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ABSTRACT. While methods for estimating reference evapotranspiration (ET, or ET,) and subsequent crop ET (ET,.) via crop
coefficient (K.) and dual crop coefficient (K., K.) methods have been standardized since 2005 and 1998, respectively, the
current version of the DSSAT cropping system model (CSM) has not been updated to fully implement these methods. In this
study, two major enhancements to the model’s ET routines were evaluated: (1) addition of the ASCE Standardized Reference
Evapotranspiration Equation so that both grass and alfalfa reference ET were properly calculated using the most recent
reference ET standard and (2) addition of the FAO-56 dual crop coefficient approach to determine potential ET, which
combined an evaporative coefficient (K.) for potential evaporation with a dynamic basal crop coefficient (K.) for potential
transpiration as a function of simulated leaf area index. Previously published data sets for maize in Colorado (five years)
and cotton in Arizona (seven years) were used to parameterize the model. Simulations of ET, were compared to outputs
from Ref-ET software, and simulated crop coefficients were contrasted among three crop coefficient methods: the current
approach (K.), a previously published adjustment to the model’s K. equation (K.q), and a new dual K. approach that follows
FAO-56 explicitly (K.). Results showed that crop coefficient simulations with the new ET,-K.», method better mimicked
theoretical behavior, including spikes in the soil evaporation coefficient (K.) due to irrigation and rainfall events and basal
crop coefficient response as associated with simulated crop growth. Simulated ET, and yield with the new ET,-Kc, method
were up to 4% higher and 28% lower for cotton and up to 13% higher and 26% lower for maize, respectively, than that with
the current ETy-K s method, indicating that the seasonal ET. effects were minimal while yield effects were more substantial.
Use of FAO-56 concepts and current ET standards in DSSAT-CSM demonstrated a well-accepted ET benchmark to guide
assessment of other ET methods in the model and made the model much more conceptually relevant to irrigation and ET
specialists.

Keywords. Cotton, DSSAT, Evaporation, Evapotranspiration, FAO-56, Maize, Reference crop ET, Standardization, Tran-
spiration.

vapotranspiration (ET), the combined result of soil
surface evaporation and plant transpiration, is an
important component of agricultural water man-
agement and landscape hydrology, particularly in
the field of irrigation management. Adequate quantification
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of ET is imperative as demand for freshwater resources in-
creases. Several U.S. states such as Colorado use quantification
of ET as a “consumptive use” in water rights transfer legal
cases. Many past studies have shown a direct physiological re-
lationship between crop yield and ET (Doorenbos and Kassam,
1979; Hunsaker et al., 2015; Trout and DeJonge, 2017) and par-
ticularly yield and transpiration (Paredes et al., 2014; Steduto et
al., 2012). Furthermore, accurate estimation of ET partitioning
into evaporation (E) and transpiration (T) is paramount in irri-
gated and water-limited systems (Jensen and Allen, 2016; Kool
et al., 2014; Pereira et al., 2015; Phogat et al., 2016). Ideally,
these subcomponents of ET (i.e., E and T) should be evaluated
independently rather than as a residual of each other (Kool et
al., 2014). The Appendix reviews recent institutionally sup-
ported efforts to standardize procedures for ET quantification
on several scales, which should be well known material for ET
experts but is made available for readers who are unfamiliar
with the subject. Full details of the FAO-56 dual crop coeffi-
cient methodology are available in FAO Irrigation and Drain-
age Paper No. 56 (Allen et al., 1998) and ASCE Manual 70
(Jensen and Allen, 2016) and have recently been summarized
by Pereira et al. (2015). According to ASCE Manual 70, these
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standards were developed to establish benchmark ET equations,
which represent the current state of the art in estimating ET.

Over many decades, researchers have also developed
complex cropping system models, which aim to comprehen-
sively simulate the hydraulic processes, nutrient transfor-
mation and transport processes, and crop growth and devel-
opment processes that occur in a cropping system. Such
models have wide applicability for crop management, yield
gap analysis, crop improvement, yield forecasting, synthesis
of agronomic research, and assessment of policy (Boote et
al., 1996). Because ET is often a large component of the wa-
ter balance, simulation of the ET process is central to the
calculations of these models, and accurate calculations of
crop growth and yield depend on accurate ET calculations.
However, the ET methods implemented among different
models are often variable, and many do not incorporate the
published ET standards as a simulation option. Generally,
programming updates to the ET algorithms in the models
have not kept pace with the development of new ET stand-
ards. Furthermore, preliminary results from a recent crop
model intercomparison study demonstrated large variability
in ET simulation results from 29 maize models parameter-
ized for lowa conditions (Kimball et al., 2016), which high-
lights the divergent nature of existing ET methods in crop
models.

Inclusion of current ET standards as a simulation option
in crop models offers several advantages for improvement of
model functionality, interpretation of simulation results, and
assessment of alternative ET simulation methods. Funda-
mentally, the standard ET methods should be considered a
“benchmark” ET method in crop models, because the theory
and equations are explicitly defined in the literature, well-
accepted in the irrigation and ET community, and, most im-
portantly, standardized by organizations with broad interest
in ET and water management issues. Efforts to incorporate
the ET standards into crop models should therefore proceed
with minimal deviation from the accepted standardized
equations and algorithms, thereby providing a benchmark
ET method within the crop model to which other ET simu-
lation options can be compared. Note that “benchmark” ET
method does not necessarily imply “preferred” ET method
but simply a benchmark standard that sets the performance
baseline for any other ET method. As demonstrated herein,
one advantage of incorporating standardized ET methods is
to assist the identification of coding or behavioral errors in
other ET simulation options. Comparatively, it is easier to
program an algorithm from existing standardized equations
than to (1) program a completely novel ET algorithm with-
out error or (2) debug an existing ET algorithm that is mis-
behaving due to syntactical or conceptual errors. In each of
these cases, coding improvements can be facilitated by com-
parisons to the benchmark ET standard.

The motivation for the present study arose from the au-
thors” independent work to use the Decision Support System
for Agrotechnology Transfer (DSSAT) cropping system
model (CSM) for irrigation management applications in
semi-arid to arid environments of the western U.S.: maize in
Colorado (DeJonge et al., 2011, 2012a) and wheat and cotton
in Arizona (Thorp et al., 2010, 2014). Those studies high-
lighted issues with the ET methods of DSSAT-CSM, which
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the authors sought to remedy by bringing the model code
into agreement with accepted standardized ET methods. The
efforts have led to a new ET simulation option in DSSAT-
CSM that implements the ASCE Standardized Reference
Evapotranspiration Equation (Allen et al., 2005) with an
FAO-56 dual crop coefficient (K.») approach (Allen et al.,
1998) that calculates basal crop coefficients from simulated
leaf area index (LAI). The main objective of the present
study was to fully document the development of this new ET
approach in DSSAT-CSM. Specific objectives were to use
data from five maize growing seasons in Colorado and seven
cotton growing seasons in Arizona to:

e Demonstrate improvements in DSSAT-CSM refer-
ence ET simulations by using ASCE ET, standards
(eq. A2; Allen et al., 2005) as compared to past and
current DSSAT-CSM ET, (eq. Al) calculation meth-
ods.

e Compare crop coefficient simulations from the new
dual K. approach with that from alternative ET meth-
ods in the model.

e Evaluate the sensitivity of simulated crop yield and
seasonal ET,, T, and E to the parameters required for
the new dual K. method.

BACKGROUND
CURRENT DSSAT ET MODULE

DSSAT-CSM (ver. 4.6.0.040) programmatically synthe-
sizes current knowledge of cropping system processes and
uses mass balance principles to simulate the carbon, nitro-
gen, and hydrologic processes and transformations that oc-
cur within a cropping system (Jones et al., 2003). Simula-
tions of crop development and growth for over 28 crops are
possible, including the CERES family of models for maize
and sorghum and the CROPGRO family of models for soy-
bean and cotton. Simulated plant growth responds to man-
agement practices, cultivar selection, soil properties, and
meteorological conditions. Minimum data requirements for
FAO-56 ET,» (eq. Al) simulations include daily meteoro-
logical values for minimum and maximum air temperature,
solar irradiance, dew point temperature, and wind speed.

