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Abstract: Identifying the core hydrological processes of catchments is a critical step for operative
hydrological modeling. This study attempts to assess the long-term alterations in streamflow in
three adjacent catchments of Upper East Fork White River, Indiana USA, by employing the SWAT
hydrological model. The model simulations are spanning from 1980 up to 2015 and distributed in
three configurations periods to identify monthly alterations in streamflow. For this purpose, water
abstraction, land use, tillage, and agricultural field drainage practices have been incorporated in
the model to provide accurate data input. The model setup also integrates spatially disaggregated
sectorial water use data from surface and groundwater resources integrating the significant increases
of water abstractions mainly for agricultural and public water supply purposes. The land cover
of the study area is governed by rotating crops, while agricultural practices and tile drainage
are crucial model parameters affecting the regional hydrological balance. Streamflow prediction
is based on the SUFI-2 algorithm and the SWAT-CUP interface has been used for the monthly
calibration and validation phases of the model. The evaluation of model simulations indicate a
progressively sufficient hydrological model setup for all configuration periods with NSE (0.87, 0.88,
and 0.88) and PBIAS (14%, —7%, and —2.8%) model evaluation values at the Seymour outlet. Surface
runoff/precipitation as well as percolation/precipitation ratios have been used as indicators to
identify trends to wetter conditions. Model outputs for the upstream areas, are successful predictions
for streamflow assessment studies to test future implications of land cover and climate change.

Keywords: hydrological modeling; streamflow; water balance; SWAT

1. Introduction

Growing population is expected to reach 10.9 billion by 2100 [1]. As a result, living
standards and dietary lifestyles are progressively change in many regions around the
world exerting even more pressures to the global food production system. Agricultural
products are also used in the livestock and aquaculture industries increasing even more the
global competition on water resources. Currently, agriculture uses 70-80% of global water
resources to produce the necessary quantities ensuring food security in the supply chain [2].
In USA, agriculture is a key economic sector consuming 40% of the total water use in the
country [3]. Key agricultural products are cultivated in several farming belts where the
climate conditions are favorable for improved crop yields [4]. Corn and soybean are two of
the most cultivated products in upper Mississippi River where intensive agriculture and
crop rotation schemes are being practiced for more than a century. An area as large as the
Corn Belt is subjected to changes in crop patterns, areal coverage, harvested lands and crop
yields affected by the agricultural practices as well as by the climate conditions. A recent
study estimated the crop rotation corn-soybean pattern is extending over the 70% of the
Corn Belt area [5].

The state of Indiana is one of the key producer states of agricultural and livestock
products in the Corn Belt region, centering a critical part of its economy and employment [6].
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During the last decades corn and soybean have been significantly increased by 133%
(80 bu/acre to 187 bu/acre) and by 93% (30 bu/acre to 58 bu/acre) respectively [7].

The intensive agricultural development activities in the catchments” areas require
consistent monitoring in key hydrologic parameters which affect the overall quality and
quantity of the crop yields in the region like precipitation, temperature, soil properties,
plantation, harvesting period, etc. Furthermore, the effective cultivation of highly valuable
crops requires soil preparation during the early weeks of spring, as well as the application
of pesticides and additional nutrients to ensure high yields [8,9].

Considering the soil preparation in the region, tile drainage is one of the most common
practice which ensures the proper soil nutrients concentrations as well as moisture levels
for a proper growing season. The installation of such subsurface tile drainage systems was
a significant infrastructure investment in the region, which consequently enriched the soil
with air by removing excess water and transforming wetland regions into highly nutrient
content valleys for agricultural development [10].

Hydromorphological pressures [11], over-fertilization, short-term land use manage-
ment [12,13] are some serious problems in intensive agricultural areas, resulting in the
collapse of surface and groundwater resources and consequently in the deterioration of
ecosystem and their services [14,15]. It is well known that many of the agricultural practices
applied in the upstream regions of the Mississippi River are the key drivers for serious
impacts in the downstream riparian, coastal, and sea ecosystems in the Gulf of Mexico
(eutrophication, chronic, and seasonal hypoxia) [16-19].

As a result of the extensive plowing and overall land use change dynamics over the
years, with urbanization and agricultural areas expansion rates at high levels [20], soil
structure is greatly unsettled, resulting in increased erosion risk and sediment transport
phenomena. More specifically, sediment (suspended and wash load) is the primary mean
of pollutant transport in the downstream areas which pose not only geomorphological
degradation [21] but also risks for ecosystems status, issues which have to be considered
by the current and future management practices applied by river basins committees and
authorities [22]. The future of agriculture has to face considerable rise in food demand
while trying to decrease its global footprint on natural resources [23].

Model-based methods for hydrological modeling are usually time consuming and
require extensive time series of several water related parameters, therefore observation-
based methods have been developed to provide quite accurate and early estimates of
the human or natural influence on hydrological deficits/droughts [24]. Pair catchment
analysis by using unsteady water balance equation and double mass curve techniques, can
effectively separate climate change effects from the watershed disturbance (e.g., seasonal
effects of forest coverage in hydrological drought). However, some of the limitations of
such approaches are to find suitable catchment pairs with long-time series of available data
on the pre-disturbance period, and relevant climate, land use characteristics along with
detailed physical properties of the watersheds [25].

