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Abstract: Groundwater storage and level have declined rapidly in the Big Sunflower River Watershed
(BSRW) of Mississippi Delta in recent years. Farmers in this region are beginning to save groundwater
resources by increasing surface water usage for agricultural irrigation. In this study, we estimated the
weekly amount of surface water available in ponds and streams, determined if the weekly surface
water resources are sufficient for major crop irrigation demand, and assessed how much surface water
can replace groundwater for agriculture irrigation in the BSRW. The SWAT (Soil and Water Assessment
Tool) model was employed to simulate the weekly water resources for 23 sub-basins from the BSRW.
Results showed that weekly stream water resources (SWR), stream evaporation (SE) and water loss
from the channel via transmission through the side and bottom of the channel (stream transmission,
referred as ST) for BSRW during the growing seasons ranged from 20.4 to 29.4 mm, 7.4 to 14.4 mm,
1.6 to 4.5 mm and 1.1 to 1.6 mm, while pond water resources (PWR) and pond evaporation (PE)
ranged from 1.9 to 2.1 mm and 0.3 to 0.5 mm. The value of SWR − (ST + SE) and PWR − PE were
positive in all sub-basins, indicating that there are net surface water resources available in this region.
The percentages of total groundwater usage for irrigation that could be replaced by surface water in
each sub-basin every week of each month from May to September ranged from 10% to 87%. Our
studies suggested that the conjunctive use of surface and groundwater for agriculture irrigation is a
feasible method for groundwater sustainable management in the Mississippi Delta.

Keywords: Surface water resources; irrigation; stream; pond; SWAT model

1. Introduction

The Mississippi River alluvial plain in northwestern Mississippi (Mississippi Delta) is an important
agricultural region in the United States with nearly 81% of the area being crop land including soybean,
corn, cotton, and rice [1]. Although the average annual rainfall in this region is 1371 mm, approximately
70% of the yearly rainfall occurs during the non-growing seasons, while only 30% of the annual rainfall
occurs during the growing seasons [2–5]. Thus, nearly 7000 ha of the crop lands need supplemental
irrigation [6]. However, irrigation relies largely on groundwater in this region, especially in the Big
Sunflower River Watershed (BSRW) which is the most depleted aquifer in the Mississippi Delta [7].
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According to Maupin and Barber [8], approximately 4.2 × 107 m3 per day of groundwater is withdrawn
for irrigation from the Mississippi Delta aquifer. As a result, the groundwater level has decreased
at least 12 m in the past 40 years [9]. Barlow and Clark [7] found that the groundwater level will
continuously decline in the next 30 years if no water-use conservation practices are employed.

Steele et al. [10] indicated that rivers, streams and ponds are the alternate sources of irrigation
water to groundwater. Phillips [11] reported that Mississippi has over 86,000 miles of rivers and
streams in 10 major river basins including the BSRW. Furthermore, due to the shortage of groundwater
resource, producers in the Mississippi Delta are beginning to realize the importance of reducing
the groundwater use while increasing surface water usage in agricultural irrigation for mitigating
groundwater resources depletion and sustaining irrigated agriculture [12].

Reducing groundwater use while increasing surface water usage may have benefits for irrigated
agriculture. First of all, irrigation with surface water resources can greatly reduce pumping cost and
stresses on the groundwater aquifer [12]. In addition, Stigter et al. [13] reported that irrigation with
surface water keeps the groundwater table from declining continuously. Hence, in order to sustain
irrigated agriculture, detailed information on regional available surface water resources for irrigation
is crucial [14].

Recently, numerous hydrological models have been developed and applied to estimate the
available amount of surface water for agriculture irrigation. Srivastava and Kalin [15] used the Soil and
Water Assessment Tool (SWAT) to simulate the sustainable quantity of water withdrawn for irrigation
from streams during the high flow periods in the southern state of Alabama, USA. Wu et al. [16]
applied the GSFLOW [17] and DYCORS models [18] to optimize the conjunctive use of surface and
groundwater for irrigation in Hei-he Basin, China. Tang et al. [5] employed the RZWQM2 model
to simulate the weekly irrigation demand and rain water deficit in the Mississippi Delta. However,
the amount of weekly available surface water for irrigation has not yet been determined. Therefore,
it is imperative to determine whether or not the weekly surface water resources can meet the crop
irrigation demand in the BSRW.

