation, and seepage from
river, canals, and ditches [69], with the increased groundwater head creating a gradient that produces
discharge to the stream network, creating baseflow for the river. Cultivation and associated irrigation
occurred between March-November. Figure 2B shows the crop type information for each cultivated
field in 1999, provided by information from the Farm Service Agency located in Rocky Ford, Colorado.
Alfalfa, corn, and wheat are the dominant crop types in the LARV.

3.2. Model Application

The SWAT-MODFLOW model for the study region uses the calibrated SWAT model [67] and
the calibrated MODFLOW model [55], with the latter developed to study the impacts of human
management features on hydrological processes in an irrigated watershed.

The SWAT model used for the study area was developed by a former study [67]. The region
includes 72 sub-basins (Figure 2D). As described in the previous paper [67], a method was developed
to apply SWAT to intensively managed irrigated watershed, which included: (1) designating each
cultivated field as an HRU; (2) manipulating realistic crop rotations by changing the management
files (*.mgt) for each HRU; and (3) applying SWAT’s automatic irrigation function to trigger irrigation
events based on plant water demand for both surface water and groundwater irrigation. This method
required modifications to the input files and resulted in 5270 HRUs. The source of surface irrigation
water for all HRUs in a given canal command area was specified to the section of the Arkansas
River coinciding with the point of diversion based on the Colorado Division of Water Resources.
Groundwater irrigation was specified to HRUs surrounded by the groundwater pumps. Additional
details on model construction have been provided by the original SWAT study [67]. The model was
run from April 1999 to Feburary 2016, with simulated streamflow tested against observed hydrographs
at five stream gauges (See Figure 2D for location) [67].

The original MODFLOW model encompasses the central cultivated region with an area of 506 km?.
The region was discretized into finite difference grid cells with uniform dimensions of 250 m x 250 m,
consisting of 213 east-west oriented rows and 127 north-south oriented columns (see Figure 2D in
light grey) with 7777 activated cells (see Figure 2D in dark grey) in the model domain. The model
consists of 1943 river cells, of which 1089 represent the Arkansas River and tributaries (Figure 2E in
blue), and 1065 represent irrigation canals (Figure 2E in green). The aquifer was discretized vertically
into two layers of varying thickness based on the local hydrogeological units, with a third layer
representing the shale bedrock. The MODFLOW WEL package simulated groundwater pumping
processes, while the unsaturated-zone processes were represented using the UZF1 package, including
weekly infiltrated irrigation and precipitation depths, potential evapotranspiration, and unsaturated
zone flow for each grid cell. Surface water and groundwater interactions were estimated using the RIV
package. The model was tested against water table elevation, groundwater return flow to the river
network, and ET.

The spatial extent of the coupled SWAT-MODFLOW model is shown in Figure 2D.
The SWAT-MODFLOW linkage has the ability to use SWAT and MODFLOW models of different spatial
extent. The original functionality of each model is retained beyond the overlap area. The modification
to the original MODFLOW was the replacement of the UZF1 package by the EVT and RCH packages.
As described in Section 2.3.2, groundwater ET processes are simulated using the EVT package. Daily
diverted volumes from the Arkansas River to irrigation canals are simulated as point sources along
SWAT stream channels.
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The basic procedure of linking two models is processed using ArcGIS. Both DHRUs and SWAT
stream networks are intersected with the MODFLOW grid to provide necessary data for the linking files.
In this study, a total of 57,168 DHRUSs were created. Figure 4 demonstrates the shape file interactions
and specific input parameters required to perform the linkage between SWAT and MODFLOW, with
sub-basin 67 used as an example. The spatial relationship between HRUs and DHRUs, DHRUs and
MODFLOW grid cells, SWAT stream channels and MODFLOW river cells, and SWAT subbasins/HRUs
and MODFLOW pumping wells are saved into text files, read by code, and stored in memory for
use throughout the simulation. The model is run for the 1999-2016 time period, with the original
MODFLOW model [55] extended from 2009 to 2016 using pumping data and land-use data.

HRUs

dhru_id

dhru_area

hru_id
subbasin

hru_area

grid id
grid _area

v dhru id

i
i AN
v ogrid_id
i subbasin
o A \ overlap_area

i
1
H
1
H
1
1
H
! g
v rerid len ! . =
gria_ v dhru_area
1
v

River cells Grid cells

Figure 4. Information necessary to convert model output from hydrologic response units (HRUs)
to geographically-located disaggregated HRUs (DHRUs), from DHRUs to MODFLOW grid cells,
from SWAT sub-basin rivers to MODFLOW river cells, and from MODFLOW pumping wells to
SWAT DHRUs.

