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ABSTRACT

Accurate modeling of crop growth within watershed hydrological models is essential, yet most stud-
ies pay little attention to parameterizing crop-growth sub-models or validating their performance. This
study evaluated crop sub-model parameters of Soil and Water Assessment Tool (SWAT), a widely used,
physically based, hydrological model. Baseline SWAT crop parameters were calibrated at the model
hydrologic-response-unit-scale using 10 years of replicated field-scale data at one site and validated
using 5 years at a second site for corn and grain sorghum, and new parameters were developed and
tested for sweet sorghum (bioenergy crop) using 4 years of unreplicated field data. Calibration of crop
yields focused on four parameters: lower harvest index (WYSF), harvest index for optimal growing condi-
tion (HVSTI), radiation use efficiency (BIO-E), and maximum leaf area index (BLAI). Calibration improved
model performance and resulted in slight changes to SWAT default values for four parameters for corn
and sorghum. These results provide important preliminary parameters for modeling sweet sorghum in
SWAT; both BIO_E and BLAI were greater than default values for grain sorghum. Calibrated parameters
improved model performance in validation of corn but not grain sorghum, which was heavily influenced
by drought conditions and possibly other management differences at the validation site. Results of this
study support use of site-specific, rather than default or off-site, calibration of crop-model parameters
to minimize effects on model performance of different soil, water, and nutrient management conditions.
Watershed-specific, field-scale crop-yield calibration methods demonstrated in this study are recom-
mended to reduce the plant-growth-related systematic error component of larger-scale hydrological
processes (such as streamflow).

© 2016 Published by Elsevier B.V.

1. Introduction

be achieved through accurate inputs and better calibration of crop
biomass and grain yield (Nair et al., 2011; Arnold et al., 2012).

Crop-growth models use mathematical equations to represent
plant growth and development. Elements of crop-growth models
that have been used over the past 30 years to address crop growth,
development and yields are being incorporated into hydrological
models (Sinclair and Seligman, 1996). Hydrological models often
integrate crop-growth sub-models to provide accurate representa-
tion of above-ground and below-ground biomass characteristics
that are important to simulating evapotranspiration (ET), soil-
water and nutrient uptake, biomass pools of carbon and nutrients,
and other surface and sub-surface characteristics relevant to hydro-
logical or water-quality processes. Accuracy in crop models can
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Better modeling of crop growth and development characteris-
tics improves simulation of hydrological, soil erosion, and nutrient
transport processes. For example, Anand et al. (2007) demonstrated
that calibration of runoff curve number (CN) at the field scale in
both SWAT (Soil and Water Assessment Tool; Arnold et al., 2012)
and ADAPT (Agricultural Drainage and Pesticide Transport; Gowda
et al., 2012: an extension of GLEAMS, Knisel and Douglas-Mankin,
2012) was closely related to plant ET through its influence on soil
water. Calibration of crop biomass and yield also enable better
quantification of crop residue after harvesting (Baumgart, 2005).
Daggupati et al. (2015), in their article discussing recommended
hydrological model calibration strategies, clearly state that errors
in runoff prediction could be caused by lack of crop growth sub-
model calibration. Even though calibration of the crop simulation
components of watershed models demands intensive input and
output comparison data and additional modeling effort, the result
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is better simulation of the crop elements and interactions critical
to describing the hydrological system.

Calibration of crop growth or yield, however, has rarely been
reported in SWAT studies (Baumgart, 2005; Gassman et al., 2007).
For example, a study of SWAT hydrologic budget and crop yield
simulations in the Upper Mississippi River Basin was performed
without calibration (Srinivasan et al., 2010). They concluded that,
with accurate spatial input, an uncalibrated SWAT model can
satisfactorily predict the hydrologic budget and crop yields (i.e.,
county-level crop yield data aggregated to the four-digit hydrologic
unit code (HUC) watershed scale) for large spatial areas.

Several studies have reported SWAT crop sub-model calibration.
Nairetal.(2011)reported a four-stage SWAT calibration procedure,
with one stage as crop yield calibration. Like Srinivasanetal.(2010),
Nair et al. (2011) used county-level yield data weighted by water-
shed area to determine watershed-scale crop yield. Hu et al. (2007)
used county-level yield data weighted by watershed area to deter-
mine watershed-scale crop yield. Hu et al. (2007) also calibrated
the SWAT 2000 crop model using county-level yield data to bet-
ter assess nitrate movement in an eastern Illinois watershed and
reported corn and soybean yields with relative error from —10% to
6%. Ng et al. (2010) developed and calibrated SWAT 2005 model
crop parameters for the perennial grass miscanthus (Miscanthus
x giganteus) using 14 years of optimal above-ground and below-
ground biomass and leaf area index (LAI) data simulated using a
second crop growth model, BioCro.

