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The  Mississippi  River  Valley  Alluvial  Aquifer,  which  underlies  the  Big  Sunflower  River  Watershed  (BSRW),
is the  most  heavily  used  aquifer  in  Mississippi.  Because  the  aquifer  is  primarily  used  for  irrigating  crops
such as  corn,  cotton,  soybean,  and  rice,  the  water  levels  have  been  declining  rapidly  over  the  past  few
decades.  The  objectives  of  this  study  are  to  analyze  the  relationship  and  interactions  between  evapotran-
spiration  and  groundwater  recharge  rates  in  the BSRW,  and  model  the  effects  of  various  crop  rotation
practices  on  groundwater  storage  and  recharge.

The  model  performed  well  during  the  calibration  period  (R2 =  0.53–0.68  and  NSE =  0.49–0.66)  and  val-
idation  period  (R2 =  0.55–0.75  and  NSE  = 0.49–0.72)  for daily  streamflow,  which  was  achieved  by  the
SUFI-2  auto-calibration  algorithm  in the SWAT-CUP  package.  The  model  also  performed  well in  simulat-
ing  seasonal  water  table  depth  fluctuations  during  calibration  (R2 =  0.76  and  NSE  = 0.71)  and  validation
(R2 = 0.86  and  NSE =  0.79).  This  study  demonstrated  a seasonal  relationship  between  evapotranspira-
tion and  groundwater  storage  and  recharge  in the BSRW  SWAT  model.  In  general,  groundwater  storage
decreased  during  the  summer  months  while  ET  rates  were  high,  and  increased  during  the  winter  and
spring  months  when  ET  rates  were low.  The  crop rotation  scenarios  that include  rice  planting  resulted
in  the  lowest  groundwater  storage  (down  to  −10.7%)  compared  to the  baseline  crop  scenario,  which  is
due to  the  high  irrigation  rates  of the  rice crop.  However,  the  rice  crop  rotations  resulted  in the highest
increases  of  groundwater  recharge  rates  (up  to  +60.1%),  likely  because  of the  response  to  the  deficiency  of

groundwater  needed  for irrigation  as  well  as  the limited  water  uptake  by the  rice crop.  The  crop  rotations
with corn  and  cotton  resulted  in the  largest  increases  in  groundwater  storage  (up  to  +27.2%),  which  is the
result of  the  low  irrigation  rates  as  well  as the  short  time  period  for  irrigation  applications.  The  results  of
this  study  are  expected  to aid farmers  and  watershed  managers  to  conserve  groundwater  resources,  but
still maintain  crop  production.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Research indicates that land use change is a prominent factor
nfluencing the amount and movement of water in the hydro-
ogic cycle, namely runoff, evapotranspiration, stream discharge,
nd groundwater flow (Batelis and Nalbantis, 2014; Khanal and
arajuli, 2013; Wang et al., 2013). These hydrological changes

an result from alterations to surface roughness, soil characteris-
ics, plant cover, and surface water storage (Parajuli et al., 2013;
hanapakpawin et al., 2006; Tuppad et al., 2010; Wild and Davis,
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378-3774/© 2015 Elsevier B.V. All rights reserved.
2009). While certain land use alteration strategies can alleviate
the problems of surface water and groundwater scarcity, they can
also cause adverse effects on the environment and exacerbate
those problems (Foley et al., 2005; Lotze-Campen et al., 2008).
Especially in agricultural areas, groundwater sources tend to be
over extracted and exploited without any regard to employing any
conservational or sustainable management practices (Fereres and
Soriano, 2006). It is estimated that global groundwater reserves
are being depleted very rapidly to meet the irrigation demand
for crop production at a withdrawal rate of 545 km3 per year,
and this rate is expected to increase (Konikow, 2013; Siebert

et al., 2010). Therefore, it becomes necessary to employ sustain-
able management practices to conserve groundwater in these
areas while still maximizing crop production. Many field studies
and modeling studies have attempted to quantify the effects of
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Fig. 1. Location of the Big Sunflower River Watershed (BSRW) in nor

hanging land uses and soil characteristics on groundwater stor-
ge and flows. The results of a land use comparison study showed
hat groundwater recharge rates are much higher in an irrigated
gricultural watershed (130–640 mm/yr) than in a non-irrigated
gricultural watershed (9–32 mm/yr) (Scanlon et al., 2005). A study
onducted in a watershed in Denmark found that converting grass-
ands to forests had a very small effect on groundwater recharge,

hile increased CO2 caused considerable additional groundwater
echarge within the watershed (Roosmalen et al., 2009). Huang
t al. (2012) found that converting grassland to winter wheat over

 100-year period reduced groundwater recharge rates by up to
0%, which was attributed to the changes in evapotranspiration. A

tudy that linked a vadose zone model and a saturated groundwa-
er model for a watershed in south-western Australia found that
echarge rates are higher in pasture land covers compared to areas
ith native vegetation (Dawes et al., 2012).
tern MS showing counties, river network, and USGS gauge stations.

While the aforementioned studies evaluated the effects of land
use change on groundwater flows, there are no studies specifically
addressing the impacts of crop rotation practices on groundwa-
ter storage and recharge. This study will utilize the soil and water
assessment tool (SWAT) to quantify the effects of crop rotations on
groundwater storage and recharge.