The DSSAT-CSM soil water balance uses a one-dimen-
sional “tipping bucket” approach, which simulates soil water
flow and root water uptake for individual user-defined soil
layers. Each soil layer requires information on initial soil wa-
ter and nutrient content, wilting point, field capacity, and sat-
urated water content (Ritchie, 1985). Potential ET (i.e., not
reference ET) is calculated by DSSAT-CSM and can be de-
fined here as ET. based on environmental evaporative de-
mand, under conditions of no crop water stress and a wet soil
surface to supply soil water evaporation. Potential ET in
DSSAT-CSM can be calculated with several reference ET
methods, including Priestley-Taylor (Priestley and Taylor,
1972), and since DSSAT v4.0 (Hoogenboom et al., 2004) the
Penman-Monteith combination equation for a short refer-
ence crop (eq. Al, denoted “FAO56” in DSSAT), but ASCE
standardized procedures (eq. A2; Allen et al., 2005) are not
explicitly followed. For Arizona conditions, a preliminary
comparison of (1) ET, calculated by DSSAT-CSM, (2) ET,
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calculated by an Arizona Meteorological Network
(AZMET) station, and (3) ET, from a custom Python script
that followed the ASCE reference ET guidelines (Allen et
al., 2005) demonstrated that the DSSAT-CSM ET, was on
average 1.5 mm d' lower than standard ET, calculations.
Furthermore, simulation of a tall reference crop ET (ET,) is
not currently available as an option in DSSAT-CSM. Based
on these preliminary assessments, updates to the DSSAT-
CSM reference ET calculations were deemed warranted and
necessary.

Crop coefficients (K) are calculated for the current Pen-
man-Monteith ET approach in DSSAT-CSM as:

K. = 1.0+(EORATIO—1.0)% (1)

where LAI is the simulated leaf area index, EORATIO is de-
fined as the maximum K. at LAI = 6.0 (Sau et al., 2004;
Thorp et al., 2010), and K is the DSSAT-CSM crop coeffi-
cient. This formula ensures that K., varies daily between 1.0
and EORATIO. Values of EORATIO less than 1.0 should
not be used, as this would actually decrease the ET with in-
creases in LAI Typical values of EORATIO are between 1.0
and 1.4. Currently, EORATIO is implemented only for the
CROPGRO-based crop models (e.g., soybean and cotton);
for the remaining crops (e.g., maize) the parameter is hard
coded to EORATIO = 1.0. This fixes K, at 1.0 for the entire
simulation, making it thus static and limiting mid-season
crop coefficient options for crops such as maize, which have
recommended mid-season K. values of 1.2 and above (Allen
et al., 1998). DSSAT-CSM employs the following formula
for calculation of EO (potential crop ET):

EO0 = KE‘SET[)m (2)

As noted by DeJonge et al. (2012a), K is not necessarily
the same as crop coefficients described in FAO-56 (i.e., K.
in eq. A4). While it is true that the DSSAT-CSM crop coef-
ficient K., is multiplied by a reference ET, the resulting value
(E0) denotes ET potential, therefore demand, and not neces-
sarily actual ET.

EO is then partitioned into potential plant transpiration
(EP,) and potential soil water evaporation (ES,):

EP, = EO(1 — exp[-KEP(LAI)]) 3)
ES, = EOexp[-KEP(LAI)] = E0 — EP, @)

where KEP (typically ranging from 0.5 to 0.8) is defined as
an energy extinction coefficient of the canopy for total solar
irradiance, used for partitioning EO to EP, and ES,, (Ritchie,
1998). The model calculates ET partitioning in the following
order: (1) ES, via equation 4, (2) actual E from one of two
algorithms (Ritchie, 1972; Ritchie et al., 2009), (3) EP, as
the minimum of equation 3 and EO minus actual E, and (4)
actual T as the minimum of EP, and available water supplied
by the soil through the simulated root profile. The ES, cal-
culation in equation 4 is implemented for the CSM-CERES-
Maize model and several other crop models. However, the
ES, calculation is different for the CROPGRO models, in-
cluding CSM-CROPGRO-Cotton, as discussed later.
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Actual soil water evaporation is calculated as the mini-
mum of ES, and results from one of two soil water evapora-
tion algorithms. The Ritchie (1972) algorithm evaporates
water using a two-stage drying process based on the water
content of the upper soil layer only, commonly specified
with a depth of 5 cm. The Ritchie et al. (2009) method adds
an upward flux calculation for all soil layers based on diffu-
sion theory, and actual evaporation is the minimum of the
surface soil layer upflux and ES,. Soil-limited plant (root)
water uptake (EP,) is calculated based on simulated root
growth and available water supply in each user-defined soil
layer (Ritchie, 1998). The actual plant water uptake is calcu-
lated as the minimum of EP, and EP,. If the potential plant
transpiration can be supplied by the soil water, then this de-
mand is fully met. Otherwise, transpiration is limited to the
supply, and water deficit stress factors are calculated based
on the ratio of plant-available water supply (EP,) and poten-
tial transpiration demand (EP,). Because the stress factors
are used primarily for limiting simulated crop growth in re-
sponse to water deficits and other stresses, accurate calcula-
tion of potential transpiration demand is an essential aspect
of crop growth simulations in DSSAT-CSM.

RECENT STUDIES OF DSSAT ET MODULE

In a recent CERES-Maize study in semi-arid Colorado,
the DSSAT-CSM ET,,-K.; method consistently predicted
higher ET. than observed (DeJonge et al., 2011). These re-
searchers later performed a sensitivity analysis of EORATIO
(eq. 1) between values of 1.0 and 1.3 for both fully irrigated
(non-stressed) and limited irrigation treatments (DeJonge et
al., 2012a). They found that by increasing EORATIO above
1.0, the ET. under no stress increased, but under limited irri-
gation there was no change. Additionally, they found that
changing the energy extinction coefficient (KEP, eqs. 3 and
4) had no effect on cumulative ET. for either treatment. In
other words, adjustments of neither EORATIO nor KEP
were able to bring ET closer to observed values.

Because the results using existing ET. methods in
DSSAT-CSM were unsatisfactory, an alternative approach
was created that used a dynamic approach to K. as a direct
function of simulated LAI. The primary factor causing an
increase in the crop coefficient is an increase in plant cover
or leaf area (Jensen and Allen, 2016); thus, K. is correlated
with LAI Using K. and LAI comparisons from the literature,
DelJonge et al. (2012a) created a dynamic crop coefficient
for DSSAT-CSM to replace K in equation 1:

Kc = chmin + (chmax - ca/min)(1 - CXP['SKc(LAI)]) (5)

where Kcamin 1S the minimum crop coefficient or K.; at LAl =
0, Kcdmax 1s the maximum crop coefficient at high LAI, and
SK. is a shaping parameter that determines the shape of the
K.qversus LAI curve. Similar to equation 2, EQ is calculated
as the product of K.; and ET,,. Recommended values for
Keamin and Kcagmar can be found in FAO-56, and DeJonge et
al. (2012a) recommended 0.5 < SK. < 1.0 as a typical shape
to match past literature on the subject. Note that Kegmer in
equation 5 is different from Kcqr in equation A6. By running
CERES-Maize with the dynamic crop coefficient K., (eq. 5)
using a five-year maize data set from field experiments that
tested full and limited irrigation, there was reduced error in
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limited irrigation ET (RMSD from 80.9 to 49.9 mm) and wa-
ter use efficiency (yield divided by ET; RMSD from 5.97 to
2.86 kg ha! mm™), while error in limited irrigation yield in-
creased slightly (RMSD from 1229 to 1451 kg ha™'). Model
output under full irrigation was essentially unchanged.
These results were found by changing only the crop coeffi-
cient equation, without any recalibration of the model. The
K.qtechnique of equation 5 was implemented by Thorp et al.
(2014) using the CSM-CROPGRO-Cotton model, and they
also added the ASCE Standardized Reference ET, Equation
(eq. A2) in DSSAT-CSM and verified ET, simulations with
ET, from a local meteorological network station at their field
site in Arizona. This study also found improved ET. simula-
tions using these methods.

While the incorporation of equation 5 into DSSAT-CSM
improved results of ET and water use efficiency (WUE) un-
der limited irrigation (DeJonge et al., 2012a), some research-
ers expressed concern that the method was redundant with
the partitioning of potential ET into potential evaporation
and transpiration (eqs. 3 and 4). Equation 5 uses an exponen-
tial function of LAI to scale reference ET to potential ET
through K4, while equations 3 and 4 use a similar expression
for partitioning E and T, leading to the claim of redundancy.
Further investigation has shown that the original approach
(eq. 1) and the DeJonge et al. (2012a) approach (eq. 5) both
have advantages and disadvantages, and the strengths of the
two approaches must be combined for DSSAT-CSM simu-
lations of K. to mimic theoretical patterns, as described in
FAO-56 and observed through various techniques (e.g., ly-
simetry). To accomplish this goal, a dual crop coefficient ap-
proach was added to DSSAT-CSM.