Hydrological modeling and computational techniques in hydrology have been offered
very important advancements the last years due to the constant integration of more accurate
algorithmic routines, predicting several hydrological cycle components with remarkable
accuracy, as well as in the significant increase of computational power [26]. However,
hydrological models are heavily dependent on rainfall observations which must capture
accurate precipitation patterns and trends (in case of climate change impacts studies) to
effectively simulate the water cycle, while climate/landscape models require further devel-
opment to better describe spatial scale, magnitude, accuracy, and complexity issues [27].
Data inputs are the primary source of information which is used in the calibration and
validation phases which cover a wide range of typology (from ground-based monitoring
stations to satellite collected data) [28,29].

As the hydrological models principally attempt to provide the best available estimates
of water-land-soil dynamics and regime in study areas simulated, there are a lot of
intermediate preparatory steps, decisions and actions made by their operators to provide
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accurate simulations and targeted outputs. Model results are providing valuable feedback
in assessing the surface/groundwater links [30], improvement of management practices
under different scenarios [31-33], future projections for coupled land use—climate change
impact assessments [34-36] and contribution to large scale modeling [37-41].

Models” applications have been extensively used in either local, regional or even
continental scale simulations, where the quantitative and qualitative assessment can pro-
vide important conclusions for effective water management [42-46]. Hydrological models
outputs have evolved to the level that they can provide to decision makers and policy
planners the necessary inputs to protect the environment and ensure water security by
the application of best management practices varying from focused sectorial measures
of sustainable water use to emissions regulations in order to protect water quality and
all dependent ecosystems’ chain [47-50]. There is a need for continuous streamlined and
monitoring programs for the anthropogenic and natural pressures on water resources
based on the principles of collaborative adaptive management. Such approaches integrate
experiences and the collective perspectives of managers, stakeholders and scientists in a
way which minimizes the sources of uncertainties while supporting informed management
decisions in complex and competitive watersheds [51].

Responding to the need for transparent and accessible data inputs and interpretation of
model outcomes, the UN Statistics Division has been working in the last few decades with
international organizations as well as along with environmental and economic institutes
in environmental accounting approaches [52]. Environmental accounting provides the
standardization of environmental and economic information in a way to identify their
interactions with the anthropogenic socioeconomic environment, which as a process can
be defined as the starting point of future long-term planning of the utilization of natural
resources. Environmental accounting methodologies have been applied in the domains of
water, land, forestry, ecosystems, and energy [53-55].

2. Materials and Methods
2.1. Watershed Description

The study area of headwaters of Upper East Fork White River (UEFWR) consists of
three adjacent catchments in the headwaters of the Patoka White River, a tributary of the
Wabash River in the state of Indiana, USA. They cover an area of approximately 5700 km?.
The three catchments are the cataloging units of Driftwood (HUC8—05120204), Flatrock-Haw
(HUC8—05120205) and the Upper East Fork White (HUC8—05120206) based on the USGS
Watershed Boundary Dataset [56]. The study area is drained in the USGS monitoring location
03365500, at East Fork White River at Seymour, Indiana, 95 km southeast from the State’s capital
City of Indianapolis. The study area is delineated within the boundaries of Bartholomew,
Marion, Hancock, Henry, Johnson, Shelby, Rush, Decatur, Jackson, and Jennings counties of
Indiana where a population of more than 440,000 people reside (Figure 1a).

The elevation of the watershed ranges from 158 to 358 m with an average value of
258 m as shown in Figure 1b. Elevation data have been acquired from the NASA SRTM
program [57]. The soil characteristics have been integrated based on the STATSGO soil
dataset, integrating 19 different soil types [58,59]. The relief is majorly formed in light
slopes (average slope 2%) forming flatlands ideal for extensive agricultural development.
The study area was grouped into three slope classes: (a) <2%, (b) 2-5%, and (c) >5% as
shown in Figure 1c.

Within the study area, there were used nine weather and four streamflow stations. The
average elevation of the weather stations is 238 m, while climate normal in the Shelbyville station
for the 19812010 period are for total average precipitation 1106 mm/year (min/max: 60/134 mm)
and for the annual average temperature 6.3 °C (min/max: —4.5/17.6 °C) [60]. The weather
stations (for precipitation and min/max temperatures) included in the databases were acquired
from the NOAA database [61] and are in Columbus (USC00121747), Greenfield (USC00123527),
Greensburg (USC00123547), New Castle (USC00126164), Rushville (USC00127646), Seymour
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Figure 1. Study area with counties delineation (a), digital elevation model with weather and streamflow stations (b), slope

distribution (c).