In the past, SWAT has been used to calibrate and validate water-
shed models using groundwater table depths. However, it should
be noted that the current version of SWAT does not print ground-
water table depths, which makes verifying SWAT groundwater
outputs somewhat challenging. For example, Vazquez-Amabile and
Engel (2004) attempted to calibrate their watershed model with

observed groundwater table depths using SWAT for three differ-
ent soil types. They had to compute water table depths by using
the soil input data and SWAT soil water output to predict fluctu-
ations in the shallow aquifer, which is based on the DRAINMOD
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Fig. 2. The observed average, minimum, and maximum sp

odel. While their model performed fairly well (R = 0.46–0.88
nd Nash–Sutcliffe = −0.74–0.61), it did not accurately capture the
onthly variation of groundwater table depth within the water-

hed. In subsequent studies conducted by Moriasi et al. (2009,
011), a modified DRAINMOD approach was used to model water
able depths based on the outputs of the SWAT model. This modified
pproach differs from the study conducted by Vazquez-Amabile
nd Engel (2004) in how the drainage volume is calculated and how
he drainage volume is related to the water table depths (Moriasi
t al., 2009). The authors reported that the DRAINMOD approach
ielded better results than other water table depth algorithms
sed in SWAT, which are the SWAT-M and SWAT2005 approaches
Moriasi et al., 2009). Other SWAT groundwater modeling studies
ave integrated the SWAT model with MODFLOW, which is a dis-
ributed modular finite-difference groundwater flow model that is
apable of simulating water table depths at the cell scale (Galbiati
t al., 2006; Kim et al., 2008; Narula and Gosain, 2013; Perkins and
ophocleous, 1999; Sophocleous and Perkins, 2000). Typically, the
ntegration process of SWAT and MODFLOW involves the SWAT cal-
ulated groundwater recharge rates at the hydrologic response unit
HRU) level being converted to the cell level, which is subsequently
sed as an input in MODFLOW (Kim et al., 2008). The MODFLOW
odel is then able to calculate groundwater related outputs such

s water table depth, river-groundwater fluxes, and groundwater
vapotranspiration (Kim et al., 2008). However, this integrative
odeling method relies heavily on the HRU level groundwater

echarge outputs from the SWAT model, which do not have any
patial location due to the nature of the construction of HRUs. Also,
onverting groundwater recharge rates at the HRU level to the cell
evel may  not be feasible at the watershed scale due to expen-
ive computational requirements. In another SWAT groundwater
odeling study, it was possible to only use SWAT to calibrate and

alidate a model for changes in water table depths (Jayakody et al.,
013). This was accomplished by calculating evapotranspiration,
ercolation, and groundwater discharge to develop an empirical
elationship with water table fluctuations that was able to predict
4% of the water table variation (Jayakody et al., 2013).

For this groundwater modeling study, SWAT was  used to cali-
rate and validate a watershed scale model by comparing simulated
easonal variations of water table depths averaged at the sub-basin
evel to observed changes in water table depths. The objectives of

his study are to (1) develop a calibrated and validated model using
WAT for streamflow and groundwater table depths in the Big
unflower River Watershed (BSRW), (2) analyze the relationship
nd trends between evapotranspiration and groundwater recharge
nd fall water table depths from 1986 to 2010 in the BSRW.

rates and (3) estimate the effects of various crop rotation practices
on groundwater storage and recharge.

2. Methods

2.1. Watershed description

The BSRW is located in north-western Mississippi in an area of
the lower Mississippi River alluvial plain known locally as the Delta
(Fig. 1). The watershed covers 10,488 km2 and contains heavy agri-
cultural production for corn, soybean, cotton, and rice crops, which
make up over 80% of the land use in the watershed (Parajuli et al.,
2013). The BSRW has very little topographic relief and is bordered
by the Mississippi River levee on the western boundary and the
Bluff Hills on the eastern boundary (Coupe et al., 2012). The water-
shed contains mostly Alligator, Sharkey, Dowling, Forestdale, and
Dundee soils, which have high clay and silt content (Table 1). These
soils account for over 90% of the soil types in the watershed and are
classified as NRCS hydrologic soil groups C and D, which allow for
high runoff potential (Table 1).

Because of the low permeability of the soils, only small amounts
of rainfall are allowed to seep through the soil horizons into
the underlying Mississippi River Valley Alluvial Aquifer (MRVAA),
which is the main source of irrigation for the watershed (Arthur,
2001). The MRVAA consists of mainly sand and gravel material
from the quaternary age that generally reside around the center
of the Mississippi River alluvium where the aquifer is at its thick-
est (Arthur, 2001). The underlying aquifers in the BSRW consist
of the Forest Hill Formation, Cockfield Formation, and Sparta Sand
aquifers, where the sediments of these aquifers consist of unconsol-
idated sand and clay beds of different thicknesses (Arthur, 2011). In
the areas where clay beds of the underlying aquifers are in contact
with the MRVAA, the hydraulic connection is weak or non-existent
(Arthur, 2011). Conversely, in areas where the underlying sand beds
are in contact with the MRVAA, there is usually a strong hydraulic
connection (Arthur, 2001).

Groundwater in the MRVAA tends to flow southward where it
follows the direction of the north to south slope of the alluvial
plain, and it also flows laterally toward the Big Sunflower River
which cuts through the center of the BSRW. The water table lev-

els tend to be lowest in the center of the BSRW where the heaviest
groundwater extraction occurs (Barlow and Clark, 2011). The water
levels throughout the watershed are typically highest during the
early spring season right before the growing season begins, and are
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Table  1
List of soil types found in the BSRW that were obtained from the soil survey geographic (SSURGO) database.