METHODS AND MATERIALS
DATASETS

The locations used in this study were chosen to evaluate
ET in arid (Arizona) and semi-arid (Colorado) areas with
high evaporative demand where irrigation is required, water
use is closely monitored, and ET decision support is com-
mon. The crops used in this study were the prevalent high
water commodity crops in these areas: maize in eastern Col-
orado and cotton in central Arizona. The selected crops also
cover both the CERES (maize) and CROPGRO (cotton)
families of models in DSSAT, each of which has its own nu-
ances of ET simulation, as demonstrated below.

In a prior study, the CSM-CERES-Maize model was
evaluated using data from a multi-replicate field research ex-
periment near Fort Collins, Colorado (40° 39" 19” N, 104°
59’ 52” W) from 2006-2008. Complete experimental details
can be found in DeJonge et al. (2011, 2012a). Two irrigation
treatments were applied to continuous maize during the
2006-2010 growing seasons: full irrigation (ET requirement
met by irrigation throughout the season) and limited irriga-
tion (no irrigation before the V12 growth stage unless nec-
essary for emergence, and then full irrigation afterwards). Ir-
rigations were applied with a linear-move sprinkler system,
generally at a weekly interval. Irrigation amounts were de-
termined by crop need (using a daily checkbook method and
soil water content measurements via neutron scattering
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probe) and supported by potential ET estimates from on-site
meteorological measurements. Typical soils at the site were
loam. An on-site weather station (station FTCO03; 40° 39" 9”
N, 105° 0’ 0” W; elevation 1557.5 m) within the Colorado
Agricultural ~ Meteorological ~ Network  (CoAgMet;
http://ccc.atmos.colostate.edu/~coagmet/) continually rec-
orded daily precipitation, solar radiation, minimum and
maximum temperature, vapor pressure (which was con-
verted to dew point temperature), and wind run. This dataset
was also used in a global sensitivity and uncertainty analysis
of CERES-Maize yield, ET, and growth responses to input
variability (DeJonge et al., 2012b).

Thorp et al. (2014, 2017) described the evaluation of
CSM-CROPGRO-Cotton using data sets from seven cotton
experiments conducted near Maricopa, Arizona (33.068° N,
111.971° W) in 1990, 1991, 1999, 2002, 2003, 2014, and
2015. The objectives of the field experiments were variable
but tested cotton responses to full and limited irrigation and
fertilizer management, planting density, and free-air carbon
dioxide enrichment (FACE). The irrigation method differed
among the experiments, and subsurface drip, overhead sprin-
kler, and furrow irrigation methods were all represented. Soil
water balance methods based on twice-weekly measure-
ments of soil water content with neutron scattering probes
were used to quantify crop water use during each experi-
ment. Typical soil types at the field site included sandy loam
and sandy clay loam. The central Arizona cotton growing
season is hot and dry, with daily maximum temperatures reg-
ularly exceeding 38°C during July and August and seasonal
precipitation often amounting to less than 10% of ET,. Me-
teorological data were collected from an Arizona Meteoro-
logical Network (AZMET; http://ag.arizona.edu/azmet/) sta-
tion within 1 km of each experimental site.

UPDATES TO DSSAT-CSM ET MODULE

Due to unsatisfactory performance of the DSSAT-CSM
ET routines for Arizona conditions (Thorp et al., 2010),
Thorp et al. (2014) added an algorithm based strictly on the
ASCE Standardized Reference ET procedures (Allen et al.,
1998, 2005) and evaluated CSM-CROPGRO-Cotton using
the DeJonge et al. (2012a) crop coefficient method (eq. 5).
By explicitly following ASCE Standardized Reference ET
procedures, both short (ET,) and tall (ET,) reference ET
could be calculated in this algorithm according to equation
A2. The model’s original code for calculation of ET,, via
equation Al remained unmodified as an independent algo-
rithm from the equation A2 updates. Because ET, is the most
widely used ET reference worldwide and because DSSAT
versions 4.0 and above approximated ET, (eq. A2) via ET,,
(eq. Al), results in this study focus on the short reference
crop (ET,). However, changes made to the model are also
applicable to users of the tall (ET,) reference, with specifi-
cation of proper crop coefficients. Although Thorp et al.
(2014) first described the addition of ASCE Standardized
Reference ET to the model, they did not report comparisons
of their algorithm with other ET, software or with other
DSSAT-CSM ET methods.

Novel in the present study, a dual crop coefficient ap-
proach was incorporated into DSSAT-CSM to determine po-
tential soil evaporation and plant transpiration separately by
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independently determining K. and K., respectively (eq. A4).
Evaporative coefficients (K.) were determined by following
the methods described in equations AS through A9 (Allen et
al., 1998). Transpiration or basal crop coefficients (K.») were
calculated using an exponential extinction function similar
to current partitioning in DSSAT-CSM (eq. 3) and more
closely resembling the K.; dynamic crop coefficient (eq. 5)
(DeJonge et al., 2012a):

ch = chmin + (chmwc - chmin)(l - exp['SKC(LAI)]) (6)

where K pmin is the minimum basal crop coefficient repre-
senting a dry, bare, or nearly bare soil surface. Kcpmax 1S user-
defined and obtained from recommended crop-specific co-
efficients in FAO-56. Both equation 5 and equation 6 are
similar in form to equation 97 in FAO-56, as well as equa-
tions 10-25a and 10-28 in ASCE Manual 70 (Jensen and Al-
len, 2016). The approach uses model-simulated LAI to cal-
culate the K5, which means K, is more dynamic and respon-
sive to cultivar, weather, and soil variability, as simulated by
the model (Thorp et al., 2017). This is in contrast to the fixed
trapezoidal crop coefficient curves recommended by FAO-
56. Similar to equations 3 and 4, daily potential plant tran-
spiration (EP,) and soil evaporation (ES,) were then deter-
mined from K., and K., respectively, in the following equa-
tions:

EPU = chETo (7)
ES, = K.ET, ®)

Because the aim of equation 8 is potential soil evaporation,
K. is obtained from equation A5 with K, = 1.0.

Similar to the current K., method (egs. 1 through 4), ac-
tual T is less than EP, if soil water available to the plant root
system is too low, essentially T = K;K,ET, from FAO-56.
However, rather than implementing the FAO-56 K; method,
the native DSSAT-CSM routines for calculating water stress
effects on crop growth (discussed above) were used. Table 1
summarizes the enhancements to calculations of reference
ET and dual crop coefficients for plant transpiration (K.s)
and soil water evaporation (K.) in DSSAT-CSM. Similar to

equation 5 for the K. method, the minimum K. value
(Kcbmin) 1s defined and here assumed as 0. Understanding that
this deviates slightly from true FAO-56 recommendations,
there are several important reasons for considering a null
Kepmin in crop model simulations. First, within the FAO-56
water balance approach, Kesmi» is used to account for upflow
from deep soil layers (Richard Allen, personal communica-
tion). However, the evaporation routine in DSSAT-CSM al-
ready accounts for this (Ritchie et al., 2009). Second,
DSSAT-CSM is often used for sequential simulations of
crop rotations, including fallow periods when transpiration
simulations should be zero. Finally, specifying Kpmin > 0
leads to a discontinuity in simulated K., on the day of emer-
gence if the simulation is initiated prior to emergence.
Other assumptions were required to merge the FAO-56
and DSSAT-CSM methods. In FAO-56, K, (eq. AS) is cal-
culated as a function of soil moisture depletion in the FAO-
56 soil surface profile and is used for direct calculation of
reduced evaporation as the soil surface profile dries. On the
other hand, the soil water evaporation routines in DSSAT-
CSM are specific to its layered soil profile and therefore de-
viate, with good reason, from the FAO-56 approach. Thus,
the K, term in the DSSAT-CSM implementation of FAO-56
was fixed at 1.0 in the calculation of K, (eq. AS), and the
native DSSAT-CSM soil evaporation routines, e.g., the Su-
leiman-Ritchie (Ritchie et al., 2009) approach for maize and
the Ritchie (1972) approach for cotton, were used to reduce
actual evaporation from potential evaporation as the soil pro-
file dried. Similarly, FAO-56 uses K; (eq. A4) to directly re-
duce transpiration under water limitation, and K is calcu-
lated from soil moisture depletion in the simple FAO-56 soil
profile. However, DSSAT-CSM considers soil moisture
simulations in a layered profile and capacity for root growth
to extract water from the soil layers. Thus, K in DSSAT-
CSM was not explicitly simulated, and native DSSAT-CSM
routines were instead used to account for effects of water
limitation by calculating water stress coefficients (discussed
above), which are conceptually similar to K but with differ-
ent formulation. With these assumptions, K. and K. in
DSSAT-CSM were used only to calculate potential E and T,

Table 1. Standardized, current DSSAT-CSM, and proposed DSSAT-CSM ET methodologies.