Additionally, although the aforementioned models have been widely applied and the acceptable
results of the available amount of surface water resources for irrigation were obtained, some limitations
to these models still exist. First of all, these models only regard the river discharge as irrigation
sources without including pond resources, which is an important alternative source of water for crop
irrigation [19]. In addition, stream transmission and stream and pond water evaporation are the major
paths of water loss of surface water in a watershed [20,21]. However, these simulation studies have
ignored stream transmission and stream and pond water evaporation. Thirdly, producers and growers
often schedule their irrigation on a weekly basis; therefore, information on the weekly available
amount of surface water for irrigation is crucial to the sustainable management of both ground and
surface waters [5,22]. However, few studies have been conducted to determine potential surface water
availability on a weekly time scale. Previous studies are more focused on annual and monthly surface
water resources in other regions. Therefore, it is necessary to estimate the weekly available amount of
surface water in streams and ponds for irrigation using a hydrological model.

The Soil and Water Assessment Tool model (SWAT) was developed for simulating comprehensive
hydrological process by combining the land surface and stream hydrologic processes [23]. The reasons
for applying the SWAT model in this study were: (1) the river flow rate and volume in each sub-basin
can be simulated by Manning’s equation, and ponds volume can be calculated by the pond water
balance equation in SWAT [24]; (2) water loss through stream transmission and evaporation can be
simulated on a daily basis in each sub-basin and then summed to weekly scale. Such advantages
indicated that SWAT is capable of determining the available weekly surface water resources.

Weekly data of surface water resources available for irrigation are needed to address water scarcity
in BSRW; however, those data are not available in this region. The objectives of this study were to:
(1) estimate weekly available amount of surface water in ponds and streams and determine whether
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the weekly surface water resources are enough to meet irrigation demand of major crops in BSRW; and
(2) determine how much surface water can replace groundwater for agriculture irrigation in the BSRW.

2. Materials and Method

2.1. Study Area

The BSRW is located in the center of the Mississippi Delta, in Mississippi, USA, between latitudes
31◦and 35◦ north and longitudes 91◦and 92◦ east (Figure 1). BSRW covers an area of approximately
10,877 km2 [25,26]. BSRW is classified as a humid subtropical climate with an average annual rainfall
of 1300 mm, annual evapotranspiration of 800 mm, and average temperature of 18. More information
on climate data can be seen in Table 1. Composed of fertile soils, long growing seasons and high
average annual rainfall, this region is an important crop production area in Mississippi, and mainly
includes soybean, corn, rice and cotton, which account for over 80% of the total land use area in
this watershed [25,27]. Parajuli and Jayakody [26] reported that there are 11 rivers located in the Big
Sunflower River Watershed, and the major river is Big Sunflower River which had a drainage area of
approximately 280 to 6733 km2 [25]. Ouyang [19] also reported that some farm ponds have been built
over the past years for agriculture irrigation due to the dramatic decline in the groundwater table.
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Table 1. Monthly weather data in Big Sunflower River Watershed.

Month Rainfall
(mm)

Maximum
Temperature (◦C)

Maximum
Temperature (◦C) Humidty

January 130 13 2 76%
February 133 15 3 75%

March 144 20 7 71%
April 136 25 12 68%
May 127 29 17 69%
June 98 32 20 70%
July 106 34 22 73%

August 82 33 21 70%
September 85 31 18 68%

October 97 26 12 69%
November 116 19 6 73%
December 149 14 3 77%

2.2. SWAT Model

In a previous study, Dakhlalla et al. [27] successfully utilized the SWAT model in the Big
Sunflower River Watershed. The inputs required by SWAT are digital elevation model (DEM),
land use data, soil properties, and weather data. The DEM was obtained from United States
Geological Survey (USGS) (https://viewer.nationalmap.gov/basic/). The land use data in 2016 can be
found from United States Department of Agriculture-National Agriculture Statistics Service (NASS)
(https://nassgeodata.gmu.edu/CropScape). Soil data were downloaded from Natural Resources
Conservation Service of the United States Department of Agriculture (NRCS) (https://www.nrcs.
usda.gov/wps/portal/nrcs/main/ms/soils/surveys/), and weather data (daily maximum and minimum
air temperatures, solar radiation, relative humidity, and wind speed) between 2000 and 2016 were
obtained from the NRCS SSURGO database. The Big Sunflower River Watershed was divided into
23 sub-basins by the digital elevation model. The parameters required by the model related to this
study were calibrated and validated using the observed data of streamflow and groundwater level [27].
The performance of the SWAT was acceptable and thus the calibrated and validated SWAT model
was applied in this study for determining the weekly potential amount of surface water available
for irrigation. One of the objectives of this study is to quantify the available weekly surface water
resources for irrigation. The previous study has already calibrated and validated the SWAT model
by using the streamflow data and ET data; therefore, SWAT can be used to estimate surface water
resources (include water in stream and pond).