Soil name Percentage of watershed area Hydrologic soil group Clay content (%) Silt content (%) Sand content (%)

Alligator 28.36% D 57.74 35.97 6.30
Sharkey 23.80% D 64.02 29.38 6.60
Dowling 17.24% D 61.75 30.55 7.70
Forestdale 14.79% D 32.85 52.95 14.21
Dundee 8.83% C 23.60 54.58 21.82
Commerce 1.69% C 27.10 54.65 18.25
Tensas 1.11% D 39.00 45.17 15.83
Dubbs 0.83% B 18.83 46.30 34.87
Brittain 0.82% D 32.00 52.97 15.03
Tunica 0.81% D 42.83 33.42 23.75
Water 0.42% D N/A N/A N/A
Bosket (dubbs) 0.41% B 18.83 44.90 36.27
Pearson 0.33% C 23.17 58.37 18.47
Marsh 0.26% B 31.00 33.60 35.40
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No  name 0.11% B 

Beulah 0.00% B 

owest during the early fall. The observed average, minimum, and
aximum spring and fall water table depths are shown in Fig. 2.
The MRVAA is capable of providing well yields of over 0.126 m3/s

or irrigation use, and the storage of the alluvial aquifer has been
epleting at an exponential rate since the 1970’s (Arthur, 2001;
lark and Hart, 2009; Konikow, 2013). As of March 2014, there
ave been almost 22,000 groundwater use permits issued within
he Delta region, and they account for more than 80% of all issued
roundwater use permits in the state of Mississippi. The extrac-
ion of groundwater for irrigation in the Mississippi Delta has gone
eyond recharge rates needed to refill the aquifer, thus proving to
e unsustainable over time.

.2. SWAT model description

SWAT is a semi-distributed watershed scale model that predicts
he impacts of climate change and management decisions on water
nd pollutant yields from large watersheds (Arnold et al., 1998).
he watershed modeling tool delineates the watershed into sub-
asins, which is then further divided into hydrological response
nits (HRUs). Each HRU consists of a unique combination of land
se, soil, and slope. The user can customize each HRU to contain
pecific management practices as well as various parameters that
overn surface water movement, groundwater movement, ero-
ion processes, and pollutant transport (Neitsch et al., 2011). The
ater budget is calculated at the HRU level, which consists of
recipitation, surface runoff, evapotranspiration, infiltration, and
roundwater recharge (Neitsch et al., 2011). For this study, Arc-
WAT 2012 was used to develop the BSRW model, which is an
rcGIS extension and graphical user input interface.

SWAT has two main reserves for groundwater storage, which
re the shallow aquifer and the deep aquifer (Neitsch et al., 2011).
n the model, the shallow aquifer is unconfined and the deep aquifer
s confined. Water that enters the shallow aquifer from the top soil
ayers can either contribute to baseflow or percolate to the deep
quifer. Water stored in the shallow aquifer can also move upward
o the overlying unsaturated zone by either evaporation or plant
oot uptake, which is termed in the SWAT model as “revap”. Water
n the shallow and deep aquifers can also be removed via ground-

ater pumping used for irrigation. The overall equation used to
alculate the storage of groundwater in the shallow aquifer during
ach time step is presented in Eq. (1):
qsh,i = aqsh,i−1 + wrchrg,sh − Qgw − wrevap − wpump,sh (1)

here aqsh,i is the amount of water stored in the shallow aquifer
n day i (mm),  aqsh,i−1 is the amount of water stored in the shal-
ow aquifer on day i − 1 (mm),  wrchrg,sh is the amount of recharge
20.50 36.27 43.23
31.00 33.60 35.40
9.83 20.40 69.77

entering the shallow aquifer on day i (mm),  Qgw is the amount of
baseflow entering the main channel on day i (mm),  wrevap is the
amount of revap moving into the soil zone on day i (mm), and
wpump,sh is the amount of water removed from the shallow aquifer
for consumption on day i (mm)  (Neitsch et al., 2011).

2.3. Model inputs

A 10 m × 10 m digital elevation model (DEM) was downloaded
from United States Geological Survey (USGS) and used to delin-
eate the BSRW into 32 sub-basins. The land use data were obtained
from the USDA National Agricultural Statistics Service (NASS) in
the form of a 30 m × 30 m cropland data layer. The soils data were
obtained from the soil survey geographic (SSURGO) database from
the Natural Resources Conservation Service (NRCS) in the form of
a 30 m × 30 m raster layer. The cropland data layer and SSURGO
raster dataset were used to divide the BSRW model sub-basins into
2209HRUs.

After the HRU generation, the climate data were incorporated in
the model from various weather stations. Daily precipitation and
temperature data were obtained from the USDA climatic database
where the data was preformatted to use in SWAT. These climate
data were derived from the National Oceanic and Atmospheric
Administration (NOAA) which includes the Cooperative Observer
Network and Weather Bureau Army Navy (WBAN) stations. The
daily precipitation and temperature data from 1980 to 2010 from
11 weather stations were used from the USDA climate database.
Daily solar radiation and relative humidity data obtained from the
Stoneville Experiment Station at the Delta Research and Extension
Center were also used as climate inputs in the model. However,
the solar radiation and relative humidity data from the Stoneville
Experiment Station were only available from the year 1996 to 2010.
While SWAT does have a built-in weather generator to generate the
missing values for solar radiation and relative humidity from 1980
to 1996, we chose to only include the climate data starting from
1996. In this way, the model can be simulated consistently without
any potential differences or biases as a result of discrepancies in
observed and generated solar radiation and relative humidity val-
ues. Planting and harvesting dates as well as irrigation rates in the
BSRW were incorporated in the model (Table 2). The planting and
harvesting dates were based on the USDA–NASS “Usual Planting
and Harvesting Dates for U.S. Field Crops” for corn, soybean, cotton,
and rice crops in Mississippi (USDA, 1997). The midpoint between

the beginning date and final date during the most active planting
and harvesting periods were used as the planting and harvesting
dates in the model. Irrigation data were obtained from the Yazoo
Mississippi Delta (YMD) Joint Water Management District at the
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Table 2
Planting and harvesting dates and observed irrigation rates used in the model for BSRW.