2.2. Land Use

In order to successfully perform long term hydrological evaluation via modeling,
necessary data inputs had to be collected and curated prior to their integration in the
respective SWAT working database. One of the major components affecting the overall
rainfall-runoff regime in hydrological models is the land cover status. In our case study, we
organized the modeling period into three configuration periods in an attempt to adequately
capture the dynamic change of each of the water balance components without adding
unnecessary computational burden. The above periods refer to the following years; C;
(1980-1992), C, (1993-2002), and C3 (2003-2015). For this purpose, three land cover and use
instances (NLCD version of 1992, USDA CropScape versions of 2001 and 2011) have been
acquired and integrated in each of the model configuration as shown in Figure 2b [62-64].

The distribution of land use types describes a relative stable land use conditions over
the last 30 years with the agriculture to be the dominant one [65-67]. In detail, corn and
soyabean cultivated in crop rotation pattern, occupy 65% of the total area. The land cover
types balance for the latest year of the assessment in 2011 is: 65% agriculture, 14% forest,
11% pastures, 10% urban development, and 1% water surfaces [67]. During the period
1980-2015 in the basin there was a substantial increase in the developed areas (from 3%
to 10%) and in forested areas (from 9% to 14%), while pasture areas cover was decreased
(from 20% down to 11%) as shown in Figure 2a.

2.3. Streamflow Data

The streamflow data have been acquired from the USGS National Water Information
System (NWIS) at four gauging sites; Starting from the headwaters Sugar Creek (USGS
STATID: 03362500) draining 18% of the watershed subbasins, Flatrock River at Colum-
bus (USGS STATID: 03363900) draining 23%, East Fork White River at Columbus (USGS
STATID: 03364000) draining 78% of the area and Seymour (USGS STATID: 03365500) which
is the watershed’s outlet. The monthly average summaries of the streamflow stations for
each of the configuration periods are presented in Figure 3.
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Figure 2. Land use distribution in the UEFWR basins (a) and land use maps integrated in the databases for each of the
configuration periods: C;—1992, C,—2001, and C3—2011 (b).

2.4. SWAT Model

The SWAT model is a river basin scale model developed by USDA Agricultural
Research Service [68]. Its main characteristics are that it is physically based, of continuous
simulation, semi distributed, utilizing already available data inputs in a computationally
efficient way for simulations which can span for several decades and large study areas [69].

The land phase of the hydrological cycle in SWAT is described by the Equation (1) below:

t
SW; = SWp + Z (Rday - qurf —E; — Wseep - ng) (1)
i=1

where, SW;, is the final soil water content, SW|, is the initial soil water content, Rduy is the
amount of daily precipitation, Qg,,is the amount of daily surface runoff, E, the daily actual
evapotranspiration, We the groundwater recharge to the unsaturated (vadose) zone, and
Qguw the daily groundwater return flow to the stream, in mm [69].

It is a model which is continually upgraded and expanded in critical water related
processes throughout the years [68,70-72]. The SWAT model is organizing the watershed
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in smaller partitions with unique land cover, soil and management arrangements. These
areas are the hydrologic response units (HRUs) where the land and routing phases of the
hydrologic cycle are modelled to provide accurate predictions. The land surface of the hy-
drologic cycle includes climate parameters, natural hydrologic processes, land cover/plant
growth, erosion, nutrients, pesticides, and other management practices occurring in each
of the HRUs of the model. A recent release of the model (SWAT2012 rev. 681) was used
and in combination with the ArcGIS (version 10.3) interface (ArcSWAT 2012.10.3.19) was
used in this paper [73].
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Figure 3. Monthly average streamflow (in m?3/s) in water years for the gauging stations distributed in the configuration periods.

2.5. Agricultural Practices Data

The case study area is one of the most productive in the state of Indiana in terms of
agricultural yield. In the study area the crop rotating plantation of corns and soyabeans is
being majorly applied [74,75]. Since this agricultural practice is being applied in two or
three-year cycles, it has been integrated via the management operations module for better
model functioning and water-land relations parameterization. This includes an April
to October entire agricultural season with tillage operations, plantations and five-month
growing seasons, fertilizer application, and final harvesting [76]. Based on USDA the
UEFWR has somewhat poorly and moderately well natural soils drainage characteristics.
Therefore, the tile drains were simulated with at 1200 mm depth, 24 h the time to drain a
soil to field capacity, and 72 h the amount of time required to release water from a drain tile
to a stream reach [76,77]. Tile drainage has been applied in agricultural corn and soyabean
fields where slope is in the 0-2% range class.

