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This study  aimed  at assessing  the  soil  water  balance,  groundwater  contribution,  crop  transpiration  and
soil  evaporation  of a rainfed  maize  crop  in  Horqin  sandy  area,  north-eastern  Inner  Mongolia,  China.
Two  years  of field  data  from  the  Agula  site  were  used,  2008  with  relatively  high  rainfall  (363  mm)  and
high  water  table,  and  2009  with  low  rainfall  (125  mm)  and  lower  water  table.  The  SIMDualKc  water
balance  model  was  calibrated  with  observed  soil  water  content  data  of  2008  and  validated  with  data
of 2009.  The  model  uses  the  dual crop  coefficient  approach  for evapotranspiration  (ET)  partitioning,
and parametric  functions  for  computing  capillary  rise.  The  respective  modelling  results  show  that  the
groundwater  contribution  represented  ca.  50%  of crop  ET  in  both  years.  Estimation  errors  are  small,
with  root  mean  square  errors  of 0.007  and  0.008  cm3 cm−3 respectively  in  2008  and  2009.  The  Nash  and
Sutcliffe  modelling  efficiency  were  high,  0.93  in both  years,  which  indicates  a low  variance  of residuals.
roundwater dependent ecosystems The  calibrated  basal  crop  coefficient  Kcb  mid =  0.95  denotes  a low  density  of the  crop  because  it  is  much
lower  than  common  potential  values.  Soil  evaporation  was  relatively  low,  23%  of ET  in  the  wet  year  and
17%  in  the  dry  year, because  capillary  rise does  not  contribute  to soil  evaporation  but  to roots  extraction
only.  Results  show  that  capillary  rise  plays  a main  role  in supplying  the  vegetation  throughout  the  season,
hence  a strong  dependence  of vegetation  upon  groundwater.

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

The Horqin sandy land (hereafter Horqin) is the largest of the
our sandy lands with active dunes of Inner Mongolia. It has an
rea of 12,500 km2 and is located in eastern Inner Mongolia. It is an
cologically fragile area, where wind erosion is very active (Li et al.,
004) and the process of desertification is important (Zhao et al.,
006). These sandy land areas are unique eco-systems considering
limate, geo-hydrological conditions, physical geography and land
nd water use (Duan et al., 2011a).

Research has been developed in Horqin relative to the eco-
ydrological processes and their relations with vegetation and soil
Duan et al., 2011a,b; Zhao et al., 2009; Zuo et al., 2009). The veg-
tation in Horqin consists of pioneer species in the mobile sandy
unes, shrubs and herbaceous vegetation in semi-fixed and fixed

andy dunes, forests in sandy soils of lowlands, and croplands and
rasslands in more flat lands with sandy loam soils. Vegetation eco-
ypes vary with soil moisture and depth of the shallow groundwater

∗ Corresponding author. Tel.: +86 13947116156.
E-mail addresses: wuyao.will@163.com (Y. Wu), txliu1966@163.com (T. Liu).

ttp://dx.doi.org/10.1016/j.agwat.2015.01.016
378-3774/© 2015 Elsevier B.V. All rights reserved.
(Ma  and Liu, 2007; Shi et al., 2007). Zheng et al. (2012) assessed
the importance of groundwater for various types of vegetation and
the role of vegetation types on groundwater decline. However, the
observations of the time variability of the soil water content at
various soil depths and for diverse vegetation types were not fol-
lowed by an adequate soil water balance. Therefore, despite the
recognized importance of soil water and groundwater for the vari-
ous vegetation types, knowledge on the various components of the
water balance and estimates of the shallow groundwater contribu-
tion (GWC) to evapotranspiration (ET) are lacking.

Zhang et al. (2009) observed that farmland expansion is a major
cause of steppe loss in northern China. In Horqin farmland is
increasing with an average annual rate of 1.03%, mainly replac-
ing steppe grassland by maize. Bagan et al. (2010) reported that
the area of cropland doubled over the last three decades. In par-
allel, other studies refer the decline of the shallow groundwater
associated with land use changes, including irrigated crops (Zhang
and Zhao, 2003; Zhao et al., 2009; Zheng et al., 2012). In Horqin,

maize water use studies refer only to irrigation (Li et al., 2003;
Tang et al., 2011). No studies have been performed on rainfed
maize supplied by shallow groundwater. Therefore, there is the
need for better understanding the processes relative to water use

dx.doi.org/10.1016/j.agwat.2015.01.016
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2015.01.016&domain=pdf
mailto:wuyao.will@163.com
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y a groundwater-fed maize crop, thus performing a water balance
tudy focused on the role of the shallow groundwater and on the
rop evapotranspiration dynamics.