Crop type Planting date Harvesting date Irrigation amounts

Soybean May
11th

October
6th

May: 30 mm
June: 122 mm
July: 91 mm
August: 91 mm

Corn April
10th

September
9th

May: 61 mm
June: 122 mm
July: 61 mm

Cotton May
7th

October
12th

June: 61 mm
July: 91 mm
August: 30 mm

Rice May September
th

May: 305 mm
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onthly scale during the growing seasons (Table 2) (YMD, 2010).
he monthly irrigation rates used in the model for corn, soybean,
otton, and rice were based on the 9 year average from 2002 to
010 recorded by YMD  Joint Water Management District. Because
he irrigation rates are at the monthly scale, irrigation practices
ere simulated only once per month during the growing season.

.4. Model calibration and validation procedures

Calibration and validation were conducted to assess the
atershed model’s performance in simulating streamflow with

easonable accuracy. The model was calibrated from 1/1/2003
o 12/31/2006 and validated from 1/1/2007 to 12/31/2009 using
SGS daily streamflow data. These observed streamflow data were
btained from 3 USGS gauge stations near the towns of Merigold
USGS 07288280), Sunflower (USGS 07288500), and Leland (USGS
7288500) (Fig. 1). An auto-calibration technique was employed

n this study to find a good input parameter set that allowed
atisfactory model performance in simulating streamflow. The
equential uncertainty fitting (SUFI-2) algorithm, which is one of
he auto-calibration programs included in the SWAT calibration
nd uncertainty procedures (SWAT-CUP) package, was used to
nd the best input parameter set to optimize the objective func-
ion. The objective function to optimize during calibration was
he Nash–Sutcliffe Efficiency. The SUFI-2 program takes sources of
ncertainty into account by computing r-factors and p-factors. The
-factor is the percentage of measured data in the 95% prediction
ncertainty (95PPU) obtained through Latin Hypercube sampling,
hich can range from 0 to 1, where a p-factor of 1 indicating a per-

ect fit between observed and simulated data (Abbaspour, 2013).
he r-factor is simply the average width of the 95PPU band divided
y the standard deviation of the measured data, and this value can
ange from 0 to infinity (Abbaspour, 2013).

The calibration procedure required changing 12 hydrological
arameters to optimize the objective function in the SUFI-2 pro-
ram, which are listed in Table 3. These 12 hydrological parameters
re the soil conservation service (SCS) curve number (CN2), the
anning’s roughness coefficient for the main channel (CH N2), sur-

ace runoff lag time (SURLAG), saturated hydraulic conductivity of
he soil layers (mm/hr) (SOL K), the available water capacity of
he soil layer (mm  H2O/ mm soil) (SOL AWC), the baseflow alpha
actor (1/days) (ALPHA BF), the groundwater delay time (days)
GW DELAY), the groundwater revap coefficient (GW REVAP), the
hreshold depth of water in the shallow aquifer for “revap” or perco-
ation to the deep aquifer to occur (mm)  (REVAPMN), the threshold

epth of water in the shallow aquifer for baseflow to occur (mm)
GWQMN), the soil evaporation compensation factor (ESCO), and
he plant uptake compensation factor (EPCO). More information on
hese parameters can be found in the SWAT model documentation
June: 366 mm
July: 336 mm
August: 30 mm

(Neitsch et al., 2011). These parameters were chosen because they
tend to be the most commonly adjusted parameters when calibrat-
ing the SWAT model for streamflow (Arnold et al., 2012; Gassman
et al., 2007). Out of all the SWAT parameters to adjust for calibra-
tion, these are likely to affect the streamflow outputs the most in
this particular watershed compared to other parameters that affect
processes not dominant in the watershed such as snowmelt or for-
est canopy interception. The sampling ranges listed in Table 3 for
these 12 parameters were also based on previous research using
the SWAT model to calibrate for streamflow (Arnold et al., 2012;
Gassman et al., 2007)

The model was  simulated 1300 times to find the final values of
the input parameters that yielded good statistics, namely the R2,
NSE, and RMSE statistics. A sensitivity analysis was also conducted
to provide insight into which parameters had the largest effect on
the simulated streamflow. Table 3 also lists the sensitivity ranking
of those parameters by computing and comparing t-statistics and
p-values. The t- statistic simply provides the measure of sensitivity
and the p-value provides the significance of that sensitivity assess-
ment. Thus, a high t-statistic value and low p-value indicate that
the input has a large effect on the change in the model output.