2.6. Water Abstraction

Water removal from the environment plays a key role while elaborating with hydro-
logical modeling, as it affects the overall water availability as well as from which water
resource type (surface or groundwater), the respective volumes have been withdrawn. The
case where detailed data collection on water abstractions can be available, it can serve the
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overall modeling purpose by affecting the respective components as well as supporting
more detailed model outputs via improved calibration approach. In the case study area,
the Indiana Department of Natural Resources (DNR) operates the Significant Water With-
drawal Facility (SWWEF) database where facilities with a capability of abstracting more than
100,000 gallons of water a day (groundwater, surface water, or their combination) are being
registered [78]. The UEFWR watershed is intersecting with seven Indiana counties where
relative data were available; Bartholomew, Hancock, Henry, Johnson, Shelby, Rush, and
Decatur. A spatial analysis has been conducted in order to select the number of facilities
within each of the counties, and afterwards to integrate the water abstraction volumes in
the SWAT database in the respective subbasins. This analysis also allowed to assess the
type of surface or groundwater resource from where it was abstracted (Figure 4a), as well
as for which servicing sector this water volumes have been used for (Figure 4b). As the
SWWEF volumes dataset was not available for the whole period due to technical reasons
(size and complexity) the water abstraction data from 1980-2015 by USGS Water Use Data
for the Nation program have been used [3,79-85]. This option was selected in order to
support the modeling period in the three configuration periods. Based on our analysis
the total annual water abstraction for each of the configuration periods are C; = 45.2 hm?,
Cy = 62.5 hm?, and for C3 = 57.5 hm?. Starting from 1984 there was a significant increase of
water withdrawal facilities from 158 up to 487, while 90% of the facilities were pumping
stations from groundwater (Figure 3). The pumping capacity has been climbed to an
average 51 hm®/month in 2015 starting from 18 hm3 /month in 1984. As for the sectorial
distribution of water abstracted 74% is being allocated for public water supply, 13% for
industrial uses, and 12% for agricultural production. The water abstraction data have been
integrated in the SWAT database (.wus table) on monthly average basis.

Legend . Legend

*  Surface abstraction (intake) . Agriculture
®  Groundwater abstraction (well) Public water supply
Watershed Industry

Miscellaneous

Energy production

Watershed

(a)

Figure 4. Water abstraction facilities (as of 2015) in the study area that significantly abstract water by

source type (a) and by sector type (b).

2.7. Calibration and Validation Approach

The purpose of the calibration process is to optimize the performance of the model
given the inherent modelling uncertainties already in place while trying to predict the
function of each of the hydrological processes. The calibration approach followed in this
study was focused on the routing phase of the hydrological cycle by mainly adjusting
surface runoff and baseflow model components.
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The calibration/validation processes have been conducted in the locations of the four
USGS gauging stations at Sugar Creek, Flatrock, Columbus, and the Seymour outlet. Sugar
Creek and Flatrock upstream areas are considered hydrologically independent as no other
evidence and data are known in case of significant water transfers between them or among
other locations. Columbus is the station directly downstream of Flatrock, while Seymour in
the outlet is affected by the upstream Columbus calibration process and from the remaining
12% of the ungauged area southeast of the UEFWR basin.

Each of the upstream drainage areas of the respective stations, have been param-
eterized and calibrated with the SWAT-CUP software [86], an interface which delivers
significantly improved results by utilizing the Sequential Uncertainty Fitting algorithm
(SUFI-2). Based on similar studies review utilizing SUFI-2 [49,87-90], eight sensitive stream-
flow related parameters have been selected to be optimized in order to provide improved
streamflow calibration results. The selection of the list of calibrated parameters is based on
a selection of the most sensitive streamflow related parameters [76,91-93].

The initial SCS runoff curve number (CN2.mgt) and available water capacity of
the first soil layer (SOL_AWC(1).sol) have been optimized by relevant variation in the
range of [-20%, +20%], while baseflow alpha factor (ALPHA.BE.gw), groundwater de-
lay (GW_DELAY.gw), threshold depth of water in the shallow aquifer for return flow
(GWQMN.gw), groundwater re-evaporation coefficient (GW_REVAP.gw), deep aquifer
percolation (RCHRG_DP.gw), and soil evaporation compensation factor (ESCO.hru) have
been set to vary within a range of absolute values as shown in Table 1. For the snow param-
eters in the basins, a soft calibration approach has been selected by assigning minimum and
maximum snow melt rate (SMFMX.bsn and SMFMN.bsn) to 1 mm of H20/°C-day and
for the snow pack temperature lag factor to 0.4 (TIMPbsn) [76]. At first, the Sugar Creek
(seven upstream basins) and Flatrock (seven upstream basins) upstream regions have been
calibrated, then Columbus (14 upstream basins) as the right after in the downstream route
of the river, and in the end the Seymour outlet (14 upstream basins) as shown in Figure 5.
In total, there were 42 basins that the respective parameters have been calibrated for a
set of 500 simulations for each one of them. A set of consecutive years within each of
the configuration periods have been used for warm-up (3 y), calibration (>8 y) and for
validation the last 34 y of each of the configuration periods. Regarding the suspended
sediment load data, there were not available for any of the configuration periods since their
data collection in Seymour outlet ended in 1981.

Table 1. Optimized parameters with the SUFI-2 algorithm implemented in SWAT-CUP.

