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Abstract
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Understanding the relationships among plant, soil, and water is important in agricultural water management practices.
Simulation of the soil water balance is central to improving crop water productivity. Individual crop or hydrological models
have shortcomings due to the simplification of the surface or subsurface processes. Coupling of crop and hydrological models
helps in understanding the complex processes involved in crop production. This review highlights the application of coupled
crop and hydrological models in simulation of crop response to water availability. The hydrological models considered are
CHAIN-2D, HYDRUS-1D, HYDRUS 2D/3D, and MODFLOW. The crop growth models considered are the water-driven
model (AquaCrop), solar-radiation driven model (EPIC), and the carbon-driven models (WOFOST and DSSAT). HYDRUS-
2D is the successor to CHAIN-2D. MODFLOW is a popular model especially in simulating groundwater flow while HY DRUS
is satisfactory in the simulation of water dynamics in the vadose zone. From the review, it can be deduced that HYDRUS-1D
has been coupled with all the crop models considered except DSSAT. EPIC — CHAIN-2D and MODFLOW-DSSAT were the
other applications. Further research needs to consider linking 2D soil water models with any of the crop growth models for a
better representation of the soil water dynamics and therefore accurate simulation of the soil water balance.
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Yield and biomass production are complex processes
which rely significantly on the interaction between the soil
and crop and are influenced by human activities (Vereecken
et al., 2016). The improvement of crop water productivity
requires reduction in non-beneficial components such as run-

Introduction

The demand for the limited freshwater resources is on the
increase due to population growth which has elevated the do-
mestic and agricultural water use, urbanization and industri-

alization. Irrigation is important in ensuring expanded crop
production in marginal (arid and semi-arid) areas. Because of
climate change, traditionally arable lands are susceptible to
droughts which cause a reduction in yields or even crop fail-
ure and therefore, irrigation is necessary to stabilize yields.
The understanding of the interactions among the plant, soil
and water is important in making decisions regarding agri-
cultural water management.

*Corresponding author: kandaedwin@gmail.com

off, soil evaporation and percolation. Therefore, the focus
is the surface and subsurface interaction and more specifi-
cally the soil water balance. Irrigation scheduling requires
the analysis of the soil water balance to ensure that appro-
priate amount of water is applied to the crop. Simulation of
the soil water balance needs the accurate representation of
the infiltration process, runoff, drainage, root water uptake
and evapotranspiration (Ritchie, 1998). Soil water balance
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models utilize either simple bucket approach where the only
input data required include rainfall/irrigation, evapotranspi-
ration and soil properties or those which describe soil water
dynamics in a complex and rigorous way including the in-
teractions of the various components of the system (Zhang
et al., 2002). In crop models, the soil water balance serves
to estimate the soil water content (driver for nutrient min-
eralization) and the water stress indices which drives the
functioning of the plant (Brisson et al., 2006)

Most hydrological models that are used in agriculture fo-
cus primarily on the soil physical processes and simplify the
process of transpiration, root water uptake and crop growth
while crop models, on the other hand, include detailed car-
bon assimilation and crop development processes but are in-
adequate in describing the root zone processes (Vereecken
et al., 2016).

Complex crop and hydrological models require detailed
or many input parameters which may not be available or are
expensive to acquire. They also have complicated proce-
dures which require the users to have sufficient knowledge
and skills in modelling. On the other hand, simple and user-
friendly models have limitations due to simplification of pro-
cesses. Therefore, no single model can simulate satisfactori-
ly all the outputs required for decision making in agricultural
water management. Hence, it is important to integrate two or
more models in such a way as to maximize and minimize on
their individual strengths and weaknesses respectively.

The main reason for coupling crop and hydrological
models is to help in the understanding of the complex pro-
cesses which cannot be represented by a single model due
to their spatial and temporal dynamics. Most crop mod-
els are point scale models and therefore do not consider
spatial heterogeneity. Being point-scale models, simula-
tion of water distribution in one dimensional (vertical)
as it is done by most models do not represent the actual
field scenario which comprises heterogencous soils and
slopes among other aspects. Further, for the simulation
of crop response to various water regimes on a regional
or catchment scale to be achieved, crop models need to
be coupled with distributed hydrological models. Simple
models consider only some processes of the hydrological
cycle and thus simplify others depending on the intended
purpose of the model. Thus, two or more simple models
are linked to provide a relatively accurate representation
of the processes considered in the system than when indi-
vidual models are used.