Operation Standard

Current DSSAT-CSM

Model Issues Proposed Model Improvement

Reference ET:
ET, = short “grass”
reference, and
ET, = tall “alfalfa”

ASCE ET, and ET,,
which assume
well-watered,

non-stressed

“FAO-56 P-M”
ET,, (eq. Al)

ASCE ET, and ET, added as
options, methodology explicitly
follows the ASCE standard
(Allen et al., 2005) (eq. A2)

Methodology varies slightly

from ASCE ET,, meaning it

is not in full agreement with
current standards.

reference vegetation.
Crop coefficient K.=KK,+K, K., =1.0+ (EORATIO - 1.0) Mathematically, K., > 1 K. =KK,+ K, =10Ksp)+ K.
for potential (eq. A4) x (LAI/6.0) always, which does not used for calculation of potential
ET (eq. 1) follow FAO-56 methods. ET, so K, =1 (potential ET
assumes no stress)
Potential crop ET.=ET,K. EO = KET, Because K., > 1, EO 2 ET,,, ET,.=ET,(K.» + K.)
ET (eq. A3) (eq-2) always (i.e., even in fallow) (egs. A3 and A4)

K., from FAO-56,
a trapezoidal
function of days
after planting.

Potential plant
transpiration

(eq. 11)

Partitioned from potential ET (E0):
EP, = EO(1 — exp[-KEP(LAI)])

EP,=ET.Ku
Kep = Komax(1 — exp[-SK.LAT])
(egs. 6 and 7)
Dynamic K, = f{LAI), mimics
FAO-56 trapezoidal function

The model first calculates
“potential ET” and then
partitions E and T based

on LAI FAO-56 calculates

E and T separately based

Potential soil
evaporation

K, from FAO-56,
which allows high-E
events with wet soil

surface and low
canopy cover.

ES,=EO0-EP,
(egs. 3 and 4)

Partitioned from potential ET (E0):
ES, = EO(exp[-KEP(LAI)])

on explicit crop coefficient
calculations.

ES, =ET,K,

K. = min[Kenax — Kevs fenk emar]
where Kpax = f(tz, RHpin, by Kep)
and f;,, = min(1 — £, f,,)
(eqgs. 8 and A5-A8)

60(6): 1965-1981
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Table 2. Reference ET methods and ET partitioning methods with
corresponding abbreviations.

Table 3. Parameter values used to simulate three DSSAT-CSM ET
partitioning methods (K., Kcq, and K.) for maize and cotton.

Methods Symbol Keomas®

Reference ET Partitioning Ko™ Ketmax™
DSSAT-CSM v4.6 FAO-56 P-M ET,. Crop Method KEP SK. Kopmin®  EORATION
ASCE ET, short reference (Allen et al., 2005) ET, Maize K 0.5 - - 1.0
ASCE ET, tall reference (Allen et al., 2005) ET, K. 0.5 0.5 0.3 1.2

ET partitioning Ko - 0.5 0 1.15
DSSAT-CSM v4.6 (egs. 1-4) K. Cotton K. 0.7 - - 1.1
DelJonge et al. (2012a) (egs. 2-5) K.y K. 0.7 0.6 0.35 1.2
FAO-56 (Allen et al., 1998) (eqs. A4-A9 and 6-8) K. K. - 0.6 0 1.15

respectively (egs. 7 and 8), while the native DSSAT-CSM
algorithms were used to calculated actual E and T from po-
tential. In addition, f;, (eq. A8) was assigned as 1.0, assuming
that water applications (both precipitation and irrigation)
were distributed over the entire ground surface.

The reference ET and ET partitioning methods used in
this study were tested in various combinations, and for clar-
ity are hereafter specified using the symbols in table 2 (e.g.,
ET,m-K.s for the existing DSSAT-CSM v4.6 method and
ET,-K.» for the new method).

SIMULATIONS

Maize simulations used the Colorado data set described
earlier, including five years (2006-2010) and two treatments
each year (full and limited irrigation). Cotton simulations
used the Arizona data sets described earlier, including seven
cotton seasons (1990-1991, 1999, 2002-2003, 2014-2015).
Simulations were conducted using weather files and calibra-
tion results from several prior studies for the maize data set
(DelJonge et al., 2011, 2012a, 2012b) and cotton data sets
(Thorp et al., 2014, 2015, 2017).

Model simulations of daily reference ET were compared
for five growing seasons in both Colorado and Arizona. Spe-
cifically, calculations of ET,, from DSSAT-CSM (ver.
4.5.1.005), ET,» from DSSAT-CSM (ver. 4.6.0.040), and
FAO-56 based ET, from a custom algorithm added to the
DSSAT-CSM code were compared to FAO-56 ET, calcula-
tions from Ref-ET software (Allen, 2011), which is designed
to calculate standardized reference ET for comparison with
other computer programs such as DSSAT-CSM. Simula-
tions from the older DSSAT-CSM version 4.5 were included
to highlight a major issue with the wind height transfer func-
tion, which led to deeper investigation of the DSSAT-CSM
ET methods (Thorp et al., 2010, 2014) and development of
new methods presented herein.

Qualitative graphical comparisons between the ET,-Ks,
ET,-K.q, and ET,-K.» methods were conducted to demon-
strate differences in simulated daily crop coefficients. The
reference ET method was ET, for all three cases to focus
comparisons on the crop coefficient method alone. The 2008
maize growing season and the 2015 cotton growing season
were used for graphical representation of crop coefficient
time series. Simulated crop yield and seasonal ET among the
ET partitioning methods were also compared for both crops
in all five growing seasons. Simulations with the ET,-K,
method used values of K ppmax = 1.15 and SK. = 0.5 for maize,
and Kepmae = 1.15 and SK. = 0.6 for cotton (eq. 6; table 3).
Kepmax values were determined from tabular values of mid-
season K found in FAO-56 (Allen et al., 1998). Values for
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(8] For K., method only.
' For K., method only.
] For K., method only.

SK. were determined from the recommended range (gener-
ally 0.5 to 1.0) for shaping the relationship of K., (eq. 5) and
by prior testing to create a reasonable relationship between
ET, and yield. Simulations with the ET,-K.; and ET,-K.4
methods were parameterized as described by DeJonge et al.
(2011) and Thorp et al (2014); EORATIO for maize simula-
tions was hard-coded to 1.0 within DSSAT-CSM. Because
the objective was to compare simulation results among dif-
ferent ET methods, the only adjustments to model parame-
terization were the choice of ET simulation method and as-
sociated ET parameters. This strategy ensured that the sim-
ulation results demonstrated differences due to ET method
alone. Future efforts with the new ET method will likely re-
quire recalibration of non-ET parameters to improve agree-
ment between measured and simulated data; however, this
was beyond the focus of the present study.

A sensitivity analysis of yield, ET., E, and T responses to
parameters in equation 6 was conducted using the new ET,-
K. approach. The analysis was conducted using all five
maize seasons (2006-2010) but only two cotton seasons
(2014-2015) because cotton responses to full and limited ir-
rigation were not available for every growing season and
were best quantified in 2014 and 2015. The value of Kepmax
was varied between 0.9 and 1.4 with a base level of Kcpmax =
1.15, which is the tabular value from FAO-56 (Allen et al.,
1998) for both crops. The value of SK. was varied between
0.4 and 0.9 with a base level of 0.5 for maize and 0.6 for
cotton from prior calibration efforts (DeJonge et al., 2011;
Thorp et al., 2014). With an assumption of K.pmin = 0 as de-
scribed before, the values of K.pma and SK. were varied to
understand the influence of these variables on simulated
yield and ET. for maize and cotton.