SWAT Parameter Physical Explanation Range

Initial SCS runoff curve number for
moisture condition II
SOL_AWC(1) (:sol) Available 1water capacity of first soil [—20%, +20%]

ayer (mm/mm)
ALPHA_BF (.gw) Baseflow alpha factor (days) 0-1
GW_DELAY (.gw) Groundwater delay (days) 0-300
Threshold depth of water in shallow

CN2 (.mgt) [—20%, +20%]

GWQMN (.gw) aquifer for return flow (mm H,O) 0-300
GW_REVAP (.gw) Groundwater “revap” coefficient 0-0.2
RCHRG_DP (.gw) Deep aquifer percolation fraction 0-0.5

ESCO (.hru) Soil evaporation compensation factor 0.7-1
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Figure 5. Delineation of the upstream areas, defined by the USGS gauging stations, where calibration
phase has been implemented.

3. Results
3.1. Streamflow Calibration Results

As a result of the sequential parametric fitting, the new values of the parameters
have been acquired, evaluating the calibration performance against measured streamflow
in the four USGS monitoring sites, integrated in the SWAT databases, and run for the
years of validation’s evaluation. The performance of the model in each of the calibration
and validation phases has been evaluated with the Nash-Sutcliffe (NSE) model efficiency
coefficient [94], PBIAS, and coefficient of determination (R?) based on the calibration and
validation evaluation approach [95,96] and results [91].

Based on [95,97] the recommended evaluation criteria for recommended statistical
performance for modelled flow as model outputs response on monthly scale and ‘very
good’ indication are NSE > 0.8, PBIAS (%) < £5% and R? > 0.85. The new parameters’
ranges or absolute values are presented in the Table 2 below for the best simulation fit of
SUFI-2 algorithm which was also was the basis to update SWAT model parameters used
for the validation phase of this study.

The implementation of auto calibration with SUFI-2 algorithm has been successfully
completed based on our approach to calibrate in four locations, in absence of other spa-
tial datasets that could potentially support more detailed parameterization of the SWAT
parameters. The evaluation of the calibration and validation results is presented in the
Table 3 below for each of the stations and for every configuration period assessed.
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Table 2. Calibration results of the SUFI-2 algorithm for each of the three configuration periods and each of the stations’ upstream drainage areas.

Cy C, Cs
Sugar Crk Flatrock  Columbus  Seymour Sugar Crk Flatrock Columbus Seymour Sugar Crk Flatrock Columbus Seymour
CN2.mgt —19.2% —6.5% 1.6% —16.4% 2.0% —2.0% —13.3% —16.4% 2.3% 1.6% —18.8% 4.6%
ALPHA_BF.gw 0.06 0.06 0.06 0.65 0.81 0.16 0.06 0.65 0.97 0.06 0.71 0.93
RCHRC_DP.gw 0.43 0.21 0.05 0.09 0.83 0.10 0.03 0.09 0.38 0.05 0.10 0.09
GW_DELAY 12.74 20.70 20.70 22.50 14.25 56.10 32.70 22.50 9.90 20.70 38.70 18.90
GWQMN.gw 58.00 128.70 164.70 191.70 130.35 249.30 255.90 191.70 62.70 164.70 3.30 112.50
GW_REVAP.gw 0.07 0.06 0.13 0.03 0.15 0.19 0.17 0.03 0.17 0.13 0.18 0.11
ESCO.hru 0.99 0.83 0.90 0.98 0.98 0.70 0.93 0.98 0.98 0.90 0.74 0.99
SOL_AWC.sol —3.4% —16.4% 8.4% —19.7% —13% —17% 19.6% —19.7% —14.9% 8.4% —7.3% —11.4%
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Table 3. Streamflow calibration and validation results for each of the gauging stations and the respective configuration

periods.
Calibration Validation
PBIAS PBIAS
; 2 ; 2
Station p R NSE (%) Station R NSE (%)
Sugar Sugar
o Crk 0.39 0.66 0.63 13.5 o Crk 0.84 0.66 33.00
(1983- Flatrock 0.86 0.88 0.87 6.00 (1990-  Flatrock 0.84 0.82 14.00
1989) Columbus  0.69 0.88 0.88 5.20 1992) Columbus  0.88 0.83 16.50
Seymour 0.46 0.89 0.88 9.20 Seymour 0.90 0.87 14.50
Sugar Sugar B
G Crk 0.73 0.92 0.89 15.30 C Crk 0.83 0.83 4.30
(1993- Flatrock 0.89 0.90 0.90 —2.30 (2000-  Flatrock 0.82 0.54 —40.20
1999) Columbus  0.76 0.94 0.94 5.20 2002) Columbus 091 0.87 —11.60
Seymour 0.69 0.94 0.92 7.70 Seymour 0.89 0.88 —6.90
Sugar Sugar
Cs Crk 0.71 0.88 0.88 1.00 Cs Crk 0.83 0.83 3.20
(2003- Flatrock 0.77 0.86 0.86 0.20 (2012-  Flatrock 0.85 0.65 —13.40
2011) Columbus  0.62 0.90 0.90 3.70 2015) Columbus  0.85 0.84 5.40
Seymour 0.53 0.90 0.88 6.50 Seymour 0.89 0.88 —2.80
Proposed ranges of model evaluation criteria
PBIAS
2
R NSE (%)
Satisfactory 0.7-0.8  0.55-0.7 i1(51)0—
Good 0.8-0.85  0.7-0.85  £(3-10)
Very good 0.85-1 0.85-1 +(0-3)