There are several crop growth and hydrological models
available in the literature. It is therefore difficult to exhaus-
tively review all the models. The crop and hydrological mod-
els considered are those which have been linked together in

the available literature. Further, this review focuses on a few
hydrological models which have been used to simulate sub-
surface flow processes. The crop models considered repre-
sent each of the radiation-driven, carbon-driven and water-
driven approaches. The articles reviewed were sourced from
Google Scholar with the key phrases such as “crop model”,
“hydrological model”, “soil water model”, “hydrological
and crop models coupling” and “crop models/hydrological
models linking/combination”. It is hoped that this review
would help in understanding the opportunities available in
coupling crop and hydrological models to better represent
the complex processes in the cropping system and subse-
quently facilitate decision making regarding water manage-
ment practices in the agricultural sector.

The rest of this review paper covers the brief description
of the hydrological and crop models, coupling mechanism,
applications of the linked models in evaluating a variety of
farm management practices like irrigation, uncertainty anal-
ysis in coupled models and finally, conclusions and future
research.

Brief Description of the Models

Hydrological models

There are several criteria for classifying hydrologi-
cal models. Jajarmizadeh et al. (2012), described the basis
for hydrological categorization as; (1) simulation approach
where models can be said to be physically-based, conceptual,
empirical and stochastic, (2) spatial representation (lumped
or distributed), (3) temporal representation e.g. steady-state
models; and (4) the method of solving the equations govern-
ing the processes to be modelled e.g. analytical, numerical
or hybrid models.

Classification by Devi et al. (2015) placed hydrologi-
cal models into three categories namely; physically based
(mechanistic), conceptual and empirical. Mechanistic mod-
els are white box models. They are complex models which
require numerous input data. The soil water movement is
solved by numerical techniques. In conceptual models, the
processes are represented by interconnected reservoirs. The
processes are represented by semi-empirical equations.
These types of models require large amount of data for
calibration. Empirical models are derived from observed or
measured data. Regression and Artificial Neural Networks
fall under empirical models.

Finally, for hydrological models in the subsurface zone,
Ranatunga et al. (2008), categorized soil water models as ei-
ther simple or complex model based on the representation of
the soil profile and how the water dynamics is solved. Simple
models use a fixed number of soil layers and solve the wa-
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ter movement using the tipping bucket approach. Complex
models, on the other hand, use a continuous soil profile and
the water movement is represented by solving the equations
based on Darcy’s law and the Richards’ equation. The water
movement in complex models can be in one or two dimen-
sional.

Most hydrological models use numerical methods such
as finite element and finite difference due to the non-linearity
of the equations governing the soil water flow.

HYDRUS - 1D and 2D/3D models

HYDRUS model simulates the water movement and sol-
ute transport in a variably saturated porous media in one di-
mensional (HYDRUS-1D) and two/three dimensional (HY-
DRUS - 2D/3D) while taking into account the root water
uptake (Simiinek et al., 2005; Simtnek et al., 2006). HY-
DRUS -1D can simulate in vertical, horizontal and inclined
directions while HYDRUS — 2D/3D simulates in 2D vertical
or horizontal planes, in axis-symmetrical 3D domains, or in
fully 3D domains. The model has been used in the simula-
tion of processes such as precipitation, irrigation, crop water
uptake, capillary rise and deep percolation (Simunek et al.,
2012). The applications of HYDRUS-1D and 2D/3D were
recently reviewed by Siminek et al. (2016) which included
agricultural practices such as drip irrigation, furrow irriga-
tion, groundwater recharge, salinization and transport of sol-
utes among others.

The 1D and 2D forms of Richard’s Equation is given
by Equation 1 and 2 respectively (Simiinek et al., 2005;
Simiinek et al., 2006).

_=—[K(h) +K(h)]—S [1]

where 0 = volumetric water content [L*L"], # = soil water
pressure head [L]; K = unsaturated hydraulic conductivity
[LT']; S = general sink/source term [L*L-T'] which accounts
for uptake of water by the roots; 7 = time [T]; z = vertical
space coordinate [L].
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where, 0, K, &, and 7 are as described in Equation 1 while x,
is the horizontal space coordinate [L].