RESULTS
REFERENCE ET METHODS

Any crop model or other program used to calculate ET,
should produce very similar results as obtained by specifi-
cally following the standardized methods, justifying why
Ref-ET software was developed (Allen, 2011). As compared
to older ET,, simulations with DSSAT-CSM, simulations of
ET, using the new algorithm based explicitly on the ASCE
standard (Allen et al., 2005) were in closest agreement with
ET, calculated by Ref-ET software (fig. 1). The root mean
squared errors (RMSE) between Ref-ET ET, and DSSAT-
CSM ET, were less than 1.0% for both Arizona and Colo-
rado conditions, while the RMSE values between Ref-ET
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Figure 1. Daily reference evapotranspiration outputs for DSSAT-CSM
versus Ref-ET software: (a) CSM v4.5 ET,» method for Arizona (AZ)
data (n=872 days over five cotton growing seasons), (b) CSM v4.6 ET
method for AZ data, (c) new CSM standardized ET, method for AZ
data, (d) CSM v4.5 ETy» method for Colorado (CO) data (7= 626 days
over five maize growing seasons), (¢) CSM v4.6 ET,» method for CO
data, and (f) new CSM standardized ET, method for CO data. MAE =
mean average error, and RMSE = root mean squared error.

ET, and DSSAT-CSM ET,,, were greater than 2.0%. The re-
sults demonstrate that the new DSSAT-CSM ET, algorithm
better aligned with published ET standards (Allen et al.,
2005) and accepted software for standardized ET calcula-
tions (Allen, 2011). Errors between the Ref-ET ET, and
DSSAT-CSM ET, results are likely due to minor numerical
errors arising from differences in the formulation of the two
algorithms.

With an RMSE of 22.8%, drastic discrepancies were
found in the comparison of Ref-ET ET, and ET,, from
DSSAT-CSM version 4.5 for Arizona conditions (fig. 1a).
In 2014, the authors linked the problem to a misspecification
of the equation used to adjust wind speed measurements to a
standard height of 2.0 m. In DSSAT-CSM, this calculation
is accomplished with the following equation:

o
2.0
u2 = uz Z—
w

where u; is the calculated wind speed at a standard height of
2.0 m, u: is the measured wind speed at a height of z,,, and o
is an empirically derived coefficient that is hard-coded but
varies based on the stability of the atmosphere. In DSSAT-
CSM v4.5, the model erroneously used o = 2.0, which was
corrected to oo = 0.2 in DSSAT-CSM v4.6. This coding error
in DSSAT-CSM version 4.5 (and likely prior versions)
greatly affects ET,, calculations for weather networks with
anemometers at heights other than 2.0 m, such as AZMET
in Arizona, but has no effect on networks with anemometers
at 2.0 m, such as CoAgMet in Colorado. The use of inde-
pendent standardized software such as Ref-ET is highly rec-
ommended in crop model development efforts to verify ET
algorithms and ensure quality of simulated ET data.

Although the wind speed adjustment coefficient (o in
eg. 9) has been corrected in DSSAT-CSM version 4.6, the
update does not match the ASCE standard equation (Allen
et al., 2005) for adjusting wind speed measurements to a
standard height of 2.0 m:

)

60(6): 1965-1981

Uy =u, _ 487 (10)
In(67.82,, - 5.42)

Thus, differences between ET,,, (figs. 1b and 1e) and ET,
(figs. 1c and 1) calculations in DSSAT-CSM version 4.6 are
partially attributed to different wind speed adjustment equa-
tions for each method (eqgs. 9 versus 10, respectively). Incor-
poration of current reference ET standards (Allen et al.,
2005) in DSSAT-CSM not only helped identify coding er-
rors in the model’s existing ET methods but also established
the appropriate reference ET calculations (ET, or ET,) as in-
tended for use with FAO-56 crop coefficient approaches.

CRroP COEFFICIENT METHODS

To visually illustrate the crop coefficients simulated by
DSSAT-CSM, figure 2 shows the behavior of crop coeffi-
cients for Colorado maize under full and limited irrigation in
2008 using the ET,-K.; method, the ET,-K.; method, and the
new ET,-K. method, and figure 3 shows similar results for
Arizona cotton in 2015. These figures show simulated values
for crop coefficients K. (= E/ET,), KooK (= T/ET,), and K.
(=ET/ET,). As described in equations A3 and A4, these co-
efficients represent the ratio of E, T, or ET. to the reference
evapotranspiration (ET,), which was calculated from the
daily DSSAT-CSM outputs for each ET method. As dis-
cussed above, K, and K, were not explicitly calculated in
DSSAT-CSM because the model used alternative algorithms
to calculate the effects of water limitation. However, by cal-
culating K., KK, and K. from the model output of E, T,
ET,, and ET,, the resulting crop coefficient plots are concep-
tually similar to the description of these terms in FAO-56. In
particular, the KK terms in figures 2 and 3 represent the
basal crop coefficient adjusted for water stress effects. If
high transpiration demand is calculated by equation 1, 5, or
6 for K., K.q, or Ko, respectively, but soil water is not avail-
able to meet that demand, then the simulated transpiration
would be a lesser value and is represented in figures 2 and 3
as KuK,. By calculating FAO-56 crop coefficients from
model-simulated ET, different ET methods can be evaluated
and contrasted for adherence to theoretical crop coefficient
responses (Allen et al., 1998). Gross deviations from ac-
cepted theory highlight issues with the implementation of a
particular ET method and suggest that further coding modi-
fications are needed.

Early in the growing season, there was little canopy
cover, and ET was mostly surface soil water evaporation
(maize in fig. 2 and cotton in fig. 3). As canopy cover in-
creased with vegetative growth, the transpiration portion ex-
ceeded the evaporation portion of ET, beginning around
DOY 165 for maize and DOY 175 for cotton. When the crop
reached full canopy (around DOY 185 for maize and DOY
200 for cotton), transpiration was the majority of ET. As the
crop began to senesce (around DOY 265 for maize and DOY
270 for full-irrigation cotton), the transpiration demand de-
creased until maturity, and very abruptly for cotton. During
early crop development (e.g., DOY 120 to 165 for maize),
there was very little vegetation, leading to low transpiration,
S0 evaporation was very important at this time. According to
FAO-56, plots of daily K, and overall K. should demonstrate
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periodic sharp increases or spikes due to irrigation events
and particularly rainfall (e.g., figs. 2c and 3c), which wets
the entire soil surface. While the ET,-K.; method was re-
sponsive to these evaporative spikes, the ET,-K.; method
was much less responsive with less surface evaporation for
both full and limited irrigation. The ET,-K., method was
more similar to the ET,-K.; method, although evaporation
was slightly higher in this period.

As mentioned earlier and in table 1, the ET,-K.; method
fixes K. at 1.0 for maize (eq. 1), which limits overall K. to a

1972

maximum of 1.0, as was found in three instances of high pre-
cipitation during the early season (figs. 2a and 2d). During
these same periods in the ET,-K., method, both K, and over-
all K. exceeded the value of 1.0 because K. is limited instead
by evaporative demand, as computed according to FAO-56
methods in equations A5 and A6. Likewise, early season
evaporative spikes in cotton (fig. 3) are limited to values
very close to 1.0 because low LAI forced K., close to 1.0
(eq. 1). The new revision of ASCE Manual 70 (Jensen and
Allen, 2016) states that for an ET, reference, these early-
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season spikes in K. and K. should typically approach maxi-
mum values of 1.0 to 1.2, which is here achieved only by the
new ET,-K.» method in DSSAT-CSM (figs. 2c, 2f, 3c, and
3f). It is important to note that during the early season, the
ET,-K.» method was otherwise very similar to ET,-K.; over-
all.

In the mid-season, ET, as shown by K. was lower for the
ET,-K.s method than for both the ET,-K.s and ET,-K., meth-
ods and for both irrigation treatments, especially compared
to ET,-K.» under full irrigation. In maize, from DOY 190 to
260, K. for ET,-K,, was unrealistically limited to 1.0 due to
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the hard-coded EORATIO = 1.0 in the CERES-Maize model
(eq. 1). For cotton, EORATIO was parameterized to 1.1
(table 3), and while this allowed K. from ET,-K,, to be more
dynamic with cotton than with maize (e.g., comparing figs. 2
and 3), the upper values for K. were still minimally respon-
sive, especially when compared with the new ET,-Kc
method. Because cotton K. was generally higher in the mid-
season for the ET,-K,» method than for the ET,-K.; method,
the model simulated more crop water use and some stress
events, even under full irrigation (fig. 3c).

During late-season senescence, the crop coefficient plots
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showed that both E and T generally declined. Cotton ET de-
clined rapidly after irrigation was terminated on DOY 247,
but crop coefficients increased prior to DOY 280 due to two
rainfall events at that time. The ET,-K.s method was very
similar in shape to the ET,-K.; method, especially under lim-
ited irrigation. The ET,-K., method was very different from
the ET,-K.; method under full irrigation but was fairly simi-
lar under limited irrigation.