3.3. Model Calibration

The SWAT-MODFLOW model is calibrated using a combination of automated and manual
procedures. The automatic parameter estimation is carried out with SWAT-CUP 2012 using the
Sequential Uncertainty Fitting Algorithm (SUFI2 [70]), and following the procedure in the original
SWAT study [67] for the stream discharge. In addition to the original parameters [67], two extra model
parameters—plant uptake compensation factor (EPCO) and depth from soil surface to bottom of
layer (SOL_Z), which influence the processes of evapotranspiration and recharge—are included in the
calibration. After model coupling, the SWAT groundwater module is turned off and replaced by the
MODFLOW. Therefore, SWAT groundwater parameters were excluded from the automatic SWAT-CUP
calibration. The new calibrated value ranges are shown in Table 1. The influence of MODFLOW
parameters in the RIV package (Cond—riverbed hydraulic conductance) and the UPW package (i.e.,
Sy—specific yield, Ss—specific storage) was determined using a one-at-a-time sensitivity analysis. Ten
values were assigned to each parameter while keeping all the others constant, thereby testing the
sensitivity of streamflow to the change in each parameter [70,71]. MODFLOW hydraulic conductivity
was not included in the calibration process, since it was calibrated in the original MODFLOW study [55].
Figure 2C shows the hydraulic conductivity for the first layer of the MODFLOW model.
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Table 1. List of parameters that produced for SWAT-MODFLOW calibration.

Parameter Definition Calibrated Values

Parameters governing surface water response
Soil Conservation Service (SCS) runoff curve number for

CN2 . s +25%
moisture condition II
EPCO Plant uptake compensation factor 0.85
CH_N2 Manning’s n value for the main channel 0.22
CH_K2 Effective hydraulic conductivity of channel (mm/hr) 2291
OV_N Manning’s n value for overland flow 7.86
SURLAG Surface runoff lag coefficient 3.28
Parameters governing soil properties
SOL_Z Depth from soil surface to bottom of layer (mm) 2076
SOL_K Saturated hydraulic conductivity -19%
SOL_AWC Available water capacity -10%
SOL_ZMX Maximum rooting depth of soil profile —5%
Parameters governing snow response
TIMP Snow pack temperature lag factor 0.61
SFTMP Snowfall temperature (°C) -1.22
SMTMP Snow melt base temperature (°C) -0.34
SMFMX Melt factor for snow on June 21 (mm/°C-day) 2.12
SMFMN Melt factor for snow on December 21 (mm/°C-day) 1.58
Parameters governing groundwater response
COND Riverbed hydraulic conductance (m?/s) 0.00134-39.55
Sy Specific yield 0.01-0.36
Ss Specific storage (1/m) 1.69 x 107°

The model was tested against monthly streamflow, groundwater head, and crop yield. Simulated
monthly streamflow was compared to the measured streamflow from the Colorado Division of Water
Resources (CDWR) at three gauges along the Arkansas River (Rocky Ford, La Junta, and Las Animas)
and two tributaries (Timpas Creek and Crooked Arroyo) (see Figure 2D). Model performance is
estimated using statistical metrics, including the Nash—Sutcliffe efficiency (NSE [72]) and the coefficient
of determination (R?). These performance of NSE ranges from negative infinity to one, with values
approaching one indicating a better match between simulated and observed values. The groundwater
head is compared with the observed head for the 89 wells shown in Figure 2E, with several wells
selected for a time-series comparison.

Simulated and observed crop yields are compared for alfalfa and corn, which are the two major
crops in the study region. No further calibration was provided for crop yield. Crop yields simulated
by SWAT are compared with county-level USDA National Agricultural Statistical Survey (NASS) data
(https://quickstats.nass.usda.gov/). Due to the data availability from NASS, the period of 2001-2006 is
selected. The simulated corn yield and alfalfa yield are aggregated to county level and compared with
the NASS values that are reported yearly value for the same region. NASS reports corn and alfalfa
yields in bushel per acre and tons per acre, with moisture of 15.5% and 20%, respectively. Since SWAT
reports crop yield in tons per hectare, the following equation is used to convert bushels per acre to tons

per hectare:

bushel __ 62.77 tonsd!‘y—cum _ .
1 acre. — 1000 ™ ~Tectare /(1 mozsture) ®)