The model uses the Galerkin finite-element method to
solve the two equations presented above.

CHAIN 2D

CHAIN — 2D is a numerical model used to simulate the
movement of water and solutes in two-dimensional (Simtinek
et al., 1994). It is the predecessor to HYDRUS — 2D. Like

HYDRUS model, CHAIN — 2D uses Galerkin finite-element
method to solve the equation governing the water flow. The
model has been applied to simulate the effect of crop rooting
pattern on water uptake and nitrate leaching (Benjamin et
al., 1996), comparison of nutrient leaching under sprinkler,
furrow and drip irrigation (Wang et al., 1997) and nitrate
leaching to tile drains in flood-irrigated field (Mohanty et al.,
1998). It has also been used to simulate leaching of tracer
chemicals such as bromide and atrazine in corn fields under
furrow and sprinkler irrigation systems (Butters et al., 2000).
From the studies above, it is evident that CHAIN-2D found
favour in the simulation of solute transport. There are no ap-
plications past the year 2000 possibly due to the develop-
ment of HYDRUS-2D.

MODFLOW

MODFLOW is a three-dimensional numerical model
that simulates ground-water flow through a porous media
by solving Equation 3 using a finite-difference method (Har-
baugh et al., 2000).
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where K K, , and K _ = hydraulic conductivity along the
X, Y, and 7 coordmate axes, (LT"); 4 = the potentiometric
head (L); W = volumetric flux per unit volume representing
sources and/or sinks of water, (T"); S¢ = specific storage of
the porous material (L'); and t = time (T)

The model was initially developed as a groundwater model
but it has been modified and expanded to improve its capabili-
ties to simulate groundwater-surface water interactions, solute
transport, vadose zone flow and optimization of groundwater
management decisions (Barlow and Harbaugh, 2006). The
model has been used widely including among others the design
of drainage systems (Mirlas, 2009), analysing the contribu-
tion of artificial recharge in irrigated fields (Mirlas et al., 2015)
and simulating the interaction between rivers and groundwater
(Brunner et al., 2010). Although it has been used widely, the
evapotranspiration-recharge package (water budget approach)
makes MODFLOW underestimate the influence of vadose zone
flow on groundwater (Twarakavi et al., 2008).

[K— +W [3]

Crop models

There are several classification criteria for crop models.
Motha (2011) generalized crop models into empirical and
mechanistic. Empirical models are equations (mostly regres-
sion) representing crop response to water and field man-
agement factors such as fertilizer application. Mechanistic
models, on the other hand, incorporate the physiological pro-
cesses of crops as they interact with environmental factors.
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Based on the crop growth engines, crop models can be
classified as carbon-driven, solar radiation-driven and water-
driven models (Todorovic et al., 2009). The three approaches
are illustrated in Figure 1 (Stuckens, 2010).

Carbon-driven models as those that base crop growth on
the assimilation of carbon during the photosynthesis process.
In this modelling approach, the growth processes and phenol-
ogy development are controlled by temperature, radiation,
and carbon dioxide concentration (Todorovic et al., 2009).
Examples of carbon-driven models include the crop models
belonging to Wageningen group such as World Food Studies
(WOFOST) among others and Crop Growth (CROPGRO)
model which is incorporated in the Decision Support Sys-
tem for Agrotechnology Transfer (DSSAT). This category of
models have a hierarchical structure in which the model is
organized into levels where the higher-level responses is an
aggregate combination of lower-level processes and thus, the
model structure could be said to be dynamic, hierarchical,
state-variable based, explanatory and deterministic (Bouman
et al., 1996). Due to their hierarchical nature, carbon-driven
models have a very sophisticated structure and therefore re-
quire detailed and substantially large input parameters for
proper calibration which thus limits their use in the simula-
tion of crop growth processes (Todorovic et al., 2009).