Additionally, the model performance for wet (October-March) and dry (April-September)
seasons are also presented in Table 4. We used the recommended model performance mea-
sures for both calibration and validation phases for a SWAT set-up on monthly temporal
resolution in an effort to minimize the uncertainties in ungauged parts of the UEFWR basin,
especially for Flatrock and Columbus upstream basins [91,95]. For the first and second con-
figuration periods (C; and C;), both coefficient of determination (R?) and Nash-Sutcliffe
efficient results are satisfactory in Flatrock, Columbus, and Seymour outlet, while for the Sugar
Creek, lower values of the evaluators were observed with a negligible trend of the model to
underestimate the streamflow. In the calibration results of the third configuration period (Cs),
in all four stations the results are very satisfactory and withing the acceptable limits.

Table 4. Model performance for low (dry) and high (wet) flow seasons.

Sugar Crk Flatrock Columbus Seymour
Low fl NSE 0.77 0.75 0.84 0.93
ow tiow PBIAS (%) 14% —5% 4% 4%
season R? 0.69 0.87 0.88 0.88
Hioh 6 NSE 0.87 0.92 0.94 0.94
16h How PBIAS (%) 6% 2% 5% 8%
season R? 0.73 0.93 0.91 0.94

For the evaluation of the validation period, we observed satisfactory performance for
R? and NSE model evaluators in all periods for the outlet, while for C1 in Sugar Creek,
in C2 and C3 in Flatrock we noted that model underestimated the streamflow presenting
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lower performance values. For the basin’s outlet at Seymour, the validation results were
R? = 0.89, NSE = 0.88, and PBIAS = —2.80% which were considered very satisfactory. The
full time series of the modeling period is presented for each of the stations and covering
both calibration and validation phases in Figure 6 below.

Sugar Creek

1000

500

Discharge incms

k(m)  em—mSugar Crk (obs)

Flatrock

Discharge incms

e Flatrock (m) e Flatrock (obs)

Columbus

4000

3500

3000

2500

2000

Discharge in cms

Seymour

1000

3000

Discharge incms
g

1000

Figure 6. Monthly discharge (in m3/s) timeseries of observed (red) and modeled (blue) outputs
for Sugar Creek, Flatrock, Columbus, and Seymour (outlet) monitoring sites. With light green are
highlighted the intermediate validation time range among the different configuration periods.
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3.2. Precipitation—Snowmelt

Based on the predominant climate conditions in the State of Indiana and in the study
area, snowfall is characteristic element of the weather in the region greatly affecting the
crop production (by defining level of soil conditions, proper for crop plantation) in each of
the growing seasons, while providing increased spring/early summer seasonal streamflow
from snowmelt.

Analyzing the model outputs for the precipitation/snowmelt balance, we observed
that annual average snow melt accounted for an average 9% of precipitation for all configu-
ration periods. In detail, the maximum average monthly snowmelt to precipitation ratio
was 39% in Cq, 47% in Cp, and 38% in Cs period, which were all observed in February as
shown in Figure 7.
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Figure 7. Cont.
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Figure 7. Annual average precipitation and snowmelt (in mm) for the three configuration periods.

3.3. Water Balance

Analyzing the water balance components on monthly basis, we observed for the
precipitation more humid conditions occurring after January, while in actual evapotran-
spiration marginal increase is presented mainly during the summer months as shown
in Figure 8b. Consequently, surface runoff and water yield shown a relevant increase
throughout the year from 274 to 429 mm and from 369 to 556 mm, respectively. In more
detail the spatial patterns of key water balance components are presented in Figure 8.

By the completion of the calibration phase, water balance components ratios were
extracted from the SWAT results” databases, in annual average terms as shown in the
following Table 5. Precipitation is used as the main hydrological cycle component when
elaborating these ratios since it is the main water input in the SWAT model. We observed
that annual average precipitation has been increased by 20% between C; and C3 periods
while actual evapotranspiration remained marginally stable for the same period. This
resulted that between the C1-C3 periods we had an increase in effective precipitation
from 365 mm up to 589 mm on average. Moreover, the increase in the average monthly
precipitation had as a result an increase in surface runoff and total flow (summary of
surface runoff, lateral flow, and groundwater return to the streams).
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Figure 8. Cumulative water balance monthly components, on water year basis, per configuration period for (a) precipitation,

(b) actual evapotranspiration, (c) surface runoff, and (d) produced water yield. All numbers are in mm.

Table 5. Annual average water balance ratios among different hydrological cycle parameters based
on SWAT outputs for all configuration periods.