In addition to streamflow, the model was also calibrated and
validated for changes in water table depths at the seasonal scale.
The observed water table depth data was obtained from YMD
management district in the form of a shapefile containing the
recorded depth measurements at hundreds of wells throughout the
watershed between the years 1989 and 2010. However, the YMD
management district only records the water table depths twice a
year; once during the spring right before the growing season in
the beginning of April and once following the end of the grow-
ing season in the beginning of October in the Mississippi Delta.
To resolve this issue, a spatial calibration and validation technique
was employed in this study to match simulated changes in water
table depths with observed changes in water table depths at the
seasonal scale. The spring and fall observed depths were spatially
averaged at sub-basin 9 and also spatially averaged at sub-basin 25
(Fig. 3). The averaged water table depth values were used to cali-
brate and validate the model based on those two sub-basins, where
sub-basin 9 was  considered as the calibration area and sub-basin
25 as the validation area. The implementation of this spatial aver-
aging technique is necessary to calibrate and validate the model for
water table depths because groundwater outputs are printed at the
HRU level, which do not have any spatial information. To resolve
this issue, the simulated groundwater outputs were averaged at the
sub-basin level. These two  sub-basins were chosen because there

is very little spatial variation in recorded water table depths within
each of the sub-basins, and they also contain consistent observed
seasonal water table depth data from 1996 to 2010. Sub-basin 9
was an area of particular interest due to the “cone of depression”



A.O. Dakhlalla et al. / Agricultural Water Management 163 (2016) 332–343 337

Table  3
Hydrologic parameters used in sensitivity analysis and model auto-calibration using SUFI-2.

Parameter name Min  Max  Fitted value t-Stat P-value

V CH N2.rte 0.014 0.30 0.25 40.71 0.00
R CN2.mgt −10% +10% −1.7% −12.07 0.00
V  SURLAG.bsn 1 12 1.39 −9.71 0.00
R  SOL K(..). sol −10% +10% −6.8% 2.21 0.03
A  GWQMN.gw 1 1000 929 1.70 0.09
A  GW DELAY.gw 2 45 6.31 1.47 0.14
A  REVAPMN.gw 1 400 79.4 −1.25 0.21
A  GW REVAP.gw 0.02 0.20 0.17 1.07 0.29
V ESCO.hru 0.4 0.9 0.44 −0.76 0.45
R  SOL AWC(..).sol −10% +10% 9.8% 0.32 0.75
V  EPCO.hru 0.1 0.9 0.71 −0.16 0.87
V  ALPHA BF.gw 0.2 0.9 0.66 −0.02 0.98

N eans
p  para

f
o
(

t
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t
o
s
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t
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F
a

ote: V means the existing parameter value is to be replaced by the given value, A m
arameter value is multiplied by (100% plus the value). Detailed description of each

ound in that area of the Mississippi Delta where land subsidence is
ccurring due to the over-extraction of groundwater for irrigation
Barlow and Clark, 2011).

Because the SWAT model does not print water table depths in
he outputs, the changes in the water table depth between spring
nd fall were calculated based on the changes in water storage in
he shallow aquifer. The simulated water table depth changes were
btained by multiplying the specific yield by the change in water
torage in the shallow aquifer. The specific yield is simply the ratio
f the volume of water that drains from a soil due to gravity to

he volume of aquifer material. Therefore, the rise or decline of the
ater table is equal to the drainage volume, or change in water

torage, divided by the specific yield. It should be noted that while

ig. 3. Observed water table depths at sub-basins 9 and 25 were used to calibrate
nd validate the model for water table depths at the BSRW.
 the given value is added to the existing parameter value, and R means the existing
meter can be found in the SWAT documentation (Neitsch et al., 2012).

the specific yield parameter is included in SWAT, it is currently
not an active variable used in the SWAT source code. Therefore,
we altered the specific yield parameter separately using the Solver
tool in Microsoft Excel to obtain the optimal specific yield value
that yielded the highest performance statistics, which are described
below.

The accuracy of the model was assessed based on the coeffi-
cient of determination (R2), Nash–Sutcliffe efficiency (NSE), and
root mean square error (RMSE) statistics. The R2 describes the pro-
portion of variation in measured data that can be explained by the
modeled data (Moriasi et al., 2007). The NSE describes how well
the plot of observed data versus the modeled data fits the 1:1 line
(Moriasi et al., 2007). The NSE index is a good indicator of the accu-
racy of the model output compared to the model input because of
the index’s sensitivity to extreme values in the output. The RMSE is
an error index that indicates error in the squared units of the vari-
able of interest (Moriasi et al., 2007). An RMSE of 0 indicates that
there is a perfect fit between observed data and modeled data.

2.5. Model analysis and scenarios

Because previous research has demonstrated strong relation-
ships between ET and groundwater (Ajami et al., 2011; Jayakody
et al., 2013; Nachabe et al., 2005; Pandey et al., 1997), the BSRW
model was  analyzed to see any hydrological connections between
the two hydrological parameters. The model was  also simulated
under 10 crop rotation scenarios, which are a combination of the
four dominant crop types of corn, soybean, cotton, and rice. These
scenarios include continuous corn, continuous soybean, continuous
cotton, continuous rice, corn after cotton, corn after rice, corn after
soybean, soybean after cotton, soybean after rice, and cotton after
rice. The model scenarios were compared to the baseline to see any
changes in groundwater storage and recharge that resulted from
land use changes. The baseline land use condition was assumed
to be the 2013 land use cover since it is impossible to capture the
actual crop rotations occurring in the watershed over a long time
period with reasonable accuracy. Paired two-sample t-tests were
conducted to see if the changes in groundwater recharge and stor-
age were significant at the 0.05 level of significance. The paired
samples for the t-test consisted of the baseline scenario with a

crop rotation scenario. The null hypothesis considers that there is
no significant change in groundwater storage or recharge and the
alternative hypothesis considers that there is a significant change
in groundwater storage or recharge.
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Table 4
Model performance evaluation during daily streamflow calibration and validation.