In Radiation — driven models, biomass is proportional to
the Radiation Use Efficiency (RUE) which is a term repre-
senting the interception of direct solar radiation by the crop
(Todorovic et al., 2009). Examples include Crop Environ-
ment Resource Synthesis (CERES), Erosion Productivity
Impact Calculator (EPIC), Simulator Multidisciplinary for
Crop Standard (STICS), and Agricultural Production Sys-

4= = = (Carbon driven

tems simulator (APSIM). Unlike the carbon-driven mod-
els, radiation-driven models avoid the sub-divisions into
hierarchical levels and the explanation of lower hierarchi-
cal processes which thus, results in less complex structure
(Todorovic et al., 2009). However, radiation-driven mod-
els have disadvantages in that there are inconsistencies and
variations in approximations of RUE in intra-crop and inter-
crop species and crop groups, an unpredictable relationship
of RUE between localities and seasons and unreliability in
normalization of RUE for climatic conditions (Steduto and
Albrizio, 2005). The demerits hamper the sturdiness and
predictive ability of radiation-driven models (Albrizio and
Steduto, 2005).

In water-driven models, biomass is directly proportional
to the rate at which the crop transpires the water through the
conservative water productivity (WP) parameter (Todorovic
et al., 2009). Examples of models in this category include
CropSyst (Cropping System simulation) and AquaCrop
model. CropSyst uses both water-driven and radiation-driv-
en modelling approaches (Stockle et al., 2003). However,
according to Baubdck (2014), in CropSyst, the biomass —
transpiration relationship becomes unstable under low va-
pour pressure deficit and as a result, the radiation-driven
modelling approach is the main growth engine. Therefore,
AquaCrop is the only water driven model currently avail-
able in the literature. The advantage of water-driven mod-
els over the radiation-driven models is that they allow for
the normalization of WP parameter to account for climatic
conditions and thus, the model becomes robust with higher
extrapolative capability on condition that the normalization
is done through the reference evapotranspiration rate instead
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Fig. 1. Simulation of biomass production in crop models
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of vapour pressure deficit which is mostly used in radiation-
driven models (Steduto and Albrizio, 2005). The conserva-
tive nature of WP parameter allows water-driven models to
be extrapolated for different locations and also future climate
when the CO, concentration is expected to increase (Steduto
et al., 2007).

AquaCrop Model

AquaCrop was developed by the Food and Agricultural
Organization (FAO), as a water driven model, to address the
complexity problems associated with the previous models and
therefore present user-friendly model which require fewer in-
put data and at the same time the model is robust, simple and
accurate enough as it gives emphasis to the important physi-
ological processes and agronomic practices in crop production
(Steduto et al., 2009). It is aimed at the relevant users such
as agricultural officers, water resource and irrigation officers,
agricultural economists and other policy experts who require
simple and reliable models for decision making (Hsiao et al.,
2009). AquaCrop simulates the potential yields of major crops
such as forage, vegetable, grain, fruit, oil, root and tubers with
respect to varying water regimes which can be from rainfall
and irrigation (Steduto et al., 2009).

In AquaCrop, canopy development is described as cano-
py cover (CC) instead of the leaf area index (LAI) like other
crop models and therefore the model is simple and takes into
account the variation in plant density and incomplete CC in
water stress conditions (Evett and Tolk, 2009). Other notable
features include the partitioning of the evapotranspiration
(ET) into crop transpiration (Tr) and soil evaporation (E), de-
veloping a simpler model for canopy growth and senescence,
treating the final yield (Y) as a product of final biomass (B)
and harvest index (HI), and, dividing the effects of water stress
into canopy growth, canopy senescence, Tr, and HI (Steduto
et al., 2009). AquaCrop uses empirical soil drainage ability
function in calculating the soil water movement (Ahuja et al.,
2014) which is a modified tipping bucket approach.

AquaCrop has been applied in simulating crop response
to water stress of various crops such as Teff, barely, cotton,
maize, canola, tomatoes, potatoes among others (Farahani et
al., 2009; Heng et al., 2009; Araya et al., 2010a; Araya et al.,
2010b; Zeleke et al., 2011; Tsegay et al., 2012; Katerji et al.,
2013; Montoya et al., 2016). In these studies, the model was
found to be satisfactory in simulating the yields and biomass
in optimal water conditions but tend to be unsatisfactory es-
pecially in severe water stress conditions.