Gassman et al. (2007) reviewed over 250 peer-review pub-
lished articles on SWAT applications. In their summary of additional
research needs, they highlighted the need for (a) expansion of the
plant parameter database, and (b) more extensive testing (and revi-
sion) of crop growth sub-model and parameters. SWAT simulates
crop yields at the hydrologic response unit (HRU) scale, which rep-
resents specific field-scale characteristics of soil, topography, and
land use/management. Direct calibration of the SWAT crop sub-
model is best performed at the HRU (field) scale. Currently no
studies in the literature present detailed field-scale calibration and
assessment of user-input SWAT model crop parameters. Thus, one
of the two primary objectives of this study was to calibrate and val-
idate SWAT 2005 corn and grain sorghum crop paramters under a
range of ecoclimatic regions.

Additionally, there are little or no literature on sweet sorghum
(Sorghum bicolor (L.) Moench) modeling (Perkins et al., 2011),
and no SWAT database parameters currently exist for this crop
(Engel et al., 2010). Creation of plant growth parameters for sweet
sorghum would allow simulation of sweet sorghum’s potential as a
bioenergy crop (Engel et al., 2010) and the environmental impacts
of its expanding useage. Therefore, the second objective of our
study was to develop a new SWAT parameter dataset for sweet
sorghum.

An overarching goal and contribution of this study was to
demonstrate a method that watershed modeling studies can use
to perform, document, and present calibration and validation of a
watershed-scale hydological model on the basis of field-scale crop-
yield data. Here, measured plot-scale crop-yield data were used to
calibrate and validate crop-growth sub-model yields at the HRU
scale.

2. Materials and methods
2.1. Model description

The Soil and Water Assessment Tool (SWAT) ver. 2005 is a
physically based, watershed scale, continuous simulation model

developed by the USDA Agricultural Research Service (ARS) (Arnold
et al, 1998; Neitsch et al.,, 2004, 2005) and extensively used

throughout the world (Gassman et al., 2007; Douglas-Mankin et al.,
2010a; Tuppad et al., 2011; Arnold et al., 2012). It is capable of sim-
ulating crop growth, soil water, surface water, and groundwater
movement as well as sediment and nutrient transport for both large
and small scales (Luo et al., 2008). The model is often used to exam-
ine the effects of agricultural practices on water quality because of
its ability to represent numerous management practices, includ-
ing fertilizer, tillage, crop rotations, irrigation, and drainage (Arabi
et al., 2008; Gassman et al., 2007; Douglas-Mankin et al., 2010a).
SWAT has been used in many locations within Kansas, ranging
from field scale (Anand et al., 2007; Maski et al., 2008; Douglas-
Mankin et al., 2010b) to watershed scale (Parajuli et al., 2009a,b,c;
Tuppad et al., 2010a,b; Daggupati et al., 2011; Nejadhashemi et al.,
2011; Sheshukov et al., 2011a,b,c; Lee and Douglas-Mankin, 2011;
Gali et al., 2012; Douglas-Mankin et al., 2013), and in many other
study regions (Gassman et al., 2007; Douglas-Mankin et al., 2010a;
Tuppad et al., 2011). The incorporation of a large number of agri-
cultural practices and structures, enhances its ability to model crop
yields (Douglas-Mankin et al., 2010a).

Plant growth in SWAT is simulated using a simplified ver-
sion of the generic crop growth model from EPIC (Williams et al.,
1984 Williams, 1995), as described in Neitsch et al. (2005). Total
plant biomass is incremented daily based on an atmospheric-
CO,-dependent radiation use efficiency applied to intercepted
photosynthetically active radiation. This potential biomass accu-
mulation is attenuated by the maximum among several possible
limiting plant stresses (water, temperature, N, or P) (Luo et al.,
2008). Leaf area index (LAl), green leaf area per unitland area, is also
incremented daily on the basis of accumulated potential heat units
(PHUs), and is also attenuated by a plant-stress factor. LAl increases
until a crop-specific maximum LAI is achieved, then remains con-
stant until onset of senscence, after which it declines linearly to
zero at harvest. Similarly, canopy height increases until a crop-
specific maximum is reached, but it remains at this height through
the remainder of the growing season. Root biomass is incremented
daily as a fraction of total plant biomass ranging from 0.4 at emer-
gence to 0.2 at maturity according to accumulated PHUs (users may
also input root fractions in crop.dat). Root depth for annual crops is
incremented daily accoring to accumulated PHUs until maximum
root depth for that crop is achieved. Harvested crop yield is sim-
ulated as a fraction, defined by a harvest index, of either total or
above-ground biomass at the time of harvest, to account for har-
vested grain (only) or plant biomass, depending on the crop.

2.2. Study areas

This study used field-level crop yield and management data
from two research field sites (Fig. 1) to calibrate and validate the
SWAT model and crop sub-model parameters.