During harvest time, the SWAT model simulates crop yield at 20% moisture content [58,73];
therefore, the simulated crop yield is multiplied by 0.8 to compare with the dry mass in the
equation above.
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3.4. Simulation of Irrigation Reduction Scenario

In intensively irrigated regions, irrigation water can have a significant impact on the entire
hydrological system. In this study, the automatic irrigation method is used to trigger irrigation events
based on plant water demand [67], with irrigation water provided by either the Arkansas River via
irrigation canals or by groundwater pumping as specified in MODFLOW’s WELL package. When
plant stress occurs, irrigation will be triggered, and water will be applied based on the water avalibility
in the source. The baseline SWAT-MODFLOW model applies a threshold value of 0.9 to trigger crop
irrigation. To explore the impacts of reducing irrigation water on streamflow, groundwater levels,
groundwater ET rate, and crop yield, the water stress threshold is set to 0.5 (i.e., the model will
automatically apply water to the HRU when the daily actual plant growth is reduced by 50% due
to water stress) to decrease the surface water irrigation, and the groundwater pumping rates are
decreased in the MODFLOW WELL to decrease groundwater irrigation.

4. Results and Discussion

4.1. Water Balance

Results are first shown to demonstrate the relative flow components in the irrigated watershed.
Figure 5 shows the partitioning of monthly average water yield (mm) to the river network calculated
by SWAT-MODEFLOW. For this study region, the amount of water entering the Arkansas River and its
tributaries is dominated by groundwater discharge (74-97%), followed by surface runoff (2-25%) and
lateral flow (less than 1%), which matches with the SWAT modeling results from [67]. Figure 6A gives
the main components of average annual water budget, with depths of changing calculated by dividing
by the area of the watershed. Surface water (198.6 mm) makes a higher contribution to irrigation than
well pumping (59 mm) as the input source of irrigation water in the district [12]. Evapotranspiration is
the most important output, with an average depth of 414.8 mm. It could be found out that the surface
water and groundwater interactions are very strong. Water yield to the stream is dominated by return
flow (202.5 mm), which accounts for 86% of the water yield.

Groundwater discharge M Lateral flow O Surface runoff M Rainfall
30 g | I I I | 0
20
25
40
20
£ -
£ — ] =
S 15 — 80 =
o - — c
2 =
100 &
10 b b
r— —
77 120
5
140
0 160

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 5. Monthly average water budget and rainfall in the study region.
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Figure 6. Water budget scheme for the entire study region for (A) the baseline scenario and (B) the
reduced irrigation scenario, with domain-wide values reported in mm and water table elevation
reported in m.

4.2. Streamflow

The monthly streamflow comparison between observed and simulated results along the Arkansas
River at the stream gauges of Rocky Ford, La Junta, and Las Animas are shown in Figure 7. Overall,
the model is able to capture the seasonal flow patterns very well. A statistical comparison of simulated
streamflow at five gauging stations are given in Table 2. The values for monthly streamflow are
considered to be ‘very good” for NSE > 0.8 and R? > 0.85, respectively [74], but poor for the two
main tributaries (Timpas Creek and Crooked Arroyo). Simulated discharge for the tributaries, which
act as drains for irrigation tail-water runoff and groundwater return flows, are lower than observed
streamflow, which is likely because of the difficulty of physically matching the pattern of irrigation
return flow from hundreds of irrigated fields. The same issue was reported by another study [50] in
their groundwater model of flow and selenium transport in the study region. Another reason for the
mismatch is that the model ignores any streamflow generated from upland catchments beyond the
irrigated areas, which can happen during occasional intense precipitation events.
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Figure 7. Monthly simulated and observed streamflow comparison for a SWAT-MODFLOW model
at Rocky Ford, La Junta, and Las Animas (outlet) (see Figure 2B), with corresponding coefficient

of determination.

Table 2. Nash-Sutcliffe efficiency (NSE) and the coefficient of determination (R?) of simulated
streamflow at the five gauging stations within the study region.