The model has also been applied in irrigation manage-
ment strategies aimed at improving the water productivity
and water use efficiency of crops. These include deficit
irrigation (Shrestha et al., 2013; Linker et al., 2016) and

field management practices such as weed control, soil
fertility and mulching (Tsegay et al., 2012; Van Gaelen
et al., 2014; Van Gaelen et al., 2015; Van Gaelen et al.,
2016). Although the model is good in simulating crop
growth, especially, in optimal water conditions, Al-kaisy
et al. (2011) in a comparative study between AquaCrop
and HYDRUS-1D found that AquaCrop was ineffective
in simulating the soil water dynamics especially at lower
depths (more than 10 cm).

WOFOST Model

WOFOST model was developed by the Centre for World
Food Studies in Wageningen in the Netherlands, as a tool
for simulating crop response to a variety of climatic and soil
conditions (Diepen et al., 1989). The model is complex and
requires many input parameters which limit their wider ap-
plicability especially in data-scarce conditions (Diepen et al.,
1989; Todorovic et al., 2009).

WOFOST simulates crop growth and yields based on
three approaches (i) optimal water and fertility conditions,
(i1) optimal fertility but limited water conditions, and (iii)
limited fertility conditions (Diepen et al., 1989).

The model was applied in the prediction of wheat yields
at a national level for twelve countries in Europe with satis-
factory results (Supit, 1997). In comparing a group of mod-
els including STICS and CropSyt Rétter et al. (2012), found
that WOFOST slightly over-estimated the grain yield of
spring barley in central and northern Europe but it estimated
relatively well the crop phenology.

The soil water balance in WOFOST uses the tipping
bucket approach with three sections namely the variable
rooting depth, rooting depth up to the water table and water
table to a depth of 10 m (van Ittersum et al., 2003). Eitzinger
et al. (2004) found that WOFOST overestimated the soil wa-
ter content of winter wheat and barley and this was attributed
to the fact that the model assumes homogeneous soil layer
and therefore the multiple layer approach which accounts for
soil heterogeneity and sophisticated methods for root water
uptake needed to be considered.

EPIC Model

EPIC is a radiation-driven model developed to simulate
crop growth and other processes involved in the plant envi-
ronment such as drainage, irrigation, fertilizers, soil erosion,
tillage, among others (Williams, 1990). EPIC model with
its sub-routines such as weather, crop-growth, management,
soil, economic, among others can be used in comparing sev-
eral management strategies at field scale or larger scale (Rin-
aldi, 2001). The model uses the tipping bucket approach in
the simulation of soil water balance (Connolly, 1998).
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Kiniry et al. (1995), developed the model parameters for
crops and forages such as barley, wheat, canola and wheat-
grass grown in Canada and USA. Bryant et al. (1992) used
satisfactorily EPIC model to simulate the effect of water
stress on yields of maize. Cabelguenne et al. (1999) found
that EPIc either over-estimated or under-estimated yields of
maize, sorghum, soybean, sunflower and wheat, especially
during severe water stress conditions. Similarly, Steduto et
al. (1995) found EPIC to overestimate yield and dry mat-
ter during water stress conditions. However, under optimal
rain-fed conditions, the EPIC model simulated satisfactorily
the yield and water content of wheat, maize and alfalfa in
China plains (Wang and Li, 2010).

DSSAT Cropping Model

The DSSAT is an integrated computer software suite
with independent models for simulating crop and soil sys-
tems, where some are radiation driven and others are car-
bon-driven (Jones et al., 1998). The independent programs
in DSSAT enable the simulation of cropping practices for
both short and long periods of time and thus, enables the
assessment and prediction of the uncertainties associated
with crop and farm management practices (Jones et al.,
2003). DSSAT underwent some revisions predominantly
in the consolidation of its cropping model, largely in-
spired by the modular structure of APSIM model, which
led to the revision of the CROPGRO model (Jones et al.,
2001) and the introduction of modular DSSAT Cropping
System Model (DSSAT-CSM) (Jones et al., 2003). The
soil water balance in DSSAT is based on the tipping buck-
et approach.