2.2.1. Site RK

Site RK (Riley County, Kansas) used crop grain yield data for
corn (Zea mays) and grain sorghum (Sorghum bicolor) from 1999
to 2008 and sweet sorghum (Sorghum bicolor (L.) Moench) from
2007 to 2010 (KSU-AES-CES, 1999-2008a,b; Propheter, 2009; Dr.
Scott Staggenborg, 2011, personal communication) from North-
eastern Kansas field plots with silt loam soils for calibration. The
three fields vary from 1.7 to 3.1 ha (4.1 to 7.8 ac). Corn was alter-
nated annually with soybeans on fields with 3.0% average slope
and soil KS-1614050-1 (Ivan and Kennebec silt loams, hydrologic
soil group B) on odd years and, during even years, on 1.3% aver-
age slope and soil KS-1617170-1 (Reading silt loam, hydrologic
soil group B). Grain sorghum was grown on the same fields with
corn, so the same soil types were used. A similar rotation method
was implemented, alternating with soybeans every year, with grain
sorghum on KS-1614050-1 in odd years and KS-1617170-1 in even
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Fig. 1. (a) Locations of two study areas: Cedar Creek Watershed, Riley County, KS (Site RK) and Lower Golf Creek Watershed, Texas County, OK (Site TO). Areal image maps

with studied fields (b) Sites RK within North Agronomy Fields and (c) Site TO.

Table 1

Site RK (Riley County, KS) plant (PLNT) and harvest (HVST) dates and nitrogren and phosphorus fertilizer (FERT) application amounts (kg/ha) for corn, grain sorghum, and

sweet sorghum.

Corn Grain Sorghum Sweet Sorghum

PLNT HVST FERT PLNT HVST FERT PLNT HVST FERT
5/3/99 9/17/99 168N-00P 5/26/99 10/6/99 168N-00P 5/21/07 10/25/07 168N-67P
4/21/00 9/6/00 146N-00P 5/10/00 9/15/00 146N-34P 5/21/08 10/3/08 179N-0P
4/17/01 9/11/01 146N-00P 5/14/01 9/28/01 146N-34P 5/29/09 10/5/09 179N-0P
4/12/02 9/9/02 134N-00P 5/21/02 9/30/02 151N-56P 5/24/10 10/1/10 179N-0P
4/14/03 9/8/03 134N-00P 5/13/03 9/24/03 151N-67P

4/14/04 9/16/04 146N-00P 5/24/04 10/16/04 146N-34P

4/16/05 9/19/05 146N-30P 5/24/05 9/27/05 146N-34P

4/13/06 9/15/06 146N-30P 5/18/06 9/28/06 146N-34P

4/23/07 9/17/07 134N-00P 5/11/07 9/29/07 146N-34P

4/23/08 10/1/08 101N-00P 5/16/08 9/25/08 146N-34P

years. Sweet sorghum was grown also using a rotation with soy-
beans on areas with the same soil type as corn and grain sorghum.
Management practices were obtained for each crop, including
fertilization, planting, harvest (Table 1), and tillage dates and prac-
tices. Field cultivator tillage was applied for corn 3 months before
planting, 22 days after planting, and 1 month prior to next year
soybean rotation. For grain and sweet sorghum, generic no-till
mixing characteristics (25 mm mixing depth, 5% mixing efficiency)
were applied in SWAT. Herbicides were used on crops but were
not included in management practices, because pest or pesticide
impacts were not modeled. No irrigation was used during the study
period. Time-based management operations were used instead of
the default method, which used the fraction of PHU.

The research fields were within the 4,800-ha Cedar Creek-Big
Blue Watershed (HUC 102702050705), Riley County, Kansas (Fig. 1).
Land-use distribution in this watershed was 32% hay/pasture, 23%
residential area, 16% deciduous forest, 11% soybeans and 8% corn
(USGS, 1992). Soil was predominantly hydrologic group C followed

by group B (USDA, 2011). The watershed was delineated into 31
subwatersheds with SWAT 2005 using a 10-m resolution digital
elevation model (DEM) from National Elevation Dataset (USGS,
2010). Land-use data were derived from the 2010 National Agri-
cultural Statistics Service (NASS) Cropland Data Layer at 30-m
resolution (Mueller and Seffrin, 2006) and soil data derived from
Soil Survey Geographic Database (SSURGO) data (USDA, 2011) pro-
cessed for input to SWAT using a utility developed by Sheshukov
et al. (2011b). Slope classes were calculated using the DEM. A total
of 3,126 HRUs, each representing specific combinations of soil,
slope, and land-use, were generated from these data. The 2 HRUs
with soil, slope, and land-use characteristics corresponding to the
research fields was used for this analysis.

Weather data, including precipitation, temperature, wind
speed, humidity and solar radiation, were obtained from the
National Climatic Data Center (NCDC, 2011) and collected at a sta-
tion approximately 1.9 km south of the study fields for 1989 to 2008
(Fig. 1b). Potential evapotranspiration (PET) was calculated using
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the Hargreaves method (Hargreaves and Samani, 1985). Daily curve
number calculation method used plant evapotranspiration rather
than available moisture capacity to adjust antecedent soil moisture
condition. These changes to basin-level initial setup were based on
a previous study in north-east Kansas (Sheshukov et al., 2013).