Water Balance Components Ratios Cq C, Cs
Streamflow /Precipitation 27% 31% 35%
Baseflow / Total flow 39% 41% 28%
Surface runoff/Total flow 61% 59% 72%
Percolation/Precipitation 11% 13% 11%
Deep recharge/Precipitation 2% 1% 1%
Evapotranspiration/Precipitation 64% 58% 54%

4. Discussion
4.1. Model Performance

The purpose of this hydrological modeling study was to assess the streamflow status
and indirect related streamflow parameters for a long period of time in an agricultural
intensive watershed. The extensive data collection system existing in the study area for
weather, streamflow, water use, and agricultural practices covering the period from 1980
until 2015 and provided the necessary data inputs for a SWAT model setup. The integration
of all the model inputs, have spatially explicit characteristics which were important on the
design of the model evaluation. To succeed this, the period of the assessment has been split
into three configuration periods where the weather, land cover, and water use data where
adequately representative to conduct the calibration and validation phases of the model.
Moreover, the three calibration and validation places have been selected in monitoring
sites where streamflow data were available for all the period and represented in a balanced
way the characteristics of their upstream draining areas. The calibration periods had a
range from seven (for C1 and C2) up to nine years (for C3) where a three-year warm up
period has been used for each one of them. The streamflow sensitive parameters have been
optimized via the use the sensitivity analysis algorithm SUFI-2 of SWAT-CUP software.

The calibration results for all the monitoring sites have been improved for all the three
evaluation criteria selected: R?, NSE, and PBIAS. In the first and second configuration peri-
ods the PBIAS for Sugar Creek are 13.5% and 15.3% respectively indicated underestimation
of streamflow in the site. This might be a result of marginally increased losses mechanisms
not releasing water in the main reach downstream to the calibration site. Other than this,
the calibration performed on good and very good basis, regarding the PBIAS indicator
for all monitoring sites since it has been calculated within the range of + 3-10%. For NSE
only the Sugar Creek station, for the C1 period presented satisfactory calibration results
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with a value of 0.60 (satisfactory range 0.55-0.70) which was expected as PBIAS already
identified streamflow underestimation as already described. For the rest of the stations
and configuration periods calibration’s scores were very high and above 0.85 which is the
threshold for very good hydrological simulations.

The validation phase of the model is the necessary process which verifies that the
calibrated model can adequately perform for a period which was not initially used during
the calibration of its parameters. The values of PBIAS in the two basins upstream of Sugar
Creek (33%) and Flatrock (14%), indicate underestimation of streamflow in C1, while for
the C2 and C3 periods, Flatrock indicated overestimation (—40% and —13.4% respectively).
This implies that despite the fact detailed tile drainage data and tillage practices have been
integrated in the model setup, more detailed exploration is required to improve the model
output within satisfactory levels. This might be a result of a change in agricultural practices
followed, construction or change of operation of small water regulation infrastructure. An
additional calibration point upstream of Flatrock, might support better model performance
for the whole upstream subbasin. In the C3 period though, PBIAS calculated within
the satisfactory values range. Considering NSE indicator, the model performed at least
satisfactory at all monitoring sites.

As an additional measure of evaluation of the long period simulation in our study,
we assessed the model outputs for low and high flow seasons as presented in Table 4.
For the low flow seasons and according to NSE indicator, the model performs good for
the upstream basins of Sugar Creek and Flatrock, while for the downstream Columbus
basin and the Seymour outlet the model performs very well at 0.84 and 0.93 NSE values
respectively. The model presents satisfactory and good results for PBIAS values where
Flatrock indicates marginal underestimation of the streamflow, while the rest of the three
stations show higher (Sugar Creek 14%) or within the good evaluation overestimation
values (Columbus and Seymour at 4%). For the high flow season, the model simulation
presents very good performance according to NSE indicator as at all monitoring sites the
values area above 0.87 and very good level of streamflow magnitude overestimation from
2% at Flatrock up to 8% in the Seymour outlet.

The Pearson correlation coefficient R?, even though it is a sensitive indicator in cases
where high/low values are met, presented high level of collinearity between modeled
and observed values for both the dry and wet flow seasons. The overall model validation
results, indicate a progressively improving model predictability for streamflow from C1 to
C3 configuration periods, for high flow season and from upstream to downstream locations
indicating that all intermediate calibration steps at the upstream regions play a significant
accumulating role for this very good model performance score at the Seymour outlet.

4.2. Land Cover Dynamics in the Sub-Basins

SWAT provides model outcomes in analytical database format where detailed data
exports can support to further assess key outcomes of the simulations conducted. After
exploring the results, we selected the four most critical water balance parameters to ex-
plore the spatial patterns of their development during the configuration periods. These
parameters are the precipitation, actual evapotranspiration, surface runoff, and percolation
(groundwater recharge to shallow aquifers). The spatial assessment has been conducted
in terms of the areas upstream of the four calibration points as shown in Figures 9 and 10.
The assessment of the water balance components is cross studied with the overall land
use status for agricultural use (AGRI), pastures/hay (PAST), urbanized areas (URBAN),
and forest (FOREST) as shown below. In all the four upstream areas a decreasing trend is
observed in pasture/hay areas in favor of urbanization and forest expansion. Urbanization
is a key parameter in altering the hydrological regime despite the fact that peri urban and
independent forests within the areas presented a respective increase [98].
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Figure 9. Land cover dynamics in the four upstream areas for (a) Sugar Creek, (b) Flatrock, (c) Columbus, and (d) Seymour outlet.