Hydrological — Crop Model Linking Mechanism

The integration of hydrological and crop models requires
the precise simulation of soil water movement. Therefore,
the point of linkage of the two models would be the soil wa-
ter module or subroutine. Models can be linked or coupled
in three main ways; 1) light coupling, 2) external linking us-
ing a central coupler, and 3) full coupling (Vereecken et al.,
2016).

In light coupling, the two independent models are linked
in such a way that the output of the first model is the input
of the other one and that the coupling strategy uses the exist-
ing modelling concepts without developing new ones (Bar-
thel, 2006). The advantage of this coupling method is that
the models are executed independently and only require the
same input/output format for the shared data (Vereecken et
al., 2016). This coupling approach is sometimes referred to
as loose coupling. Antle et al. (2001), described loose cou-
pling as a construction of a modelling system where the state

variables in one model are used to drive the other model and
therefore the executions are done sequentially. The disadvan-
tage of this coupling method is the linking of sub-routines
rather than their integration and therefore does not capture
the interactions and feedbacks which exist in the real-world
(Rotmans and van Asselt, 2001).

The second approach is where the independent models
are connected via a central coupler and therefore the two
models must include a software where it allows communica-
tion with the central coupler and hence, it necessitates slight
changes in the codes of the two models (Vereecken et al.,
2016). Antle et al. (2001), referred to this type as close cou-
pling where the models share some common sub-processes
in the system and thus, the temporal and spatial representa-
tion of the model may be dictated by the individual models.

In full coupling, the processes in the two models and the
boundary conditions are solved simultaneously (Furman,
2008). Antle et al. (2001), refers to this coupling as integra-
tion where the model would have a single set of drivers and
variables for all the processes in the system and therefore,
the coupled model operates in temporal and spatial scale in-
dependent of constraints imposed by the individual models.

Coupled Model Applications

In a study by Mckinnie (2003), HYDRUS-2D and DSSAT
were used to simulate water flow and nutrient leaching in
potato farms. HYDRUS -2D was used to simulate nitrate-
nitrogen transport in the soil. The soil water balance module
in DSSAT was unchanged but changes were introduced in
the crop growth module to reduce the volume of soil wa-
ter available to plants. From this study, it was apparent that
DSSAT did not sufficiently simulate the soil water dynamics
and nutrient transport. HYDRUS-2D simulated satisfacto-
rily the nitrate transport and thus combining it with DSSAT
made sense. Although this study was not entirely on model
coupling, it provided a basis that DSSAT was not accurate in
simulating water and nitrate dynamics and thus necessitat-
ing a combination of soil water models coupled with growth
models for the better representation of cropping systems.

In a study to demonstrate the potential benefit of com-
bining crop growth model and hydrological model, Li et al.
(2012), coupled WOFOST and HYDRUS — 1D for model-
ling irrigated maize production. Soil water balance, soil wa-
ter content and the groundwater depth was computed by HY-
DRUS while carbon assimilation and allocation to the crop
parts was computed by WOFOST. The crop height, rooting
depth and LAI computed by WOFOST was then used as in-
puts in HYDRUS in the subsequent step. The results of the
coupled model were in good agreement with the observed
data under water-stress conditions. Also, the coupled model
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performed better than stand-alone WOFOST model due to
the contribution of HYDRUS in simulating soil moisture and
root water uptake more precisely. Following the same ap-
proach, Zhou et al. (2012) coupled WOFOST and HYDRUS
— 1D to optimize on irrigation and simulation of wheat pro-
duction under variable moisture conditions. The study found
that an irrigation strategy guided by root water uptake could
save 27% of the water. The study also determined the suit-
able groundwater depth for wheat growth at 1.5 m.

To enable estimation of irrigated maize yields on a re-
gional scale, Li et al. (2014), assimilated remote-sensed data
(LAI) into WOFOST- HYDRUS - 1D coupled model us-
ing the ensemble Kalman filter. The coupling mechanism
for WOFOST and HYDRUS — 1D followed the approach
adopted by Li et al. (2012) where crop parameters and soil
parameters were derived by WOFOST and HYDRUS — 1D
respectively. The study found that assimilation of remote
sensed data into the coupled model enabled relatively good
regional estimation of maize yields.