A notable difference between the crop coefficient behav-
ior in figures 2 and 3 is that the cotton crop had more daily
variation in the magnitude of K, especially under limited ir-
rigation. This was because the Arizona climate had much
higher ET demand during the growing season (fig. 1) and
less frequent and productive rainfall. The cotton experiment
was also conducted on a sandy clay loam soil, which may
have limited water availability to the crop. As evidenced by
K. for the limited irrigation cotton treatment in 2015 (fig. 31),
the simulated crop experienced water stress for short inter-
vals on a weekly basis as a result of the suboptimal irrigation
schedule. Additional irrigation applications would be neces-
sary to fully alleviate this issue and eliminate drops in mid-
season K.

The cotton simulations for ET,-K.s and ET,-K.. revealed
unrealistic patterns of sharply increasing KK, most clearly
visible on DOY 181 and DOY 259 (figs. 3a and 3b). There
is no practical reason why T should sharply increase on these
dates, particularly because they correspond to the latter days
of a drying cycle when soil water is less available. The KK
results for ET,-K.» did not reveal these unrealistic patterns
(fig. 3¢), and none of the ET methods for the maize simula-
tions demonstrated this behavior (fig. 2). With deeper in-
spection of the model code, the calculation of ES, for the
CROPGRO model was found to deviate from the rest of the
crop models. Instead of using equation 4 for ES,, the CROP-
GRO model currently uses the following expression:

_ [E0(1.0-0.39LAI) if LAI<1.0

S0 {(EO/I.I)exp(— 0.4LAI) if LAI>1.0 (1)

Thus, CROPGRO bypassed the use of KEP for ES, cal-
culations but used KEP for EP, calculations. Comparing the
results of equation 4 (with KEP = 0.7 from table 3) and equa-
tion 11 for identical EO and LAI, the latter approach consist-
ently calculated higher ES, for the 2015 cotton season (not
shown). As a result, ES, and EP, no longer summed to EO
(eq. 4). The major problem arose when EP, was calculated
as the minimum of equation 3 and EO minus actual E. Be-
cause equation 11 permitted higher ES, than equation 4, EO
minus actual E was often lower than the result of equation 3,
particularly following wetting events, which led to a drop in
EP,. As the soil dried, equation 3 eventually determined EP,
again, because little water was available for actual E. The
result was several unrealistic discontinuities in the temporal
EP, calculations for the ET,-K. and ET,-K.; methods
(fig. 3), which subsequently affected actual T and KK cal-
culations (figs. 3a and 3b). Because the ET,-K.; method used
K., K., and ET, to calculate ES, and EP, (egs. 7 and 8) in-
dependently, this problem was averted for ET,-K,;, and the
EP, curve was more realistic (fig. 4). Similar to the identifi-
cation of problems for reference ET calculations (fig. 1), this
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Figure 4. Ratio of potential transpiration (EP,) and grass reference ET
(ET,) for three ET methods (ET K5, ETKca, and ET - K.s) as simu-
lated by CSM-CROPGRO-Cotton for the 2015 well-watered Arizona
cotton treatment.

problem with ET partitioning was revealed only after incor-
porating existing ET standards into DSSAT-CSM and using
FAO-56 theory to scrutinize the model’s ET output.

Overall, the results demonstrate how crop coefficient cal-
culations from daily crop model outputs of E, T, ET, and ET,
can be used to assess the adherence of different ET methods
to expected crop coefficient patterns, as reported in FAO-56.
Deviations from the expected patterns can help diagnose is-
sues with an ET method, while inclusion of the ET,-K.
method establishes the benchmark standard to which any
other approach can be compared.

YIELD AND ET ¢ SENSITIVITY TO ET METHOD

When adjusting only the ET method and associated input
parameters (table 3), simulated patterns in yield and seasonal
ET, were similar among the two crops for the three ET meth-
ods (fig. 5). Similar to the results of DeJonge et al. (2012a),
maize yield and seasonal ET. values for ET,-K.; were mini-
mally changed as compared to the ET,-K; module. While
seasonal ET. simulations were sometimes similar, simulated
K. (figs. 2 and 3) demonstrated that the daily ET. simulations
were not at all similar among the methods. Thus, if the ET
methods compute relatively similar seasonal ET. amounts, it
is through fundamentally different daily ET. simulations.
For the ET,-K., method with both crops, simulated yield was
up to 28% lower for both full and limited irrigation. This re-
sult is likely related to higher EP, for the ET,-K.» approach
(fig. 4). Additionally, the ET,-K.», method with both crop
models resulted in up to 13% higher ET. for full irrigation,
while differences among the ET methods were small for lim-
ited irrigation. These results indicate the need for the new
module to be more fully evaluated using measured data from
multiple locations, as the updates obviously influenced the
main outputs of yield and ET.. High-quality daily ET. data,
such as the data obtained from lysimetry (Evett et al., 2016),
would be best for such evaluations, but none of the field ex-
periments for the present study included crop water use data
from lysimeters. While this study does not specifically
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Figure 5. Mean yield and ET. for (a) maize and (b) cotton under full and limited irrigation, comparing the ETK.s method, ET - K.s method
(DeJonge et al., 2012a), and new ET K method. Error bars for maize indicate standard deviations over five years; error bars for cotton are

omitted due to only having two years in sample (2014 and 2015).

compare simulation results to measured values, it has shown
that there were fundamental differences in daily ET calcula-
tions (figs. 2 and 3) that led to impacts on simulated yield
(fig. 5). Additionally, the findings demonstrate how some
methods follow existing ET standards more closely than oth-
ers. Presumably, this should correspond to improved ET
simulations when compared to field measurements. How-
ever, because the goal was to develop the new ET,-K., mod-
ule and compare it to existing ET modules, only the ET pa-
rameters were adjusted (table 3), while the soil and cultivar
parameters remained consistent among the ET methods. In
reality, soil and cultivar parameters could be adjusted to dif-
ferent values for each ET method to improve agreement be-
tween measured and simulated yield and ET.. Future studies
will address this issue through model calibration efforts
against high-quality daily ET. data.

YIELD AND ET SENSITIVITY TO ET o- K- PARAMETERS
Under full irrigation, K pmax With the ET,-K., method had
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little influence on maize and cotton yield for 0.9 < Kcpmar <
1.15, but simulated yield decreased rapidly for Kcpmax > 1.15
(fig. 6a). However, under limited irrigation, yield increased
with decreasing Kcpmax, likely due to the reduced transpira-
tion demand via equation 6 and therefore less simulated wa-
ter stress.

Simulated ET was not sensitive to changes in Kcpmqr for
values above 1.15 due to conservation of mass, but as K pmax
decreased there was some additional ET. loss under full irri-
gation for maize (fig. 6¢).

Amounts of E and T were very sensitive to Kepmax changes
with the new ET,-K.;, module (figs. 6e and 6g). Generally,
as Kesmax increased, seasonal soil evaporation decreased and
transpiration increased. This was mostly due to the effect of
Kepmax on partitioning of E and T; however, overall ET.
changed very little (fig. 6¢). This result has drastic implica-
tions for model calibration using measured separate E and T
data, rather than ET. data alone, because Kcpmqr adjustments
affect simulated E and T much more than ET.. Ideally, high-
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Figure 6. Sensitivity analysis of (a-b) yield, (c-d) ET, (e-f) E, and (g-h) T from changes in Kcpmaxr and SK: using the ET K> method (eq. 6). Both
maize and cotton models used Kcpmax=1.15 from the FAO-56 tables as the base value (i.e., no change), while maize used SK.= 0.5 and cotton used

SK.= 0.6 as base values from previous calibration efforts.

quality data on E and T independent from ET. are needed to
adjust the parameterization of Kepmar. Otherwise, it is recom-
mended to obtain values from the K, tables in FAO-56.
The shaping parameter SK. is very interesting because it
influenced yield more than seasonal ET, (figs. 6b and 6d).
Similar to Kepmax, this is likely due to the effects of the

1976

parameter on simulated potential T demand with subsequent
impacts on water stress factors (eqs. 6 and 7). SK. also influ-
enced changes in E and T in an inversely proportional man-
ner (figs. 6f and 6h), but it had much less impact on the over-
all ET. (fig. 6d). Similar to Kcpmax, this result has major im-
plications for the adjustment of SK. to calibrate the
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DSSAT-CSM ET. simulation, particularly when separate E
and T data are not available, because SK. adjustments affects
ET, to a much lesser degree than E and T simulations indi-
vidually. While SK. provides a parameter to adjust the por-
tions of ET. attributed to E and T, calibrating SK. to ET.
alone does not guarantee accurate simulations of E and T in-
divid-ually. If E and T data are unavailable, values of SK.
from 0.5 to 0.7 are recommended. While total ET. data are
much easier to obtain than partitioned E and T, the results
highlighted the robustness gained by using dual crop coeffi-
cient procedures to partition E and T as compared to single
crop coefficient approaches (figs. 2 and 3). Therefore, dual
crop coefficient procedures combined with crop growth sim-
ulation is advantageous for in-depth analyses of crop water
use efficiency and water production functions.