Gauging Stations

Statistical Comparison

Model Performance

NSE 0.823

Rocky Ford
ockyTor R2 0.831
NSE 0.909
La Junta R2 0.923
. NSE 0.902
Las Animas R2 0.942
Timpas Creek NSZE 0.132
R 0.665
NSE 0.117

Crooked A

rooked Arroyo R2 0.443
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4.3. Groundwater Elevation

The general results of the simulated groundwater levels are shown in Figure 8. The annual
average groundwater level (m) is shown in Figure 8A, with the hydraulic head ranging from 1195 m to
1320 m, decreasing from southwest to east. The spatial pattern of groundwater elevation is similar to
the surface elevation, with the highest and lowest head occurring in the southwest and east regions,
respectively. Figure 8B shows the cell-wise depth to the water table, which was calculated by the
difference between ground surface elevation and the simulated groundwater level. It shows that the
water table depths range from 0 m to 23 m, with the shallowest depths along the Arkansas River
corridor and tributaries.

A

Water Table Elevation
e 1320 M

1195 m

—— Streams

v,
.‘ L - - -
[ q Depth to Groundwater
U 1"
§ 1

i -23m

—om

Figure 8. Annual average cell-wise plots for active MODFLOW grid cells in the study region over the
1999-2016 time period: (A) water table elevation and (B) depth to groundwater table.

The difference between simulated and measured groundwater levels at the 89 observation
wells (see Figure 2E) (a total of 9444 measurements) is summarized by a relative frequency plot of
groundwater level in Figure 9. The results from the original MODFLOW model [55] also are shown
(grey boxes). The average of the residuals for the SWAT-MODFLOW (-0.21 m) is similar to the original
MODEFLOW results (—0.22 m). The root mean square error (RMSE) of the simulated values compared to
the observation values is 2.32 m. These residuals demonstrate that the model can provide an acceptable
representation for the groundwater levels in the region.
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Figure 9. Residuals of simulated groundwater elevation head for the SWAT-MODFLOW model and
the MODFLOW model.

Further analysis can be performed by comparing the simulated and observed hydraulic head at
10 observation wells spread throughout the study region. Hydrographs for the time period 1999 to
2015 are shown in Figure 10. In general, simulated results are within the estimated error range of the
measured head values of +0.5 m (grey bars in Figure 10), with the errors accounting for the possible
range of head values that can occur within a 250 m X 250 m area of the aquifer (i.e., the size of the grid
cell). The model accurately captures the within-season and long-term trends of groundwater elevation
magnitude. As can be seen in Figure 10, there are still several locations that have a significant mismatch
between simulated and observed values (Well 12, Well 73, and Well 93). These discrepancies are likely
due to the inaccurate recharge provided by SWAT [75,76], especially along the ungauged tributaries
at the north region of the model. Moreover, it is realistic that the aquifer properties are not unique
within a 250-m grid cell to induce a significant head change during certain periods. The hydraulic
head estimated at the center of each cell could possibly be different from the observation value if the
monitoring well is located at the edge of the grid cell.
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Figure 10. Spatial and temporal groundwater elevation distribution in cells containing monitoring wells at 10 locations over the 1999-2016 time period. Grey bars

shown on observations indicate a 0.5-m range.
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4.4. Surface Water—Groundwater Interactions

The average simulated groundwater return flows to the Arkansas River is 1.8 X 10® m3/week over
the period November 2007 to December 2010, which is similar to the average value of 1.2 X 10® m3/week
calculated from a river water balance of the study region [77].

Simulated annual average surface and groundwater interactions (m>/day) for each of the 731
river cells during the 1999-2016 period are shown in Figure 11, which is important to quantify
spatio-temporal patterns of surface water seepage and groundwater discharge in the watershed. Blue
bars represent seepage from stream to aquifer, whereas green-yellow-red bars indicate groundwater
discharge from the aquifer into the river network. It can be seen that the vast majority of surface and
groundwater interactions is discharged from the aquifer to the river. The average interaction rates vary
from —1611 m>/day to 7126 m3/day, with a standard deviation of 556 m3/day, which demonstrates a
highly spatio-variable groundwater discharge based on different hydrological conditions.
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Figure 11. Three-dimensional (3D) simulated annual average groundwater discharge (m3/day) from

the aquifer to the Arkansas River network over the 19992016 time period.