To minimize depletion of groundwater sources for irriga-
tion and optimize crop production, Hu et al. (2010), com-
bined the use of MOFLOW, Soil Water Assessment Tool
(SWAT), and DSSAT for wheat and maize. DSSAT water
balance equation was used to compute areal recharge while
SWAT calculated the recharge from the mountainous region.
Both types of recharges were input into MODFLOW as flux/
head boundary conditions. The results showed that 39%
water saving could be achieved when 40% of groundwater
equilibrium condition is applied to the crops throughout the
season and at reproductive stages.

In another study, Akhtar et al. (2013), combined HY-
DRUS — 1D and AquaCrop in the optimization of irrigation
schedules for cotton. Due to the deficiency of AquaCrop in
simulating capillary rise, HYDRUS — 1D was used to simu-
late the capillary rise. AquaCrop was then used to develop
optimum irrigation schedules considering the contribution
by groundwater in the form of capillary rise. The study found
that due to the shallow groundwater conditions, the contribu-
tion of capillary rise is paramount in the determination of
optimum irrigation schedules.

Furthermore, Pefia-Haro et al. (2012), coupled WO-
FOST, MODFLOW and HYDRUS — 1D. The models were
coupled in two ways; through input/output approach where
the output from one model forms the input of the other mod-
el, and through the wrapping of the model codes to allow
linkages. WOFOST was used to compute LAI and rooting
depth which formed the input in HYDRUS — 1D. HYDRUS
computed ET which was then fed back to WOFOST and
recharge from the vadose zone which formed the input to
MODFLOW. MODLOW computed the pressure heads due

to groundwater which formed lower boundary condition in
HYDRUS — 1D. The integrated model was tested in a hypo-
thetical maize field. This study showed the importance of in-
tegrating interdependent processes such as crop growth and
soil water conditions. LAI depends on the available moisture
in the soil which in turn is influenced by the level of ground-
water.

A study by Wang et al. (2015), demonstrated the ap-
plication of a coupled EPIC and HYDRUS — 1D model to
assess the effects of irrigation management on the growth
of wheat. The coupling of the models was done by cod-
ing the subroutines using FORTRAN 90 for Windows sys-
tem. Soil water flow and solute (soil nitrate) transport were
simulated through the HYDRUS’s Richards’s equation and
convention-dispersion equation respectively. EPIC output in
terms of LAI and root depth was used as input in HYDRUS
— 1D to simulate the soil water content. Biomass and grain
yield from EPIC helped in the computation of water use ef-
ficiency. The coupled model was used to determine the irri-
gation depths for years corresponding to 75%, 50% and 25%
rainfall occurrence. Hao et al. (2015) also coupled EPIC and
HYDRUS - 1D to simulate the influence of shallow ground-
water conditions and salinization on irrigated crop yields
on a regional scale. The study found that high soil salinity
and water logging affected crop yields in some of the areas.
These two studies demonstrate the ability of coupled crop
growth model (EPIC) and HYDRUS — 1D to simulate soil
water dynamics and solute transport and the respective crop
response.

Finally, Wang et al. (2014), coupled EPIC and CHAIN
— 2D models for the simulation of the growth of melons in
response to furrow irrigation management practices. The
coupling of the two models was done using FORTRAN 90
for Windows system. The coupled model was used to com-
pute the soil water content, LAI, yield and water use of the
crop. The simulated values from the coupled model were
in good agreement with the observed data. The basis for
coupling in this study was the precise simulation of the root
water uptake.

From the above studies, HYDRUS — 1D is a popular
model for simulating the soil water dynamics. The model
has been coupled with all the three types of crop-growth
models i.e. water driven (AquaCrop), carbon-driven (WO-
FOST) and radiation-driven (EPIC). The popularity of HY-
DRUS — 1D stems from its ability to satisfactorily simulate
soil water distribution and salt dynamics which is relevant
in crop production. Loose or tight modelling is the fa-
voured coupling approach. Full coupling does not gain suf-
ficient applicability due to the need for wide changes in the
codes for the models to be configured which might result in
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a complex model.