Station Calibration Validation

R2 NSE RMSE R2 NSE RMSE p-factor r-factor

Merigold 0.53 0.49 24.7 0.55 0.49 21.4 0.83 1.28

3

3

v
(
s
w
v
a
T
e
w
t
G
m
S
a
i
d
o
o
u

p
p
T
p
fl
R
0
t
e
s
m
T
f
t
1
t
o
i
o
e
h
e

d
i
i
R
T
t
(
s
i

Sunflower 0.60 0.59 27.2 0.64 0.63 23.2 0.80 1.31
Leland 0.68 0.66 22.2 0.75 0.72 19.4 0.87 1.35

. Results and discussion

.1. Model calibration and validation

The top five most sensitive parameters to streamflow with a p-
alue of less than 0.1 are Ch N2, CN2, SURLAG, SOL K, and GWQMN
Table 3). The CH N2, CN2, and SURLAG parameters were the most
ensitive because they dictate the amount and rate of surface runoff,
hich directly impacts the streamflow in the watershed. The final

alue chosen for CH N2 is 0.25, which indicates that the channels
re lined with rough surfaces such as dense brushes and vegetation.
he final value for CN2 was changed to −1.72% of the default CN2
stimate used in the uncalibrated model. The final SURLAG value
as 1.39 days, indicating a fast response time for overland flow

o reach the main channels. The high sensitivity of the SOL K and
WQMN  indicate that streamflow is also heavily influenced by the
ovement of water in the subsurface and underground aquifer.

OL K was changed to −6.8% of the original uncalibrated values
nd GWQMN  was changed to 928.9 mm.  The high value of GWQMN
mplies that the underground aquifer is unable to provide baseflow
uring periods of low aquifer storage and recharge. The low rates
r absence of baseflow in the river channels of the BSRW usually
ccurs during the growing season when groundwater reserves are
sed for crop irrigation.

The model was calibrated for daily streamflow during a 4-year
eriod from 1/1/2003 to 12/31/2006 and validated during a 3-year
eriod from 1/1/2007 to 12/31/2009 at 3 USGS gage stations (Fig. 4).
he R2, NSE, RMSE, p-factors, and r-factors indicated that the model
erformed well in simulating streamflow and most of the peak-
ows were captured in the model (Table 4). During calibration, the
2 values ranged from 0.53 to 0.68 and the NSE values ranged from
.49 to 0.66, and during validation, the R2 values ranged from 0.55
o 0.75 and the NSE values ranged from 0.49 to 0.72. These model
valuation statistics are consistent with previous SWAT modeling
tudies that use R2 and NSE to evaluate the performance of the
odel during calibration and validation (Gassman et al., 2007).

he p-factors ranged from 0.80 to 0.87 and the r-factors ranged
rom 1.28 to 1.35, which was based on the number of simula-
ions bracketed by the 95 PPU band. It is evident that most of the
300 simulations fell within the 95 PPU, indicating that the uncer-
ainty in modeling streamflow was small. However, the thickness
f the 95 PPU increased drastically when the model was  simulat-
ng peakflows at all three gauges, which indicates a high degree
f uncertainty when SWAT simulates peakflows. This also further
xplains why the SWAT model generally tends to underestimate
igh streamflows and overestimate low streamflows (Gassman
t al., 2007; Jeong et al., 2010; Wu et al., 2012).

The model was also calibrated and validated for water table
epth fluctuations at sub-basin 9 and sub-basin 25 (Fig. 5). The cal-

brated value for specific yield was found to be 0.26, which resulted
n an R2 of 0.76 and NSE of 0.71 during calibration (sub-basin 9) and
2 of 0.86 and NSE of 0.79 during validation (sub-basin 25) (Fig. 5).
he model did not perform as well in sub-basin 9, most likely due to

he rapid rate of groundwater depletion in the “cone of depression”
Barlow and Clark, 2011). A specific yield of 0.26 is close to the 0.32
pecific yield value chosen in previous groundwater modeling stud-
es conducted in the Mississippi Delta region (Arthur et al., 2001;
Management 163 (2016) 332–343

Barlow and Clark, 2011). It should be noted that this groundwater
calibration process involved averaging water table depths over a
large area, which reduces the spatial variation that can be captured
by the model. However, this spatial averaging technique at the sub-
basin level was  necessary because the water table depths can only
be simulated in SWAT at the HRU level, which does not have spa-
tial information. Overall, the model performed well in simulating
seasonal changes in groundwater table depths at the watershed
scale.

3.2. ET and groundwater interactions

Before comparing the crop rotation scenarios, the baseline sce-
nario was  simulated at the monthly scale from 1996 to 2010 to
compare the interactions of ET and groundwater within the water-
shed. In general, groundwater recharge rates are high during the
spring months and low during the fall months (Fig. 6). The increases
in groundwater recharge rates are due to the higher rainfall mag-
nitudes that occur during the spring season that lead to increases
in infiltration and percolation rates, as well as water contribu-
tion from the deep aquifer in the model. From Fig. 6, groundwater
recharge start to increase rapidly in the spring seasons following the
heavy precipitation events occurring in the winter seasons. How-
ever, during the summer and fall months, the alluvial aquifer does
not receive much groundwater recharge, which is a result of the
irrigation rates and the high transpiration rates during the growing
season. Average monthly groundwater storage decreases during
the summer while average monthly ET rates are high, and increases
during the winter and spring when ET rates are low (Fig. 7). For
example, during the months of June and July, the average monthly
ET rates reached their yearly peak of 97 mm/month. These two
months also experienced the largest depletion in groundwater stor-
age by 17% for June and by 14.4% for July. In contrast, ET rates were
lowest at 13.9 mm/month during December and 16.5 mm/month
during January, while the average groundwater storage increased
by 11.8% during December and 8.3% during January. Essentially,
the alluvial aquifer is recharged during the winter and spring, and
is depleted during the summer when irrigation occurs during the
growing season and ET rates are high. While decreases in ground-
water storage are primarily due to irrigation, groundwater storage
is also lost to revap, which is dependent on ET rates. Most of the
groundwater in the watershed that is lost to revap typically occurs
in the months of May, June, and July, where 48% of the total annual
revap takes place. Overall, ET rates played a significant role in simu-
lating groundwater storage and groundwater recharge in the BSRW
model.