4.3. Precipitation—Actual Evapotranspiration

The amount of precipitation has been uniformly increased in all the four upstream
regions where less increase has been observed in the headwaters of Columbus and in the
intermediate zones of the river in both Columbus and Flatrock regions. While precipitation
increased throughout the state, some places experienced larger increases than others with
the southern and west-central regions of the state observed the largest increases [99-101].

Actual evapotranspiration did not have any major change in the UEFWR, except in
upstream of Columbus and within the major two out of three tributaries. The significant
reduction of pastures areas in both Flatrock and Seymour is one of the reasons affecting the
regional marginal reduction of the evapotranspiration from natural vegetated areas.
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Hydrology 2021, 8, 137

18 of 23

Legend
SUR_Q [mm]
10
B o
Bl o
- oo

Legend

Percolation [mm]

e
bl

B

Figure 10. Precipitation, actual evapotranspiration, surface runoff, and percolation maps at subbasin
level for each of the configuration periods (Cy, Cy, and C3) from left to right. All the values presented

are in mm.

4.4. Surface Runoff—Percolation—Tile Drainage

As a result of the overall increase in precipitation, this consequently affected the
surface runoff throughout the basins and more specifically the upstream areas of Fla-
trock and Seymour. As the agricultural areas in Seymour have been increased, more
subsurface drainage networks have been installed since the latest available data indicate
at least a 2773 km? increase in land drained by tile, rising to a total of 27% at state level
(26,000 km?) [102,103]. The dipole between surface runoff and percolation seem to interact
in opposite directions due to the existence of extended tile drainage in the agricultural
parts of the study area. In detail, percolation affected by the existence of crops cultivation
rather than surface runoff which is controlled by forest and urban expansion. In Sugar
Creek land cover change dynamics are affected more by the extensive urban expansion,
with the headwater regions present a slight increase in percolation rates. For Flatrock, the
high level of croplands (~80%) govern the water balance especially in the downstream
regions close to Columbus keeping percolation/precipitation rates within the range of
6-8%, while less than 10% increase of forests positively affect the surface runoff.
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Upstream of Columbus, the reduction of agricultural and pasture areas effectively
increased the percolation rates, which resulted in reducing the surface runoff/precipitation
rates. More detailed results for all the stations and configuration periods are presented in
Figure 11 below.

0% 5% 10% 15% 20% 25% 30% 35% 0% 5% 10% 15% 20% 25%

Sugar Creek —
Flatrock :

Columbus \_—‘[
— —

Sugar Creek

Flatrock

Columbus

Seymour

C-1 mC2 mC3 HC-1 mC2 mC3

(a) (b)

Figure 11. Water balance ratios for each of the upstream drainage areas and per configuration period for (a) surface
runoff/precipitation and (b) percolation/precipitation.

5. Conclusions

In this study, we examined the spatial variability of the main water balance com-
ponents in an intensively agricultural area in the headwaters of Upper East Fork White
River in Indiana, USA. The assessment time range has been divided in three configuration
periods to adequately capture potential weather (precipitation and temperature) and land
cover changes during the years from 1980 to 2015; following urbanization trends against
pastures and peri-urban agricultural areas. Extensive data collection was necessary to
provide the best possible data input for a SWAT model set up for the simulation. In order
to optimize the data outputs, a spatial calibration approach has been implemented in four
gauging sites, by using the auto calibration SUFI-2 algorithm for eight sensitive land cover,
soil, and groundwater parameters, where the results were very satisfactory for all the
configuration periods and calibration points.

The model evaluation criteria for both calibration (R? = 0.90, NSE = 0.88, PBIAS = 6.50%)
and validation periods (R =0.89, NSE = 0.88, PBIAS = —2.8%) at Seymour outlet, indicate a
strong correlation and goodness of fit for the most recent configuration period as well as for
the two initial ones, while this very good performance in the outlet is being sustained when
evaluating both dry (R? = 0.88, NSE = 0.93, PBIAS = 4%) and wet (R? = 0.94, NSE = 0.94,
PBIAS = 8%) seasons.

It was confirmed that in areas with intensified agricultural development, an activity
which heavily disturbs the land phase of the hydrological cycle, it is important and critical
for hydrological models to integrate data input such water use and relevant agricultural
management practices. Those proved to considerably affect the regional hydrological
balance as indicated while using precipitation ratios with surface runoff and percolation.
The practice of easy-to-use model outputs expressed as ratios can provide a brief description
of the water balance dynamics in the study area, allowing proper adjustment of the
hydrological model parameters.

The results of this study can be generalized to other watersheds with extensive agri-
cultural land cover and crop synthesis to the extent that supportive information is available
on the agricultural practices applied in them such as tile drainage, tillage as well as the
soil characteristics of plainlands. They can ideally provide insights for further long-term
assessments and improvements in the hydrological cycle representation via the SWAT
model, in a way that will promote environmental sustainability (scenario building) while
ensuring socioeconomic stability and production of critical crops.
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