4.5. Groundwater ET

The annual average groundwater ET rate simulated by the model is 31.8 mm. The spatial
pattern of the groundwater ET rate during the simulation period is shown in Figure 12, which is
displayed as an average daily rate leaving the saturated zone during the irrigation season (March to
November) (Figure 12A) and the non-irrigation season (Figure 12B). Groundwater ET occurs mainly
along the Arkansas River corridor and tributaries. Overall, the average amount of groundwater ET
is approximately constant over the simulation period, with the rates decreasing from the irrigation
season to the non-irrigation season. Magnitudes and spatial patterns of groundwater ET are very
similar to the results of the original MODFLOW model [55].
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Groundwater
Evapotranspiration

. > 3 mm/day

0 mm/day

B Non-Irrigation Season

Figure 12. Departure from annual groundwater upflux to ET for the (A) irrigation season and (B)
non-irrigation season over the 19992016 time period.

4.6. Crop Yield

Crop yield is one of the most important factors to estimate water productivity, especially in the
Colorado area [35,78]. In this study, we compared the simulated crop yields in Otero County with
the NASS reported mean yields of corn and alfalfa on an annual basis, as the majority of irrigated
fields are located in this county (Figure 2A). Figure 13A,B present the annual comparison of predicted
and observed corn yield and alfalfa yield, respectively in Otero County for the years 2001-2006.
The error bars on the plots represent the standard deviation of all the simulated values. It is shown
that the model can capture the annual variation in crop yields quite well, with the annual average
yield of 9.7 tons/ha and 7.4 tons/ha for corn and alfalfa, respectively. The percent bais (PBIAS) is 3.1%
and 1.5% for corn yield and alfalfa yield, respectively. In this model, we assigned the management
practices (e.g., crop rotation, fertilizer, harvest, and tillage) at the HRU scale according to the actual
farm-scale conditions [67], which helps to improve model performance. Although the model tends
to underestimate both corn and alfalfa yields in 2006 and overestimate alfalfa in 2003 and 2004,
the objective is to capture the regional trends in total crop yield.
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Figure 13. Average (A) corn and (B) alfalfa comparison between NASS reported and simulated values
in Otero County over the 2001-2006 time period. Upper and lower bars indicate one standard deviation
derived from simulated values.

4.7. Quantifying the Impacts of the Irrigation on System Responses

Figure 6B gives the main components of the water budget for the reduced irrigation scenario.
As expected, surface water and groundwater irrigation decreases (6.4 mm and 26.2 mm), respectively,
in the control of water stress threshold and pumping rate and less consumptive use by crops. As a
result of the lower irrigation application rates, the ET flux is decreased by 32.8 and the surface runoff is
decreased by 2 mm, which also decreases recharge by 5.7 mm. However, the water table is influenced
more by the decrease in pumping than the decrease in recharge, resulting in higher water table elevation,
which drives more groundwater into the river network (i.e., increase in return flow from 202.5 mm to
211.2 mm, 4.3%). This is also demonstrated by the annual average increase in groundwater elevation
(Figure 14), which is calculated by taking the difference between the reduced irrigation scenario and the
baseline scenario. As expected, the water table increases in areas of pumping wells (see Figure 2E) due
to the strong causal relationship between pumping and sustained shallow water tables, but decreases
in areas of surface water irrigation due to the decrease in recharge. The overall average increase in
water table elevation is 65 mm (Figure 6), thus leading to the increase in groundwater return flow
(202.5 mm to 211.2 mm). The percentage increase in streamflow in the Arkansas River is shown in
Figure 15, with the increase occurring due to less water diverted for surface water irrigation and more
groundwater return flow.
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Figure 14. Average increase in groundwater level between the reduced irrigation scenario and the
baseline scenario over the 1999-2016 time period.
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Figure 15. The percentage increase of streamflow between the reduced irrigation scenario and the
baseline scenario indicates the impact of irrigation results to streamflow at the outlet of the watershed.

The percentage increase in return flow for each of the river cells during the simulation period
is shown in Figure 16, with green—yellow-red bars representing groundwater return flow. It can be
seen from this figure that the majority of river cells are gaining return flows for the reduced irrigation
scenario, with the highest percentage increase of 31%. This is an important result—implementing a
basin-wide decrease in irrigation water for both surface water irrigation and groundwater irrigation
does not necessarily improve waterlogging occurrence, and can actually increase the groundwater
loading of salts, nitrate, phosphorus, and trace elements (selenium, uranium) due to an increase in
groundwater return flow. This may be due to the close proximity of the pumping wells to the Arkansas
River; therefore, the areas that control groundwater discharge to the Arkansas River have higher
water tables than those in the baseline scenarios. However, in general, a targeted approach must
be taken that focuses on decreasing surface water irrigation and allowing the groundwater pumps
to continue operation. This will maintain deep water tables and decrease the recharge, therefore
preventing waterlogging.
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Figure 16. Percentage increase of return flow between reduced irrigation scenario and baseline scenario.