2.2.2. Site TO

Site TO (Texas County, Oklahoma) used crop yield data for corn
and grain sorghum (OCES, 2006, 2007,2008,2009, 2010) from Okla-
homa State University grain sorghum and corn performance trials
at the Joe Webb Farm and the Oklahoma Panhandle Research and
Extension Center (OPREC) field plots to validate corn and grain
sorghum calibration results from Site RK. The three fields range
from 18 to 63 ha (44.5 to 155.7 ac). Corn and grain sorghum were
each grown continuously on fields with 0.9% average slope and
OK139Rc-5 soil (Richfield clay loam soil, hydrologic soil group
D). The corn plots were irrigated in April (with 76.2 mm), May
(76.2 mm),June (152.4 mm),July (152.4 mm) and August (50.8 mm)
and well fertilized, whereas the grain sorghum plots were not irri-
gated and had only a small amount of fertilizer applied (Table 2).
Management operations used in Lower Golf Creek watershed are
given in Table 2. Strip-tillage was carried out before every plant-
ing. These fields were within the 12,767.1-ha Lower Golf Creek
Watershed (Fig. 1). Watershed land cover was comprised of 51%
rangeland/open area, 23% wheat, 8% general agriculture, 6% corn, 5%
grain sorghum, and 5% residential areas, with the remainder com-
prised of miscellaneous crops (USGS, 1992). Hydrologic soil groups
D and B were the dominant soil types, with a Richfield clay loam
(group D) covering 46.7% of the watershed (USDA, 2011). Similar
data were used as in Site RK, including 30-m DEM, NASS land-use,
and SSURGO soils data. Two HRUs were selected for analysis, one
each for corn and grain sorghum. These HRUs had substantially
different characteristics (different hydrologic soil group and slope)
from those selected for corn and grain sorghum calibration at Site
RK.

Weather data were obtained from the Oklahoma Mesonet for
1999-2010 (http://www.mesonet.org) and included precipitation,
maximum and minimum temperature, relative humidity, solar
radiation and wind speed. The weather station was located within
the watershed approximately 4 km southwest of the study sites.
The Hargreaves method (for PET) and the plant evapotranspiration
option (for curve number) were selected.

2.3. Calibration and validation

Four plant parameters and five soil/hydrologic parameters were
adjusted for HRUs that contained the study field sites to calibrate
the crop yields for corn, grain sorghum, and sweet sorghum. These
were based on the authors’ experience with application of SWAT
and its crop submodel and consistent with sensitivity analysis of
SWAT by Nair et al. (2011) and Trybula et al. (2015), and values
used in calibration in other published studies (Baumgart, 2005; Hu
et al., 2007; Neitsch et al., 2005; Ng et al., 2010). Trybula et al.
(2015) found radiation use efficiency (BIO_E), base temperature

Table 2

Site TO (Texas County, OK) plant (PLNT) and harvest (HVST) dates, and nitrogen
and phosphorus fertilizer (FERT) application amounts (kg/ha) for corn and grain
sorghum.

Corn Grain Sorghum

PLNT HVST FERT PLNT HVST FERT
4/12/06 9/20/06 258N-56P 6/7/06 11/17/06 56N-6P
4/24/07 9/7/07 258N-56P 5/31/07 9/20/07 56N-6P
4/15/08 10/1/07 258N-56P 6/24/08 11/6/08 56N-6P
4/22/09 9/24/09 258N-56P 6/23/09 11/3/09 56N-6P
4/14/10 9/21/10 258N-56P 6/2/10 10/29/10 56N-6P

(T_BASE), optimum temperature (T_OPT), the point in the growing
season when LAI declines (DLAI), and the N fraction of harvested
biomass (CNYLD) to be the most sensitive SWAT crop submodel
parameters for simulations biomass yield, and base temperature
(T_-BASE) and maximum potential leaf area index (BLAI) for sim-
ulation of water yield. Nair et al. (2011) determined the most
sensitive parameters for crop submodel calibration were BIO_E,
harvest index for optimal growing condition (HVSTI, fraction of
above-ground biomass removed during harvest), BLAI, and the frac-
tion of N in plant at emergence (BN1), half maturity (BN2), and
maturity (BN3). Thus, the plant parameters modified in this study
included HVSTI, lower harvest index (WYSF, HVSTI under highly
water stressed conditions), BIO_E, and BLAI Other sensitive param-
eters (T_BASE, BN1, BN2, BN3, BP1, BP2, BP3) were modified from
grain sorghum parameters a priori following Perkins et al. (2011),
Propheter (2009), and BAE (2006). The remaining crop parameters
were applied directly from those used for grain sorghum in SWAT.

The soil/hydrologic parameters included soil evaporation com-
pensation factor (ESCO), plant uptake compensation factor (EPCO),
soil available water capacity (SOL_.AWC), biological mixing effi-
ciency (BIOMIX), and the nitrate percolation coefficient (NPERCO).
These parameters were adjusted to improve the yield results based
on SWAT water stress and nutrient stress calculations. The ranges
of values for ESCO and EPCO were chosen based on unpublished
flow calibration done by the authors for Irish Creek, Black Vermil-
lion watershed, which is located approximately 45 km northeast
of the study watershed. Ranges for the other parameters were set
based on extensive experience by the authors in calibrating SWAT
for other watersheds in the study region and were fixed for both
study Sites RK and TO.