Most crop models are based on field scale where the
soil water component is simulated in 1D. Flow in the
unsaturated zone is modelled by solving the 1D, 2D or
3D forms of the Richards’ Equation. The soil water dis-
tribution and solute transport under irrigation methods
such as surface or subsurface drip irrigation is a 2D or
3D problem. Kandelous and Simitnek (2010) found that
HYDRUS - 2D is a useful tool for simulating soil wa-
ter dynamics under subsurface drip irrigation and that in
cases where the wetting patterns of the emitters overlap,
HYDRUS - 2D/3D is required for a fully 3D simulation.
It is our opinion that HYDRUS — 2D/3D coupled with
the appropriate crop model can yield satisfactory results
where the soil water dynamics and nutrient transport in
the soil are accurately simulated in 2D.

Models that use Richard’s Equation perform satisfac-
torily in simulating soil water dynamics than those which
rely on simple bucket or cascade approach. Gandolfi et al.
(2006) compared one-dimensional models that use the two
approaches and found that the models that use Richard’s
Equation satisfactorily captured the soil water distribution
better while the conceptual models using cascade approach
performed poorly especially in heavy soils.

A comparison of WOFOST and AquaCrop by Todoro-
vic et al. (2009) for simulating the response of sunflower to
water availability found that the two models performed rea-
sonably well but WOFOST was better under water-stressed
conditions. However, considering simplicity and lower pa-
rameter requirements in AquaCrop, this limitation outweighs
the benefits in cases of data scarce environments. According
to Motha (2011), the main focus of AquaCrop is crop re-
sponse to water availability. AquaCrop is, thus, the appropri-
ate model in areas where water scarcity is a problem.

It can be inferred, therefore, that coupling AquaCrop
with a suitable soil water dynamic model may be a realistic
way of simulating crop response to water availability and at
the same time achieving a balance between model simplicity
and accuracy.

Uncertainties in Model Coupling

Understanding the uncertainties in crop and hydrological
models is necessary so that adequate measures are put in place
to minimize the modelling errors or provide probabilities on
the model output for decision making. According to Liu and
Gupta (2007), the sources of uncertainty in modelling are the
model structure, parameters, and data. Data used as inputs or
initial conditions to the model can have measurement errors
due to the nature of the instrument used or representative error
arising from spatial or temporal incompatibility. Uncertainty

also arises due to errors in the estimation of parameters used in
the model. Wagener et al. (2001), suggested that parameter un-
certainty could be minimized by reducing the model complex-
ity and increasing the information available for determination
of model parameters through the use of more output variables.
Wagener and Gupta (2005) associated model structure uncer-
tainty with the simplifications of the real-world processes.

The errors in the individual models described above are
propagated to the coupled model thus compounding the level
of uncertainty. The nature of the coupling can also induce
another uncertainty in the coupled model. Coupling models,
according to Antle et al. (2001), leads to additional concep-
tualization and computational problems which elevates the
uncertainty levels.

The steps for uncertainty analysis in models as discussed
by Monod et al. (2006) are (1) determination of probability
distribution functions of the input factors (2) generation of
input factor values by using methods such as Monte Carlo
sampling (3) computation of the model outputs for each sce-
nario considered and (4) analysis of the model output distri-
butions.

Uncertainty analysis is followed by sensitivity analysis
to determine the parameters which have a greater influence
on the model outputs. The sensitivity analysis for coupled
WOFOST and HYDRUS-1D models by Li et al. (2012) in-
dicated that the yield of maize was majorly influenced by the
parameters related to crop physiology like green area and
environmental factors such as sowing date computed by the
crop model, and soil hydraulic parameters and groundwater
conditions computed by the hydrological model.

Conclusions and Future Research

Linking of crop models with hydrological models is nec-
essary to accurately represent the processes in the plant-soil
systems. Soil water balance is important in agricultural water
management since it influences practices such as irrigation
scheduling. The flow of water in the root zone can be simulated
more precisely using dynamic models using Richard’s Equation
than the simple bucket models. HYDRUS-ID is a popular mod-
el for simulating one-dimensional water dynamics in a porous
media. The model has been loosely coupled with AquaCrop,
EPIC and WOFOST for improved simulation of crop response
to water availability. This review has demonstrated that coupling
hydrological models with appropriate crop models can help in
the optimization of irrigation management practices. Soil water
movement under irrigation is a two-dimensional problem which
requires the use of two-dimensional models. Therefore, future
studies need to consider coupling two-dimensional soil water
flow model with a crop growth model.
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