2.3. Definition of Surface Water Resources and Water Loss

The SWAT model assumes that the stream channels have a trapezoidal shape, and the volume of
stream water held in the channel and can be calculated as [23]:

Vstream = 1000 ·Astream · Lstream (1)

The stream water resources (SWR) in each sub-basin can be simulated as [23]:

SWR =
Vstream

Asubba sin
(2)

In the SWAT model, ponds are defined as the water bodies that are located within sub-basins, and
the volume of pond water resources (PWR) can be calculated as [23]:

Vpond = Vstored + V f lowin −V f lowout + Vpcp −Vevap −Vseep (3)

https://viewer.nationalmap.gov/basic/
https://nassgeodata.gmu.edu/CropScape
https://www.nrcs.usda.gov/wps/portal/nrcs/main/ms/soils/surveys/
https://www.nrcs.usda.gov/wps/portal/nrcs/main/ms/soils/surveys/
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PWR =
Vpond

Asubba sin
(4)

where Vpond is the volume of pond water at the end of the day (m3); Vstored is the volume of water stored
in the pond water body at the beginning of the day (m3); Vflowin is the volume of pond water entering
the water body during the day (m3); Vflowout is the volume of pond water flowing out of the water body
during the day (m3); Vpcp is the volume of precipitation falling on the pond water body during the day;
Vevap is the volume of water removed from the pond water body by evaporation during the day (m3);
Vseep is the volume of water lost from the pond water body by seepage (m3); Depthpond is the volume of
pond water during the day in each sub-basin; and SApond is the surface area of the pond water.

The stream transmission (ST) is the water loss from the channel via transmission through the side
and bottom of the channel. Stream evaporation (SE) was defined as the water losses from stream by
evaporation; pond evaporation (PE) was defined as the water loss from pond by evaporation. ST, SE
and PE can be calculated by [23]:

ST = Kch · TT · Pch · Lch (5)

SE = coe fevE0LchW f r∆t (6)

PE = 10 · η · E0 · SA (7)

where ST is the channel transmission losses (m3), Kch is the effective hydraulic conductivity of the
channel alluvium (mm h−1), TT is the flow travel time (h), Pch is the wetted perimeter (m), and Lch is
the channel length (km); SE is the evaporation from the reach for the day (m3), coefev is an evaporation
coefficient, E0 is the potential evaporation (mm), W is the channel width at water level (m), and fr4t

is the fraction of the time step in which water is flowing in the channel; PE is the volume of water
removed from the pond body by evaporation, η is an evaporation coefficient, and SA is the surface
area of the pond body.

As discussed above, stream water resources potential (SWRP) is defined as: SWRP = SWR
− (SE + ST); Pond water resources potential (PWRP) was defined as: PWRP = PWR − PE. Many
studies reported that maintaining environmental flow plays a critical role in protecting rivers and
their ecosystems [28–30]. In other words, the minimum water flow and level must be maintained in
streams to prevent harm to aquatic ecosystems and wetlands [31,32]. Currently, no effort has been
devoted to developing the suitable environmental flow for the streams in the BSRW. Ouyang [31]
developed an approach for low stream flow selection in Mississippi and Florida, USA. Based on the
flow duration curve calculation, this author found that the low stream flow can be selected when the
percentage of stream discharge equals to or exceeds 80% for the purpose of preventing ecosystem
from degradation. Based on this finding and postulating that the stream water flow and stream water
volume are somewhat proportional to each other, we assumed that the stream water cannot be used
more than 80% at any time although further study is warranted to develop a suitable environmental
flow for this watershed. Therefore, available surface water resources potential (ASWR) were defined as
ASWR = 80% SWRP + PWRP. The percentage of groundwater use for irrigation that could be replaced
by surface water (Pgs) was defined as: Pgs = ASWR/ irrigation demand.

2.4. Irrigation Demand

The irrigation requirements for soybean, corn and cotton were obtained from Tang et al. [5].
Tang et al. [5] employed the RZWQM2 model and determined the irrigation demand of soybean, corn
and cotton taking into consideration weather conditions in the previous 100 years in the Mississippi
Delta. Their results of weekly irrigation demand of the three crops were compiled and summarized in
Table 2. The rice required irrigation amount was obtained from Yazoo Mississippi Delta Joint Water
Management District [33].
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Table 2. Weekly irrigation demands for soybean, corn, cotton, and rice during growing season in Big
Sunflower River Watershed.