Corn and grain sorghum annual grain yields were calibrated
at Site RK using model results from 1999 to 2008 with a 2-year
(1997-1998) model warm-up period. The model was calibrated
for each crop individually using four plant parameters (BIO_E,
HVSTI, WYSF, and BLAI) followed by soil and hydrologic parameters.
Resulting annual yield simulations were compared to the observed
annual grain yields from individual study plots using Nash-Sutcliffe
efficiency (NSE) (Nash and Sutcliffe, 1970), percent bias (PBIAS), and
RMSE-observations standard deviation ratio (RSR) (Moriasi et al.,
2007, 2015). Final calibration values represent the best possible
NSE and PBIAS.

Sweet sorghum yield was calibrated at Site RK using model
results from 2007 to 2010 with a 3-year (2004-2006) model warm-
up period. Growth parameters were set based upon work done by
Perkins et al. (2011), Propheter (2009) and Oklahoma State Uni-
versity (BAE, 2006) for most parameters (Table 3). As with corn
and grain sorghum, four plant parameters were used for sweet
sorghum yield calibration. These parameters were tested over
ranges consistent with prior sweet sorghum literature (Perkins
et al, 2011: BIO_E=55, HVSTI=0.98, and WYSF=0.98; BAE, 2006:
BIO_E=39, HVSTI=0.90, WYSF=0.90, and BLAI=6). Both harvest
indexes (WYSF, HVSTI) were tested over the upper end of index
range (0.90 to 1.00) to represent hand-harvesting methods used
to collect these above-ground biomass yield data (Perkins, 2012).
The BIO_E value was tested from 39 to 59, and BLAI was tested
from 5 to 6. Each parameter was changed individually, and result-
ing biomass yield simulations were compared to the actual annual
biomass yields from individual study plots, as described for corn
and grain sorghum.

Corn and grain sorghum yields were validated at Site TO using
model results from 2006 to 2010 with a 2-year (2004-2005) model
warm-up period. Parameters from the Site RK calibrated model
were used except where Site TO site-specific data existed (such
as precipitation, temperature and management practices given in
Table 2). Crop growth parameters were unadjusted.
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Table 3
Sweet sorghum calibrated SWAT crop parameter values.

Name Parameter Description

Grain Sorghum Sweet Sorghum

Values calibrated for Sweet Sorghum (Tested over given range)

BIO_E Radiation use efficiency (10~ g/M]) (Range: 39-50) 33.5 50
BLAI Max. leaf area index (Range: 5-6) 3(5)* 6
HVSTI Harvest index (Range: 0.90-1.00) 0.45 (0.46)? 1.0°
WSYF Lower limit of harvest index (Range: 0.90-1.00) 0.25(0.35)° 1.0
Values modified from Grain Sorghum (Perkins et al., 2011; Propheter, 2009; BAE, 2006)

T_-BASE Base temperature needed for plant growth 11 10
BN1 Fraction of N in plant at emergence 0.044 0.018
BN2 Fraction of N in plant at ¥2 maturity 0.0164 0.0093
BN3 Fraction of N in plant at maturity 0.0128 0.0051
BP1 Fraction of P in plant at emergence 0.006 0.002
BP2 Fraction of P in plant at ¥2 maturity 0.0022 0.001
BP3 Fraction of P in plant at maturity 0.0018 0.0003
Values adopted from Grain Sorghum without adjustment

RDMX Max. root depth 2 2
FRGRW1 Fraction of growing season at 1st point on optimal leaf area development curve 0.15 0.15
LAIMX1 Fraction of BLAI at 1st point on optimal leaf area development curve 0.05 0.05
FRGRW2 Fraction of growing season at 2nd point on optimal leaf area development curve 0.5 0.5
LAIMX2 Fraction of BLAI at 2nd point on optimal leaf area development curve 0.95 0.95
WAVP Decline in RUE per unit increase in vapor pressure deficit (VPD) 8.5 8.5
DLAI Fraction of growing season when leaf area starts declining 0.64 0.64
T-OPT Optimal temperature for plant growth 30 30
BIOEHI Radiation use efficiency at elevated CO, 36 36
USLE_C Min. value of USLE _C factor applicable to land cover 0.2 0.2
GSI Max. stomatal conductance in drought conditions 0.005 0.005
VPDFR VPD at FRGMAX 4 4
FRGMAX Fraction of max. stomatal conductance achievable at high VPD 0.75 0.75
CNYLD Fraction of N in harvested biomass 0.0199 0.0199
CPYLD Fraction of P in harvested biomass 0.0032 0.0032
CO2HI Elevated CO, atmospheric concentration 660 660
CHTMX Maximum canopy height 3.5 3.5
RSDCO_PL Plant residue decomposition coefficient 0.05 0.05
BM_DIEOFF Biomass die-off fraction 0.1 0.1

2 Calibrated values (from this study, below) in parentheses.

b Harvest index of 1.0 (i.e., harvested 100% of above-ground biomass) was artifact of plot-scale research study conditions.