It should be noted that the scheduled irrigation in the model
does not necessarily reflect the actual irrigation applications prac-
ticed by farmers in the BSRW from year to year. It has been reported
that the farmers in the Mississippi Delta irrigate based primarily
on plant observation, which may  lead the farmers to either under
irrigate or over irrigate their crops (Jayakody et al., 2013). This
can cause considerable spatial and temporal variations of irrigation
practices throughout the watershed, especially when considering
varying weather conditions. However, it is not realistic or feasible
to simulate these varying irrigation applications at the watershed
scale. Instead, we  included the monthly average irrigation rates that
have been reported by the YMD  management district. Including
these irrigation data in the model yielded reasonable and plausible
groundwater results at the monthly scale that corresponded well
with ET rates from the watershed model.
3.3. Groundwater storage and recharge

The groundwater outputs of the crop rotation scenarios were
analyzed to see any significant differences in average monthly
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ig. 4. Observed vs. simulated daily streamflow during model calibration (1/1/2003
unflower (USGS 07288500), and Leland (USGS 07288500) gauge stations in the BS

roundwater recharge and storage. The model was  simulated from
996 to 2010 for each scenario, and the results of the simulations
re listed in Fig. 8. Paired two-sample t-tests were conducted to see
f the changes in groundwater recharge and storage were significant
t the 0.05 level of significance (Tables 5 and 6).

Out of all the scenario simulations, continuous rice rotation
eads to the greatest rates of monthly groundwater recharge
+60.1%), followed by soybean after rice (+28.1%), corn after rice
+27.7), and cotton after rice crop rotations (+19.6%) (Table 5). Con-
inuous cotton rotation leads to the highest decreases in average
onthly groundwater recharge (−17.7%), followed by corn after
otton (−10.7%), and soybean after cotton (−9.3%) (Table 5). The
ontinuous soybean and corn after soybean crop rotations did not
1/2006) and validation (1/1/2007–12/31/2009) for the Merigold (USGS 07288280),

have a significant effect on groundwater recharge outputs in the
model (Table 5). Most of the simulated crop rotation practices
also had a significant effect on the average monthly groundwater
storage in the shallow aquifer. The continuous corn crop rotation
resulted in the largest increases in groundwater storage (+27.2%),
followed by corn after cotton (+22.3%), corn after soybean (+13.3%),
and continuous cotton crop rotations (+9.7%) (Table 6). Compared
to baseline crop rotation, the continuous rice crop rotation resulted
in the highest depletion in groundwater storage (−10.7%), followed
by soybean after rice (−9.2%), and continuous soybean rotations

(−9.0%) (Table 6). The soybean after cotton crop rotation scenario
did not have a significant effect on the groundwater storage in the
shallow aquifer (Table 6).
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Fig. 5. Observed and simulated water table depth changes at the seasonal scale from 1996 to 2010 at the (a) calibration sub-basin and the (b) validation sub-basin.

Fig. 6. Average precipitation (PRECIP), evapotranspiration (ET), and groundwater recharge (GW RCHG) simulation from 1996 to 2010 during the baseline scenario.
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Fig. 7. Average monthly shallow aquifer storage (SA ST) and evapotranspiration (ET) model results in the BSRW from 1996 to 2010 during the baseline scenario.
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Fig. 8. Model simulated average monthly (a) groundwater recharge and (b) grou

The results of the crop rotation scenarios indicated that the type
f crop planted in the watershed does have a potential impact
n groundwater storage and recharge. All of the simulated crop
otations had varying irrigation rates, which are pumped from
he alluvial aquifers. The irrigation rates caused the aquifer to
espond to groundwater depletion in different ways. For exam-
le, continuous rice crop rotation caused the largest depletion of
roundwater in the watershed due to the high irrigation rates
Table 2), which resulted in the highest rates of recharge. The
igh rates of groundwater recharge occurred in response to the
eficiency of groundwater needed for irrigation. More water was
llowed to recharge the aquifer under rice planting scenarios

ecause of the shallow rooting depth of the rice crop compared
o other crops, which allowed for low revap rates due to low plant
oot uptake during the simulation. On the other hand, the lowest
echarge rates occurred during cotton planting scenarios, likely due
ter storage during crop rotation scenarios from 1996 to 2010 in the watershed.

to the deep roots of the cotton plants, which increased groundwa-
ter revap rates in the watershed. The continuous soybean and corn
after soybean crop rotation scenarios had no significant effect on
the groundwater recharge, which is to be expected because those
are currently the most common crop rotation practices occurring
in the watershed.

The corn crops caused the largest increases in shallow aquifer
storage, which is to be expected due to the short time period for
irrigation applications (Fig. 8). Cotton planting caused increases
in groundwater storage as well, which is also the result of low
irrigation rates. These results indicate that farmers and water-
shed managers in the BSRW should consider implementing crop

rotations containing corn and cotton. Over a long period of time
(>20 years), implementing these crop rotations should result in an
increase in groundwater storage in the alluvial aquifer.
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Table 5
The percent changes in groundwater recharge as a result of changes in crop rotation
practices compared to the baseline conditions in the watershed. Paired two-sample
t-tests were conducted to see if the changes were significant at the 0.05 level of
significance.