Month
Irrigation Demand (mm)

Weeks Soybean Corn Cotton Rice

May 19 — 1.4 — 76.3
20 — 10.1 — 76.3

June

21 — 14.5 — 91.5
22 — 19.6 — 91.5
23 3.6 25.4 — 91.5
24 12.8 23.6 — 91.5

July

25 21.9 23.7 — 84.0
26 22.3 21.2 — 84.0
27 25.4 25.7 8.6 84.0
28 24.6 20.3 8.1 84.0

August

29 24.4 22.7 14.3 7.5
30 23.2 16.9 15.3 7.5
31 29.3 21.9 27.1 7.5
32 26.6 14.1 24.4 7.5

September

33 25.6 10.6 29.2 —
34 27.9 4.7 29.6 —
35 15.1 — 19.0 —
36 12.1 — 23.0 —

October

37 — — 15.1 —
38 — — 11.2 —
39 — — 15.0 —
40 — — 14.1 —
41 — — 9.0 —
42 — — 8.5 —

3. Results and Discussion

3.1. Weekly SWRP and WPRP

Weekly rainfall, SWR, PWR, SE, ST, and PE for BSRW from April to October is shown in Figure 2.
Rainfall, SWR, SE, and ST ranged from 20.4 to 29.4 mm, 7.4 to 14.4 mm, 1.6 to 4.5 mm, and 1.1 to 1.6 mm,
respectively. PWR and PE ranged from 1.9 to 2.1 mm and 0.3 to 0.5 mm. Our results indicated that
weekly SWR were higher in April, May and October than in the other months. This might be caused
by the relatively higher rainfall in April, May and October. Figures 3 and 4 showed averaged weekly
SWRP and PWRP in each sub-basin from April to October in BSRW. In April (Figure 3a) and May
(Figure 3b), the average weekly SWRP for the entire BSRW were 8.0 and 8.3 mm, but decreased to
4.8 mm in June (Figure 3c) and July (Figure 3d); with the coming month of August (Figure 3e), SWRP
had been reduced to the lowest value of 4.7 mm. However, the average weekly SWRP for the entire
BSRW has increased to 7.9 mm in October (Figure 3g). Figure 4h also showed that the average weekly
PWRP of each sub-basins during the growing season ranged from 0.2 to 5.3 mm, of which the three
highest values were obtained in sub-basin 17 (4.1 mm), 15(4.4 mm) and 23 (5.3 mm), while the three
lowest value were obtained in sub-basin 4 (0.2 mm), sub-basin 7 (0.6 mm) and sub-basin 2, 20 (0.7 mm).
In general, SWRP and PWRP differ by sub-basins and month; this might be caused by the amount of
irrigation caused by the landuse in each sub-basin. In sub-basin 1 to 13, the area of rice accounted for
nearly 70% of the total rice area in BSRW, which consumes much more water for irrigation, therefore,
SWRP and PWRP were less in these sub-basins. Our results indicated that the values of SWRP and
PWRP are positive and there was net surface water available in this region.



Water 2019, 11, 1271 7 of 15Water 2019, 11, x FOR PEER REVIEW 8 of 16 

 

W
at

er
 d

ep
th

 (m
m

)

0

5

10

15

20

R
ai

nf
al

l (
m

m
)

0

20

40

60

80

100

120

Apr May Jun Jul Aug Sep Oct

W
at

er
 d

ep
th

 (m
m

)

0

1

2

3

4

R
ai

nf
al

l (
m

m
)

0

20

40

60

80

100

120

SWR 
SE ST 
Rainfall PWR 

PE 

 

Figure 2. Weekly rainfall, stream water resources (SWR), stream evaporation (SE) and stream 
transmission (ST), pond water resources (PWR), and pond water evaporation (PE) from April to 
October in Big Sunflower River Watershed. 

Figure 2. Weekly rainfall, stream water resources (SWR), stream evaporation (SE) and stream
transmission (ST), pond water resources (PWR), and pond water evaporation (PE) from April to October
in Big Sunflower River Watershed.
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Figure 3. Spatial distribution of simulated weekly stream water resources potential (SWRP) in each
sub-basin during crop growing season between 2000 and 2016. * SWRP is defined as: SWRP =

SWR − (SE + ST); SWR is stream water resources (SWR); SE is stream water evaporation; and ST is
stream transmission.
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Figure 4. Spatial distribution of simulated weekly pond surface water resources potential (PWRP) in
each sub-basin during the growing season between 2000 and 2016. * PWRP is defined as: PWRP =

PWR − PE; PWR is pond water resources; PE is pond water evaporation.