3. Results and discussion
3.1. Sweet sorghum parameter development

SWAT sweet sorghum predictions with newly developed
parameter values (Table 3) were compared with actual yields from
2007 to 2010. Sweet sorghum performed satisfactorily for 3 of the
4 years of yield data available for this study (Fig. 2). SWAT pre-
dicted sweet sorghum yields to within 2 Mg/ha for 2007, 2008 and
2010. Sweet sorghum yield in year 2009 was under predicted by
6.8 Mg/ha possibly due to over-representation of water and tem-
perature stress (similar to the grain sorghum validation at the TO
site). Statistical results for all 4 years (including the 2009 drought
year) were NSE of —0.28, PBIAS of 14.0% and RSR of 0.88. Exclud-
ing year 2009 improved the model performance statistics to NSE of
0.97, PBIAS of 8.95% and RSR of 0.16. The current calibration shows
promise for adequate modeling of sweet sorghum biomass yields.

30
.
:g: 25 4 o
= 20 8 v
=} [ ]
e 15 A
=]
10 T
g 0 (=) (=}
=) S =) =
S S S =)
I3 Q Q Q

Fig. 2. Sweet sorghum biomass yield calibration. SWAT modeled (e) and observed
(O) for Site RK (Riley County, KS) using new crop parameters.

However, the strong influence of this single year with potential-
outlier environmental conditions demonstrates both the practical
concerns and statistical limitations of these results based on a lim-
ited 4-year dataset.

Other experimental studies on sweet sorghum have found wide
ranges of measured BIO_E and BLAI values. Roncucci et al. (2014),
for a range of irrigation treatments over 2 years of study in Pisa,
Italy, found BIO_E ranging from 20 to 42 x 10~ g/M], which gener-
ally increased with increasing irrigation amounts. Empirical values
of BIO_E from field data, subject to various environmental limita-
tions, would be expected to be less than theoretical maximum BIO_E
(for ideal growing conditions) used for crop modeling, such as the
50 x 101 g/M] found in this study (Table 3). Roncucci et al. (2014)
also found BLAI of 2.1 to 4.7, which also increased with increasing
irrigation amounts. Sakellariou-Makrantonaki et al. (2007) found
BLAI ranging from 7.5 to 8.0 under a range of irrigation condi-
tions in Central Greece, compared to 2.5 for no irrigation. Hlophe
(2014) found BLAI ranged from 6.0 (dryland) to 6.5 (irrigated) in
Pretoria, South Africa. BLAI also varied amond five sweet sorghum
cultivars from 1.5 to 4.0 (Almodares et al., 2007). Overall, these val-
ues bounded the BLAI of 6 found in this study (Table 3) and also
generally demonstrated lower BLAI values under more-limiting
irrigation conditions (and possibly other environmental limita-
tions), as would be expected compared to the “optimal” BLAI
parameter intended for use in a crop model.

3.2. Corn and grain sorghum calibration

The calibrated SWAT model performed well in simulating corn
yields at Site RK, with NSE of 0.45, PBIAS of 0.38% and RSR of 0.74.
Corn yield simulations were reasonable for most years, but had
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Fig. 3. Corn yield calibration. SWAT modeled (e) and observed ([J, box and whisker) for Site RK (Riley County, KS). Number of cultivar plots (N) used in this study ranged
from 36 to 102 among years. Natural extreme events occurred in 1999 (heavy rains), 2001 (hailstorm), and 2006 (low rainfall).

larger deviations in 1999, 2001, 2006 and 2008 (Fig. 3). Heavy rains
in 1999 during June and July may have removed a portion of the
applied nitrogen fertilizer (KSU-AES-CES, 1999-2008b). SWAT may
have underestimated fertilizer runoff/removal, resulting in over-
estimated yield predictions. Bora and Bera (2004) found SWAT
suitable for predicting sediment and nutrient loads on a monthly
time scale, except for months with extreme storms and hydrologic
conditions. This variance may have been further exacerbated with
22 kg/ha more N being applied in 1999 than any other year. A hail-
storm on June 16, 2001, which shredded the corn leaves resulting
in diminished crop yields, likely resulted in the overestimated corn
yields in 2001. It is also possible that dry weather allowed herbi-
cide residue from the previous year’s soybean rotation to remain
in the field, damaging young corn plants. In addition, stalk rot in
late August may have halted grain fill prematurely. Low modeled
yields in 2006 may be the result of decreased rainfall in June. A mea-
sured 4.6 cm of rain in June compared with the normal average of
13 cm could have caused SWAT to overestimate water stress, while
increased rain during the critical grain-fill period in August could
have made it possible for full grain development.

The number of corn cultivar plots with yield data varied among
years from 36 to 102 plots with yields ranging from 1.5 to 12.3
Mg/ha (28 to 227 bu/ac) (Fig. 3). Similar figures for other years
may account for some variance among modeled and actual yields.
Ideal growing conditions in 2008 may account for the high observed
yields relative to modeled yield, with SWAT over estimating plant
stress (KSU-AES-CES, 1999-2008b).