Scenario % Change t-Value p-Value

Continuous corn −5.0 7.6 <0.01
Continuous cotton −17.7 12.9 <0.01
Continuous rice +60.1 −9.4 <0.01
Continuous soybean −0.2 0.31 0.76
Corn after cotton −10.7 9.3 <0.01
Corn after rice 27.7 −5.4 <0.01
Corn after soybean −0.6 0.85 0.40
Soybean after cotton −9.3 7.6 <0.01
Soybean after rice +28.1 −5.7 <0.01
Cotton after rice +19.6 −3.7 <0.01

Table 6
The percent changes in groundwater storage in the shallow aquifer as a result
of  changes in crop rotation practices compared to the baseline conditions in the
watershed. Paired two-sample t-tests were conducted to see if the changes were
significant at the 0.05 level of significance.

Scenario % Change t-Value p-Value

Continuous corn +27.2 −22.6 <0.01
Continuous cotton +9.7 −14.5 <0.01
Continuous Rice −10.7 7.3 <0.01
Continuous Soybean −9.0 22.6 <0.01
Corn after cotton +22.3 −19.9 <0.01
Corn after rice +5.5 −5.7 <0.01
Corn after soybean +13.3 −17.1 <0.01
Soybean after cotton −0.1 0.2 0.85
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groundwater budget in MODFLOW models. Hydrogeol. J. 19, 1181–1188.
Soybean after rice −9.2 8.6 <0.01
Cotton after rice −2.6 2.3 0.03

Alternatively, the rice planting scenarios resulted in the lowest
roundwater storage in the alluvial aquifer, which is the result of
he significantly higher irrigation rates compared to other crops.
owever, the rice crop scenarios resulted in the largest rates of
roundwater recharge. This is interesting because while rice plant-
ng scenarios resulted in the highest rates of groundwater recharge,
t was not enough to fill the shallow aquifer compared to the
aseline scenario or other crop rotation scenarios. Therefore, crop
otations with rice planting should only be implemented occasion-
lly in the watershed to allow groundwater storage to increase.

It should be noted that none of the crop rotation scenarios
esulted in any significant change in evapotranspiration in the
atershed. This is mostly likely the result of all the corn, cotton, rice,

nd soybean crops having similar transpiration rates. The change
n the amount of groundwater storage was not due to the amount
f baseflow in the watershed, because the threshold depth of water
n the shallow aquifer for baseflow to occur (GWQMN) was set at

 high value (928.9 mm)  during model calibration. The storage in
he shallow aquifer almost never reached 928.9 mm,  so baseflow
n the watershed was rare, which is in conformity with the actual
hysical response of the watershed (Coupe et al., 2012). The crop
otation scenarios resulted in significant changes in groundwater
evap rates, which are a result of the varying plant root depths
nd soil evaporation rates. The changes in groundwater revap and
umping caused most of the groundwater responses in the different
rop rotation simulations.

. Conclusion

This study was conducted to develop a calibrated and validated

odel using SWAT for streamflow and water table depths in a

umid sub- tropical climate watershed in northwestern Missis-
ippi. The model was used to simulate any relationships between
Management 163 (2016) 332–343

evapotranspiration and groundwater as well as simulate the effects
of crop rotation strategies on groundwater storage and recharge.

The model performed well during the calibration period
(R2 = 0.53–0.68 and NSE = 0.49–0.66) and validation period
(R2 = 0.55–0.75 and NSE = 0.49–0.72) for daily streamflow, which
was achieved by the SUFI-2 auto-calibration algorithm in the
SWAT-CUP package. The model also performed well in simulating
seasonal water table depth fluctuations at the calibration sub-basin
(R2 = 0.76 and NSE = 0.71) and at the validation sub-basin (R2 = 0.86
and NSE = 0.79), which was achieved by setting the specific yield
of the Mississippi River Valley Alluvial Aquifer to 0.26. The model
was most sensitive to Manning’s roughness coefficient, SCS curve
number, surface runoff lag time, soil hydraulic conductivity, and
the threshold shallow aquifer depth for baseflow to occur.

ET rates played a significant role in governing the amount of
groundwater storage and the rate of recharge of the alluvial aquifer.
The model results indicated that groundwater storage decreased
during the summer months while ET rates were high, and increased
during the winter and spring months when ET rates were low. The
crop rotation scenarios with rice planting resulted in the lowest
groundwater storage (down to −10.7%) compared to the base-
line crop scenario, which is due to the high irrigation rates of the
rice crop. However, the rice crop rotations resulted in the high-
est increases of groundwater recharge rates (up to +60.1%), likely
because of the response to the deficiency of groundwater needed
for irrigation as well as the limited water uptake by the shallow
rice plant roots. The crop rotations with corn and cotton resulted in
the largest increases in groundwater storage (+27.2%), which is the
result of the low irrigation rates as well as the short time period for
irrigation applications.

This study found that monthly groundwater recharge and stor-
age were related to changes in ET rates in the BSRW in Mississippi.
This study also found that implementing crop rotations that contain
cotton and/or corn resulted in the largest increases in groundwater
storage, and crop rotations with rice and soybean resulted in the
largest decreases in groundwater storage. Farmers and watershed
managers should consider the consequences of implementing cer-
tain crop rotation strategies on groundwater storage and recharge,
especially in watersheds where the main source of irrigation water
is from groundwater. This study should be conducted in other
watersheds with different landscapes and soils to see if the result-
ing groundwater flows change significantly. Also, the study could be
improved by incorporating future climate changes by using gener-
ated precipitation and temperature data from down-scaled global
climate models.
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