To complete the analysis of trade-offs, the change in crop yield between the baseline scenario
and the reduced irrigation scenarios must be quantified. For the multi-year average assessment, the
average yield under the reduced irrigation scenario for the entire irrigated fields is 8.9 tons/ha and
6.7 tons/ha for corn and alfalfa, respectively. The average production for these corn and alfalfa crops is
shown by an HRU in Figure 17. Two types of assessments are conducted over the 18-year simulation
period to compare the average crop production under the reduced irrigation condition: (1) annual
spatial yield (Figure 17A,B) and (2) yield reduction between the reduced irrigation scenario and the
baseline scenario (Figure 17C,D). We observed that corn has a higher yield in the central part of the
study region, while the alfalfa yield has a wider spread and shows high yield in the north region.
In general, the reduced irrigation scenario leads to a widespread reduction in crop yield, with a few
locations of increased crop yield. The average reductions in crop yield are 8.8% and 9.2% for corn
and alfalfa, respectively. Figure 17C,D shows that 5.9% and 6.3% of the corn field and alfalfa field
experienced more than 20% reductions in crop production, respectively. Results also show that some
fields do not have significant crop yield change under the irrigation scenario. Those fields could likely
receive the extra irrigation water that is saved by the reduced surface water triggered by auto-irrigation
water stress, so that the crop yield could decrease more slowly when the irrigation amount approaches
the crop water demand [79,80].
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Figure 17. Spatial distribution of species-specific crop yield averaged over the 1999-2016 time period
for (A) corn and (B) alfalfa under the 0.5 scenario. (C,D) shows the percentage decreases in crop yield
after reducing the irrigation water for corn and alfalfa, respectively.

5. Summary and Conclusions

This paper presents the application of a new version of the SWAT-MODFLOW code [56] to a
732 km? irrigated stream-aquifer system in the Lower Arkansas River Valley, Colorado. The model
accounts for the influence of irrigation applications, canal diversions, earthen canal seepage, and
groundwater pumping. The model provides a detailed description of surface and groundwater flow
processes, thereby enabling a detailed description of watershed processes such as surface runoff, ET,
infiltration, soil lateral flow, recharge, groundwater ET, three-dimensional groundwater flow in a
heterogeneous aquifer system with sources and sinks, spatio-temporal groundwater and surface water
interactions (e.g., groundwater discharge to the river network), and streamflow. Model performance
was tested against stream discharge, groundwater levels, groundwater return flow, and crop yield.
Therefore, this paper serves as a guideline for implementing SWAT-MODFLOW models in irrigated
watersheds wherein streamflow is influenced by groundwater-surface water interactions.

The model was used to explore the effects of reducing irrigation rates on hydrologic responses
(surface runoff, recharge, water table elevation, return flows, streamflow) and crop yield. The results
reveal that jointly decreasing surface water irrigation and groundwater irrigation yields an overall
increase in water table elevation, with the decrease in pumping having a stronger influence than the
decrease in recharge on groundwater levels. The higher groundwater levels enhance the prospect
of waterlogging and salinization, and increase the groundwater gradient to the river, increasing the
groundwater discharge rates to the Arkansas River, and resulting in an increase in the loading of salts
and pollutants to the stream. This will be addressed in future studies using a coupled surface/subsurface
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nutrient transport model. In addition, 8.8% (corn) and 9.2% (alfalfa) crop reduction are observed in the
reduced irrigation scenario.

This study points to the need for targeted irrigation reduction scenarios that will decrease shallow
water tables while also maintaining crop yields. It is likely that this will be targeting surface water
irrigation for irrigation reduction, with groundwater pumping for irrigation allowed to continue to
(1) maintain the basin-wide crop yield and (2) maintain adequately deep water tables to prevent
waterlogging. The results discussed here only concern system hydrological responses. The nutrient fate
and transport, as well as plausible best management practices for controlling contaminant pollution
need to be addressed in intensively irrigated stream-aquifer systems in order to provide water resources
managers with a detailed description of the alternative management options.
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