Simulated yields for grain sorghum visually followed actual
yields very well, but a large overprediction in yield for 1999
decreased statistical values to NSE of 0.14, PBIAS of 4.0% and RSR of
0.76 (Fig. 4).Itis worth noting, however, that when the 1999 outlier
value is excluded from statistical calculations, the model statistics
are greatly improved to NSE of 0.76, PBIAS of 0.26% and RSR of 0.49.
SWAT predicted grain sorghum yields better than corn yields, esti-
mating close to actual yields in all years except 1999. Heavy rains
in 1999 are suspected to have washed away a portion of the N fer-
tilizer resulting in a growth effect similar to that of corn (Fig. 3),
with low observed yields and high predicted yields (KSU-AES-CES,
1999-2008a). Use of only crop yield data with no drought, nutrient,
or temperature stress is consistent with model recommendations
(Neitsch et al., 2004).

Four plant growth parameters were used to calibrate corn and
grain sorghum yields (Table 4). BIO_E and HVSTI were reduced from
default values for corn to reduce overall simulated yields. BLAI
was reduced from default values for corn to decrease simulated
yield and reduce water stress. However, both HVSTI and BLAI were
increased from default values for grain sorghum to increase overall
simulated yields. The simulated yield during higher water-stress
years was increased by increasing WSYF in both crops. BIO_E for
grain sorghum was unchanged from the default value.

Other studies have calibrated corn crop model parameters in
SWAT, but no studies were found that calibrated grain sorghum. Hu
etal.(2007)increased BIO_E to 46 and increased BLAI to 5 as aresult
of calibration. Baumgart (2005) calibrated corn yield to 8 years of
data and found improved performance by decreasing BIO_E to 30,

10 4
8 o
e N33
= 61 .
= N42 N20 N
3 N59 N2
= : N27 N27
44 N6 N36 - Max
N33
Q3
2 A Mean o1
* = Min
0 . .
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Fig. 4. Grain sorghum yield calibration. SWAT modeled () and observed (O, box and whisker) from 1999 to 2008 for Site RK (Riley County, KS). Number of cultivar plots (N)
used in this study ranged from 20 to 59 among years. Extreme rainfall in 1999 may have removed fertilizer, contributing to the over-prediction.
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Table 4
Corn and grain sorghum SWAT crop growth parameter calibrated values, default
values, and tested ranges.

Parameter? Calibrated Value Default Value Tested Range
Corn

BIO_E 35.0 39.0 30-39
HVSTI 0.46 0.50 0.44-0.50
WSYF 0.32 0.30 0.30-0.35
BLAI 5 6 5-6

Grain Sorghum

BIO_E 33.5P 335 30-37
HVSTI 0.46 0.45 0.40-0.46
WSYF 0.35 0.25 0.25-0.36
BLAI 5 3 3-5

2 BIO_E =Radiation use efficiency, HVSTI=harvest index, WSYF=Lower limit of
harvest index, BLAI = Maximum leaf area index.

b validation results did not confirm BIO_E (grain sorghum)=33.5 (better fit with
24.0).

increasing BLAI to 3.5, and decreaing HVSTI to 0.45. These values
bounded the calibration results of this study (Table 4), which found
optimal performance by decreasing BIO_E to 35, increasing BLAI to
5, and decreasing HVSTI to 0.46. Because BLAI may be impacted by
plant densities, and the default values correspond to plant densities
associated with rainfed agriculture (Neitsch et al., 2004), variations
in BLAI among studies are expected.

Fewer hydrological and soil parameters were chosen for edit-
ing, and these were only modified slightly (Table 5). EPCO was
decreased from the default value to allow plants to meet water
needs from lower soil layers to reduce water stress, and ESCO was
decreased to allow moisture from lower soil levels to be drawn
into upper layers to decrease water stress. SOL_AWC, BIOMIX, and
NPERCO were each adjusted to improve crop yield model perfor-
mance. Raising or lowering the soil moisture can greatly affect
yields, and for this reason the soil moisture was changed by no
more than 7% of its original value. NPERCO determines the relation
between nitrate removed in runoff and nitrate allowed to perco-

late through the soil layers. As NPERCO decreases, more nitrate is
allowed to percolate through the soil profile, where it is more likely
to be available for plant use. Lastly, BIOMIX determines the mixing
of soil nutrients among soil layers by biological organisms (Neitsch
etal., 2005). The contribution of biological mixing tends to increase
as tillage decreases (Mankin et al., 1996), based on increasing levels
of connected macropores from moldboard tillage to chisel tillage to
no tillage. As such, the minimal tillage (field cultivator, only) on field
plots in this study was used as rationale for increasing BIOMIX. This
factor was classified as a soil parameter because of its influence on
soil characteristics, even though it is not a soil parameter in the
sense that it is dependent upon biological organisms.