DISCUSSION

Current potential ET methods in DSSAT-CSM include
the Priestley-Taylor (Priestley and Taylor, 1972) and ET,-
K. approaches. The Priestley-Taylor method (which was not
tested herein) is advantageous for simulations requiring
long-term weather data in areas with limited meteorological
stations because it requires only minimum and maximum air
temperature and solar radiation and does not require humid-
ity and wind speed data. However, the Priestley-Taylor
method is subject to substantial underestimation under ad-
vective conditions often experienced in the western U.S.
(Jensen and Allen, 2016). Furthermore, most modern mete-
orological stations in developed countries include all of the
required inputs for the ASCE Standardized Reference ET
Equation (Allen et al., 2005), i.e., air temperature, humidity,
solar radiation, and wind speed. The capabilities of modern
cropping system models should reflect the capabilities of
meteorological data collection systems. The inclusion of
both grass and alfalfa reference ET calculations based ex-
plicitly on the ASCE standard (Allen et al., 2005) is a strong
step forward for ET simulation in DSSAT-CSM.

The current ET,,,-K.; approach in DSSAT-CSM does not
follow established ET standards in two main ways. First, it
approximately calculates ET, (fig. 1), but it uses older Pen-
man-Monteith equation settings (eq. Al), explicitly calcu-
lates resistance terms from grass reference crop characteris-
tics, uses a non-standard wind speed adjustment equation
(eq. 9) with known errors in DSSAT v4.5, and does not in-
corporate an alfalfa reference ET calculation. All of these
problems were updated and resolved by adding the ASCE
Standardized Reference ET algorithm (eq. A2; Allen et al.,
2005) to DSSAT-CSM. Second, the crop coefficient ap-
proach in the ET,,-K.; method does not truly follow FAO-
56 protocol, even though the method has historically been
named “FAQO-56" in the model. As described herein, an
FAO-56 dual crop coefficient (K.5) approach was imple-
mented to scale reference ET to potential ET and to partition
potential E and T, while native DSSAT-CSM algorithms
were used to calculate actual E and T based on available soil
water and root system growth. According to ASCE Manual
70 (Jensen and Allen, 2016), this reference ET and crop co-
efficient method (i.e., ET,-Kcs, ET,-K(5) has more consistent
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and standardized procedures than the direct resistance-based
Penman-Monteith equation (eq. Al) and is more appropri-
ately applicable under water-stressed conditions.

Both the ET,-K.s and the ET,-K.; methods have issues in
model behavior with respect to the FAO-56 conceptualiza-
tion of ET. The former has limitations on its maximum K.
value and is not responsive to mid-season evaporation
spikes, while the latter has more dynamic mid-season tran-
spiration behavior but is unresponsive to evaporation spikes
throughout the season. The new ET,-K., method is a valua-
ble addition that not only follows standardized procedures
but also solves the behavioral issues of the prior approaches.
The mid-season growth stage, with full canopy, the highest
crop coefficients, longer length, and typically the highest
evaporative demand (i.e., ET,), may be considered the most
significant growth stage in terms of seasonal ET,, so the ac-
curacy of this stage is most important. For the mid-season
transpiration portion, the ET,-K.; method for maize had the
limitation of K. = 1.0 (fig. 2a) and for cotton was defined
very close to 1.0 (fig. 3a). Because the transpiration demand
is partitioned from the maximum value, the K, had a defined
concave shape. The ET,-K.s method had a dynamic overall
K. shape that was not limited to a maximum value like the
ET,-K.s method, yet the K, during midseason has a very sim-
ilar shape and nearly identical evaporative portion. The sim-
ilarities between these methods exist because they use the
same partitioning algorithm that first calculates potential ET.
and then separates it into E and T components. However, one
major issue with this method is that the mid-season crop co-
efficients are not responsive to evaporative spikes during full
or nearly full canopy growth, from DOY 190 to DOY 260
for both crops (figs. 2 and 3). While these evaporative spikes
for ET,-K.» are small during this growth stage, they have
been verified through studies using water balance methods
(da Silva et al., 2012), lysimetry (Lopez-Urrea et al., 2012),
energy balance (Anderson et al., 2017), and isotope tracing
(Nay-Htoon, 2016); thus, they should be properly simulated
by cropping system models. The new ET,-K., method is very
responsive to frequent irrigations, with both the evaporation
and resulting ET being highly dynamic (figs. 2¢ and 3¢) and
more similar to theoretical representations in FAO-56.

Sensitivity of yield, ET., E, and T to Kpma and SK.
(fig. 6) is now available for users and will provide guidance
for parameterization. Future studies should use reliable E
and T measurements to fully evaluate the ET,-K., method
and further compare it to other DSSAT-CSM ET methods.
Such a study would provide further guidance on recom-
mended parameterization for Kcsme and SK.. However, the
new method facilitates use of the tabular values in FAO-56
and other subsequent references (Allen et al., 1998, 2007;
Jensen and Allen, 2016) for initial parameterization of
chmax~

Criticisms of the new ET,-K., method have largely fo-
cused on the empiricisms inherent to the FAO-56 dual K.
approach, which prevent dynamic calculations of aerody-
namic and bulk resistance terms in the Penman-Monteith
equation as well as calculations of more complex biophysi-
cal relationships between crop growth and water use. How-
ever, the most commonly used ET methods in DSSAT-CSM,
including Priestley-Taylor and ET,.-K, also suffer from
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these limitations. Other ET methods that have a stronger bi-
ophysical basis are available in DSSAT-CSM, but they are
rarely used due to languished development and lack of re-
sources for thorough testing. By adding the new ET,-K.; op-
tion based on accepted ET standards, a benchmark ET rou-
tine was established in DSSAT-CSM that can be used as a
baseline to evaluate and develop any other ET method. As
demonstrated herein, the ET,-K., standard method was use-
ful for diagnosis of deficiencies in other DSSAT-CSM ET
methods. When unexpected model behavior was encoun-
tered in both present and past studies (DeJonge et al., 2012a;
Thorp et al., 2014), the issues were more thoroughly under-
stood and resolved by incorporating standardized ET equa-
tions into the model and comparing model outputs from ex-
isting ET methods to the standard methods. By establishing
a performance benchmark, the standard methods highlighted
aspects of other ET methods that were not sensible (e.g.,
figs. 1 and 4). Thus, although the ET standards are somewhat
less mechanistic than an ideal ET method that dynamically
calculates resistance terms, stomatal conductance effects,
and other biophysical intricacies, they are valuable for set-
ting a baseline performance benchmark that any other ET
method should at least meet, if not exceed. Likewise, the
standard ET methods could similarly be useful in the devel-
opment of novel ET approaches that aim to establish better
mechanistic linkages among simulations of crop biology,
soil water conditions, and ET. In this case, the standard ET
methods again set the performance benchmark that the new
method should aim to improve upon; otherwise, they offer
little above what is embodied in the current ET standards.
Essentially, the ET standards provide an unbiased, well-ac-
cepted protocol for calculating ET, which can shield crop
model development from modeler bias and opinion. State-
ments on the appropriateness of an ET method for use in a
crop model have greater scientific foundation when the ET
method of question is shown to match or exceed the behavior
and performance of the existing ET standard, for example,
via daily crop coefficient plots (figs. 2 and 3) or by direct
comparison to measured ET data. While the present study
did not include comparisons to measurements, future studies
are planned to further compare DSSAT-CSM ET methods
using high-quality ET data sets.