3.2. Weekly Available ASWR for Irrigation

Based on the assumption made by Ouyang [31], weekly ASWR, rainfall and irrigation demand
for soybean, corn, cotton and rice production in each sub-basin from May to October in BSRW are
displayed in Figure 5. In general, weekly ASWR in each sub-basin was not sufficient to meet the
weekly total irrigation demands from May to September. The weekly ASWR of each sub-basin in each
month ranged from 0.3 to 18.6 mm with an average value of 5.9 mm, while the weekly total irrigation
demands ranged from 53 to 138.6 mm. Zhang et al. [34] reported that rainfall has significant influences
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on crop productions in Mississippi since it is variable from year-to-year during crop-growing seasons
(Paz et al., 2007). We also made comparisons between weekly irrigation demands and the ASWR +

rainfall (ASWRR) (Figure 5). The weekly ASWRR of each sub-basin from May to September ranged
11.6 to 55.9 mm, while weekly total irrigation demands ranged from 53 to 138.6 mm. It showed that
there were deficits between weekly total irrigation demands and ASWRR, which ranged from 6.9
to 124.5 mm. Averaged by sub-basins, the weekly ASWRR were 37.5 mm in May, 27.3 mm in June,
28.5 mm in July, 25.6 mm in August, and 29.4 mm in September; and the deficits between total weekly
irrigation demands and ASWRR were 44.5 mm in May, 93.2 mm in June, 110.1 mm in July, 47 mm
in August, and 23.6 mm in September. Averaged by months, the deficits between weekly ASWRR
and total irrigation demands ranged from 47.3 to 76.5 mm. Many researchers indicated that land
use change may influence the surface water storage [35–38], and the surface water scarcity could be
alleviated if reasonable land use alteration strategies were applied [39,40]. It is obvious that weekly
surface water resources are not sufficient to satisfy the rice irrigation demands. Therefore, six different
land use scenarios were set to find the best solution for alleviating the surface water scarcity. These
scenarios include only planting soybean (scenario1, area for soybean is 6742 km2 ), only planting corn
(scenario 2, area for corn is 6742 km2), only planting cotton (scenario 3, area for cotton is 6742 km2),
planting soybean and corn (scenario 4, 3371 km2 for soybean and 3371 km2 for corn), planting soybean
and cotton (scenario 5, 3371 km2 for soybean and 3371 km2 for cotton), and planting corn and cotton
(scenario 6, 3371 km2 for corn and 3371 km2 for cotton). Figure 6 showed the relationship between
crop irrigation demands and the ASWRR under six different land use scenarios. Figure 6 indicated
that the crop irrigation demands can be satisfied during the growing seasons if scenario 1 (except in
August), scenario 2 and scenario 3 are employed individually in BSRW. Figure 6 also showed that
ASWRR does not satisfy the irrigation demands if scenario 4, scenario 5 and scenario 6 are employed in
BSRW. Compared to other scenarios, scenario 6 (corn and cotton) needs less surface water resources to
satisfy the irrigation demands since only 2.5 mm (Jul), 13.6 mm (Aug) and 3.4 (Sep) of irrigation water
are needed. Therefore, scenario 1, scenario 2, scenario 3, and scenario 6 were suggested to employ
in BSRW.
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Figure 5. Comparisons between averaged weekly available surface water potential (ASWR) and weekly
irrigation demands for soybean, corn, cotton, and rice in each subbasin from May to October in Big
Sunflower River Watershed. * ASWR is defined as: ASWR = 80% SWRP + PWRP; SWRP is defined
as: SWRP = SWR − (SE + ST); SWR is stream water resources, SE is stream water evaporation, ST is
stream transmission; PWRP is defined as: PWRP = PWR − PE; PWR is pond water resources, PE is
pond water evaporation.
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3.3. Potential Available Amount of Surface Water as An Alternative to Groundwater for Irrigation