The SWAT model predicted corn and grain sorghum yields mod-
erately well after adjusting the soil and crop growth parameters.
The selection of Hargreaves method (for PET) and the plant evapo-
transpiration option (for curve number) at the basin level before
any parameter adjustments had initially improved the model
performance greatly. Both corn and grain sorghum had similar
parameter values after calibration. However, three of four default
values for corn were decreased to decrease simulated yields while
three of four default values for grain sorghum were increased
to increase simulated yields (Table 4). It was concluded that the
greater drought-tolerance of grain sorghum made it less suscepti-
ble to plant stress, and the lesser drought-tolerance of corn made
it more susceptible to plant stress than was simulated in SWAT for
this region.

3.3. Corn and grain sorghum validation

To validate the corn growth parameters, the same growth cali-
bration values found for the RK study site were used for the TO study
site (Fig. 5). The validation run resulted in fair statistical results with
NSE of 0.25, PBIAS of —11.22% and RSR of 0.89. An additional vali-
dation run was made after adjusting the BIOMIX factor, which was
found to improve results if left at the default value of 0.2. This mod-

Table 5
Corn and grain sorghum SWAT soil/hydrological parameter calibrated values, default values, and tested ranges.
Parameter Calibrated Value Default Value  Tested Range Reasons
EPCO 0.9 1.0 0.9-1.0 Decreased to allow plant to meet water needs from lower soil layers to reduce water
stress.
ESCO 0.6 0.95 0.6-0.95 Decreased to allow moisture from lower soil levels to be drawn into upper layers to
decrease water stress.
NPERCO 0.5 0.2 0.05-0.7 Modification decreased nitrogen that remained available in the soil for plant uptake.
BIOMIX 0.4 0.2 0.2-0.4 Increased soil mixing allowing for better nutrient uptake.
SOL.AWC 1617170-1 0.24 0.23 0.23-0.25 Increased to decrease plant water stress, increasing yield.
SOL_.AWC 1614050-1 0.21 0.22 0.195-0.22 Decreased to increase plant water stress, thereby reducing yield.
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Fig. 5. Corn yield validation. SWAT modeled (e) and observed (CJ, box and whisker) from 2006 to 2010 for Site TO (Texas County, OK). Number of cultivar plots (N) used in

this study ranged from 14 to 19 among years.
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Fig. 6. Grain sorghum yield validation. SWAT modeled (e) and observed (J, box and whisker) from 2006 to 2010 for Site TO (Texas County, OK). Number of cultivar plots (N)
used in this study ranged from 6 to 10 among years. SWAT appeared to over-stress sorghum crop yields in response to droughts in 2007 and 2009.

ified validation simulation resulted in good statistical results with
NSE of 0.70, PBIAS of 0.68% and RSR of 0.54. Most years were mod-
eled well except for 2006, which was over-predicted by SWAT. This
may be the result of a number of hailstorms in the Oklahoma pan-
handle, which reduced yields (OCES, 2006). These statistics show
that the corn calibration was accurate and applicable even over a
large climate range in the Midwest US.

The grain sorghum growth parameter values were validated in
a similar method using yields acquired from test plots at the TO
site (Fig. 6). Though beyond the scope of normal model validation,
model performance was also assessed by adjusting BIO_E to account
for the different climate and management stress factors (Baumgart,
2005), by lowering the value from 33.5 (from RK calibration) to
24, Yields were modeled for five years, and all years except 2007
and 2009 performed well. The two years of poor performance both
experienced abnormally low growing-season (May-Sept.) rainfall:
14.5cm in 2007 and 17.0cm in 2009 compared to a long-term
growing-season average of 33.1 cm (OCES, 2007, 2009). It appears
that SWAT-simulated yield reductions overestimated the impact of
the resulting crop water stress. Because of the drought years, the
calibration statistics are less than satisfactory, with NSE of —2.6,
PBIAS of —10.7% and RSR of 1.9. Removing data for the two drought
years, statistics were improved to NSE of —0.8, PBIAS of 8.6% and
RSR of 0.7. Grain sorghum simulations might have performed more
poorly than corn because the corn plots were irrigated, which min-
imized the potential for plant water stress that was evident with
grain sorghum. This under-prediction of grain sorghum crop yields
by SWAT during drought years likely causes under-estimation of
other crop-related processes, such as canopy cover, ET, and nutrient
uptake, and may impact model performance in simulating hydro-
logical and constituent responses in watersheds with substantial
grain sorghum production.

4. Conclusion

These results provide preliminary SWAT crop-model param-
eters for an important bioenergy crop, sweet sorghum. Overall,
SWAT was able to predict crop yields for corn, grain sorghum, and
sweet sorghum reasonably accurately and over a range of climatic
conditions. Calibration improved model performance statistics for
corn validation simulation but not for grain sorghum, which was
heavily influenced by drought conditions and possibly other man-
agement differences at the validation site. Results of this study
support use of site-specific, rather than default or off-site, cali-
bration of crop-model parameters to minimize effects on model
performance of different soil, water, and nutrient management
conditions. Attention to crop-yield calibration by model practi-
tioners may result in more-robust model calibrations at the field

and watershed scales by factoring out the systematic error compo-
nent associated with plant-growth calibration prior to calibrating
larger-scale hydrological processes (such as streamflow).
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