SUMMARY

The evapotranspiration module in DSSAT-CSM was re-
vised to incorporate standardized ET procedures. This in-
cluded explicitly following the ASCE Standardized Refer-
ence Evapotranspiration Equation (Allen et al., 2005) for tall
and short reference ET (ET, and ET,, respectively) and ex-
plicitly following FAO-56 guidelines for the dual crop coef-
ficient method. With these changes, the reference ET results
matched almost exactly with another software package for
standardized ET calculations. The new module resulted in
more responsive crop coefficients, where the basal transpi-
ration portion was directly linked to canopy cover via LAI,
and the evaporation component was responsive to irrigation
and rainfall events throughout the season. Newly added pa-
rameters need not be extensively calibrated, as they have
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referenced values and ranges, but a sensitivity analysis
showed how they affect simulated yield and both E and T
components of ET.. These new methods are an essential step
forward for irrigation and ET modelers who use DSSAT-
CSM for ET quantification and irrigation management under
limited water conditions. In addition, this research demon-
strates the use of FAO-56 concepts and existing ET stand-
ards to compare and contrast the ET outputs of different ET
methods in crop models. The approach has great potential
for applicability not only to DSSAT-CSM but also to other
crop models, and it can provide a basis for intercomparison
of ET methods both within and among crop models for
model improvement purposes.
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APPENDIX
REVIEW OF STANDARDIZED ET METHODS

As documented in FAO Irrigation and Drainage Paper
No. 56 (Allen et al., 1998), the Penman-Monteith combina-
tion equation was adopted as a basis to standardize calcula-
tions of crop ET:
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where latent heat flux (AET), net radiation (R,) and soil heat
flux (G) are in W m, air density (p,) is in kg m™, specific
heat of dry air (¢,) is 1,010 J kg™ °C!, saturation vapor pres-
sure (e,) and actual vapor pressure (e,) are in kPa, 7, is aero-
dynamic resistance in s m?, r is the bulk surface resistance
in s m!, and the slope of the saturation vapor pressure versus
temperature curve (A) and the psychrometric constant (y) are
in kPa °C"!. The Penman-Monteith combination equation in-
corporates parameters that can be measured or calculated
from weather data, and FAO-56 provided equations for cal-
culations of 7, and r, from wind measurement characteristics,
canopy height, and leaf area index (LAI). Furthermore,
FAO-56 demonstrated the simplification of terms in equa-
tion Al as required for ET calculations from a hypothetical
grass reference crop (ET,) with height of 0.12 m, surface re-
sistance of 70 s m™!, and albedo of 0.23.

In May 1999, the Irrigation Association (IA) requested
that the Evapotranspiration in Irrigation and Hydrology
Committee of the ASCE Environmental and Water Re-
sources Institute establish and define a benchmark reference
ET equation. The purpose of this equation was to standardize
the calculation of reference evapotranspiration and to im-
prove transferability of crop coefficients across regions.
Standardized versions of the Penman-Monteith equation
were created by the ASCE-EWRI (Allen et al., 2005) to cal-
culate reference ET for both a short crop (ET,) and a tall crop
(ET,) following the format adopted by FAO-56. When the
supporting parameter equations for 74, ps, and A from the
Penman-Monteith combination equation (eq. Al) are re-
duced and combined, the daily time step, FAO-styled, and
reduced equation of ASCE-EWRI results:

Cn
T+273
A+’Y(1+Cd uz)

(A1)

0.408A(R, — G)+Y

uy (€5 —e,)

ET,. = (A2)

where ET,.r applies to both clipped grass and alfalfa refer-
ence surfaces. ET . has units of mm d! for 24 h time steps,
net radiation (R,) and soil heat flux (G) are in MJ m? d*!,
mean daily air temperature (7) is in °C, mean daily wind
speed at 2 m height (u2) is in m s”!, saturation vapor pressure
(es) and actual vapor pressure (e,) are in kPa, the slope of the
saturation vapor pressure versus temperature curve (A) and
the psychrometric constant (y) are in kPa °C*!, and C, and C,
are coefficients that change with reference type (grass ET,
or alfalfa ET,). For a short reference crop, C, = 900 and C;=
0.34; for a tall reference crop, C, = 1600 and C,; = 0.38. Fur-
ther details on these coefficients are available in Allen et al.
(2005). This form of the equation, at a minimum, requires
meteorological inputs of daily minimum and maximum air
temperature, minimum and maximum relative humidity or
vapor pressure deficit, solar irradiance, and average wind
speed. These measurements are common on most modern
micrometeorological stations for microclimate monitoring

1980

and ET prediction, and Allen et al. (2005) gave recommen-
dations for estimating missing climatic data when necessary.
Both short and tall reference surfaces are adopted worldwide
as ET standards, and the preference of short or tall reference
surfaces often varies by country or state.

The single crop coefficient approach was introduced in
FAO-24 (Doorenbos and Pruitt, 1977) and explained further
in FAO-56 and ASCE Manual 70 (Jensen and Allen, 2016),
which describes the calculation of crop evapotranspiration
(ET,, the sum of soil evaporation E and plant transpiration
T) under well-watered optimal agronomic conditions (i.e.,
no limitations due to water stress, salinity stress, pest and
disease, weeds, fertility, etc.). In other words, the approach
calculates potential ET for a given crop at a particular stage
of growth by scaling reference ET (ET,, or ET, in this case)
with a single crop coefficient (K.):

ET.=E+T=K.ET, (A3)

FAO-56 characterizes seasonal daily crop coefficient (K.)
curves using a trapezoidal shape that resembles crop canopy
growth over time, often based on days after planting or
growing degree days. Recommended K. varies by crop and
by region; for most agronomic crops, K. has an initial or min-
imum value between 0.3 and 0.5 and a maximum value be-
tween 1.0 and 1.2 (see fig. 34 in FAO-56; Allen et al., 1998).
FAO-56 also describes a basal crop coefficient approach in
which K. is divided into evaporation (XK.) and transpiration
(Kc») components, and K is the water stress coefficient:

E T
K, ET, + ET. K, +K K, (A4)
where K; = 1 indicates no stress and K; = 0 indicates maxi-
mum stress and complete transpiration shutdown.

This method has the distinct advantage of separating plant
water use from surface (soil) water evaporation losses, as
well as reducing ET when the canopy experiences water
stress or other stressors (see fig. 10-1 in Jensen and Allen,
2016). This dual approach improves the accuracy of the
overall ET estimate by separating E and T and improving the
accuracy of the E estimate (Pereira et al., 2015). Proper par-
titioning of E and T is important not only for water manage-
ment purposes (Kool et al., 2014) but also for yield estima-
tion, as yield is physiologically linked more closely to T than
to the combination of E and T (Paredes et al., 2014; Steduto
et al., 2012). K, typically has a trapezoidal shape similar to
K. and is described for non-stressed crops in FAO-56. K.
also can be related to reduced canopy cover due to prior
stresses, a potential indirect and delayed result of limited soil
water (fig. 10-1 in Jensen and Allen, 2016). The evaporation
component (K,) is calculated through several steps:

Kg = min[Kr(Kcmax - Kc[z),]rechmax] (AS)

where K. is the soil evaporation coefficient, K. is the basal
crop coefficient, Kemqr is the maximum value of K. following
rain or irrigation, K, is a dimensionless evaporation reduc-
tion coefficient dependent on the cumulative depth of water
evaporated from the topsoil, and £;,, is the fraction of the soil
surface that is both exposed and wetted (i.e., the fraction of
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soil surface from which most evaporation occurs). Follow-
ing rain or irrigation K, is 1, and evaporation is only deter-
mined by the energy available for evaporation. As the soil
surface dries, K, becomes less than 1, and evaporation is re-
duced. K, becomes 0 when no water is left for evaporation
from the upper soil layer. Complete details for calculating K,
are in FAO-56 and ASCE Manual 70. The upper limit (Kemax)
is determined for grass reference (ET,) and alfalfa reference
(ET,) by equations A6 and A7, respectively:

Kcmaxa =

max(1.2+[0.04(uy —2) —0.004(RH,,,;, —45)] A6
A6
x(h!13)%3, K, +0.050)
Kemar = max(1.0, Koy +0.05) (A7)

where / is the mean maximum plant height during the period
of calculation (m), and all other terms are previously de-
fined. The fraction of evaporable water (few) is calculated
as:

60(6): 1965-1981

Jow=min(l —f, f,,)

where 1 — f; is the average exposed soil fraction not covered
(or shaded) by vegetation (0.01 to 1), and f,, is the average
fraction of soil surface wetted by irrigation or precipitation
(0.01 to 1). Values for f;, are 1.0 for precipitation and certain
types of irrigation (i.e., sprinkler and flood irrigation) but are
lower for other types of irrigation (i.e., furrow or drip irriga-
tion). Values for f. can be determined by methods used to
estimate canopy cover or can be estimated using the relation-
ship described in FAO-56:

(A8)

— ch — Kcmin
f;'_
Kcmax - Kcmin

where K is the basal crop coefficient for the particular day,
Kemin 1s the minimum K. for dry bare soil with no ground
cover, and Koyq 1s the maximum K. immediately following
wetting (eq. A6).

(1+0.5h)
j (A9)

1981
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