Figure 7 shows the percent of weekly groundwater use for irrigation that could be replaced
by surface water (Pgs) in each sub-basin every month. In general, the Pgs of each sub-basin ranged
from 10% to 87% from May to September. Our results indicated that there was potential to reduce
the groundwater use in BSRW if weekly ASWRR were used for irrigation. The average Pgs for the
entire BSRW were 46% in May, 23% in June, 21% in July, 35% in August, and 56% in September.
Although the surface water resources were not sufficient for maintain the irrigation demands in BSRW
(Figure 5), it can be used as an alternative irrigation source for reducing the groundwater use. Reducing
groundwater pumping and increasing surface water use for irrigation might be a sustainable way
to mitigate the intensity of groundwater use stress [41]. Bredehoeft and Young [42] also reported
that conjunctive use of surface and groundwater for agriculture irrigation is a practical strategy for
sustainable groundwater planning and management. Therefore, conjunctive use of both surface and
groundwater might be a solution to mitigate water resources scarcity. Butler et al. [43] developed a new
and simple water balance model to assess the future trend of the aquifer of Kansas over the short and
medium term and found that a reduction in annual pumping of 22% groundwater can maintain the
annual averaged groundwater level. Barow and Clark [9] employed the MODFLOW model to simulate
the effectiveness of different groundwater conservation scenarios in maintaining the groundwater level
in Mississippi Delta. They found that a 25% reduction of groundwater use resulted in the greatest
increase in groundwater storage. However, these results resulted from reduction scenarios on an
annual basis, which is not able to meet growers’ needs for scheduling irrigation on a weekly basis [22].
Our results were calculated on a weekly basis for each sub-basin in BSRW, which is helpful for farmers
to schedule their irrigation strategy. In addition, these research results were obtained for the entire
watershed; they are not accurate enough to aid irrigation scheduling for growers in each sub-basin.
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Therefore, farmers in different sub-basins can use our results to make a decision on how much surface
and groundwater will be used for irrigation during the growing seasons.Water 2019, 11, x FOR PEER REVIEW 13 of 16 
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Figure 7. Percentage between weekly available surface water (Pgs) for irrigation and total irrigation
requirement, averaged all weeks of each month in Big Sunflower River Watershed. * Pgs was defined as:
Pgs = ASWR/total irrigation demands; * ASWR is defined as: ASWR = 80% SWRP + PWRP; SWRP is
defined as: SWRP = SWR − (SE + ST), SWR is stream water resources, SE is stream water evaporation,
ST is stream transmission; PWRP is defined as: PWRP = PWR − PE; PWR is pond water resources, PE
is pond water evaporation.

4. Conclusions

Detailed knowledge about available surface water resources for irrigation is critical for sustainable
water resources management in BSRW where groundwater resources are under increasing pressure.
Despite the importance of surface water resources, only a few studies related to this subject have been
performed. Most of the studies estimate surface water resources on an annual time scale which is
not practical for farmers to schedule their irrigation strategies. In this study, the SWAT model was
applied to estimate the weekly potential available amount of water in streams and ponds for irrigation
in BSRW based on the assumption of the environmental flow concept. We also determine the percent
of groundwater use for irrigation that was replaced by surface water resources in BSRW.
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Our results demonstrated that weekly stream water resources (SWR) and pond water resources
(PWR) in BSRW ranged from 20.4 to 29.4 mm and 1.9 to 2.1 mm, which were higher than its water
loss (stream transmission, stream evaporation and pond evaporation) during the growing seasons
(from April to October). Although the weekly total amount of available surface water resources
potential (ASWR) and rainfall were not sufficient to meet the weekly total irrigation demands during
growing seasons, the amounts of weekly groundwater use for irrigation that could be replaced by
surface water (Pgs) were 46% in May, 23% in June, 21% in July, 35% in August, and 56% in September.

There was potential to reduce the groundwater use in BSRW by using surface water resources.
Our study also concluded that land use changes and using combinations of surface and groundwater
might be two solutions to mitigate the depletion of groundwater use in BSRW. Our results suggested
that surface water resources would be sufficient for crop productions in BSRW if we only plant soybean,
corn, and cotton individually or plant corn and cotton combinations in BSRW. The ideas, models, and
approaches demonstrated in this research could be applied to other regions of the world which face
great challenges as the groundwater level continues to decline. The main finding of this study, is that
if farmers reduce the planting areas of rice, this could reduce the amount of irrigation water, which
would be helpful for groundwater resources management. The limitation of this study is that the
groundwater flow model was not used to simulate the groundwater recharge which is very important
for driving the SWAT model to simulate the interactions between surface and groundwater; therefore,
this model should be used in future studies.
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