The importance of shallow groundwater for sustaining vege-
ation has been assessed in several water balance studies with
ysimeters that evidenced the dependency of various ecosystems
nd crop systems from shallow groundwater (Kahlown et al., 2005;
owalik, 2006; Gowing et al., 2009; Liu and Luo, 2011). However,
odels were not used in these studies. Differently, various deter-
inistic models have been used to assess the GWC  by simulating

he upward fluxes from the water table, e.g., RZWQM (Stulina et al.,
005), WAVE (Liu et al., 2006), HYDRUS-1D (Soylu et al., 2011),
nd SWAP (Xu et al., 2013). Stochastic approaches were reported,
mong others, by Vervoort and Van der Zee (2008) and Tamea et al.
2009). Models referred above are able to produce good estimates
f GWC  but may  be highly exigent in terms of soil water data, and
equire appropriate observation of the soil water content and of
he soil water potential for their calibration and testing. Differently,
hen using a soil water balance model only the basic soil hydraulic
roperties are required and the model may  be calibrated using only
oil water content observation data. This is the case of the approach
eveloped by Liu et al. (2006) that derived from the WAVE model a
et of parametric equations for simulating upward and downward
uxes through the bottom of the root zone of a cropped soil. These
arametric equations were then integrated in the water balance
odel ISAREG that produced good estimates of crop ET in presence

f shallow water tables (Pereira et al., 2007; Cholpankulov et al.,
008). Those parametric equations are presently integrated in the
ater balance model SIMDualKc, formerly tested with a maize crop

n presence of a shallow water table (Rosa et al., 2012b).
The SIMDualKc (Rosa et al., 2012a) is not only able to simulate
ater use by a crop in presence of a shallow water table, but has also
he advantage of partitioning crop ET (ETc) into actual crop transpi-
ation (Ta) and soil evaporation (Es) using the dual crop coefficient
pproach proposed in FAO56 (Allen et al., 1998). Modelling using

Fig. 1. Location of the study area, land use
agement 152 (2015) 222–232 223

this approach or for the quantification of the groundwater contri-
bution to ET has not been applied in Inner Mongolia. Therefore,
considering the importance of better understanding crop water
use in the fragile Horqin sand land and, in particular, the need for
improved knowledge on the interactions between vegetation and
shallow groundwater, that may  support a better policy on water
and landscape management in Horqin, the objectives of this study
consist of: (a) calibration and validation of the SIMDualKc model to
assess water use components of rainfed maize; (b) evaluating the
groundwater contribution to crop ET; and (c) assessing impacts of
changes in water table levels on the dynamics of maize water use,
transpiration, soil evaporation and groundwater contribution.

2. Materials and methods

2.1. Site and crop characteristics

The study area is located in the southern Horqin sandy area
(43◦18′48′′ to 43◦21′24′′ N, 122◦33′00′′ to 122◦41′00′′ E), in the
Agula eco-hydrological study area, eastern Inner Mongolia (Fig. 1).
As mapped in Fig. 1, the main vegetation type between dunes is
presently cropland followed by grassland meadows, groundwater-
fed (Duan et al., 2011a). The dunes have various types of shrubs
vegetation. The cropland is mainly occupied with maize; other
crops are sunflower, black beans and millet. The maize farm field
used in this study was  located within a large maize crop area.

The climate is semi-arid continental with cold and dry winter;
according to the Köppen classification, the climate is a Bsk, cold
arid steppe (Kottek et al., 2006). The average annual precipitation
is 389 mm,  which mainly occurs during the summer monsoon. The
temperature varies from −13 ◦C in January to 24 ◦C in July (Duan

et al., 2011a). An automatic meteorological station is installed at
about 200 m from the maize study site. Observed weather data
included precipitation (mm),  air temperature (◦C), relative humid-
ity (%), wind speed (m s−1) with the anemometer installed at 2 m

 map  and location of the study site.
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bove ground, and sunshine duration (h). These data were used to
ompute the reference evapotranspiration (ETo, mm d−1) using the
AO-PM method (Allen et al., 1998).

The climate in the area is dry and windy. Minimum relative
umidity data for both crop seasons of 2008 and 2009 show that
tmospheric dryness was particularly important by the spring and
ate summer (Fig. 2a). Wind speed was also higher during the
ame periods (Fig. 2b). During summer, due to monsoon effects, air
umidity is higher and wind speed is lower. Thus, because ETo is
ighly influenced by the atmospheric dryness and high wind speed,
he highest ETo values (Fig. 2c) were observed during spring and late
ummer, thus out of the rainy periods. Considering the maize crop
eason, ETo was higher during the drier year of 2009 and precipita-
ion (Fig. 2c) was much higher in 2008 than in 2009, thus the study
as performed under contrasting climate conditions.

The soil is a sandy loam which main soil hydraulic properties are
ummarized in Table 1. The soil water content (SWC, cm3 cm−3)

as surveyed with a neutron probe previously calibrated for a
ide range of soil water data; measurements were performed with
ve-day intervals and three replications. Readings were performed

or every 0.10 m until the water table depth. Limitations of SWC

ig. 2. Climatic characteristics relative to the crop seasons of 2008 (left) and 2009 (right
eference evapotranspiration (ETo, mm d−1) ( ) and precipitation (mm  d−1) ( ).
agement 152 (2015) 222–232

observations using neutron probes are discussed by Allen et al.
(2011) relative to soil data acquisition requirements and accuracy,
which were satisfied in the current study relative to ET estimation.

The groundwater depth was  observed every 5–10 days at a
well installed in the centre of the field using a water level trans-
ducer. Results in Fig. 3 show that in 2008 precipitation was  enough
abundant to percolate to the water table and keep it high. On the
contrary, precipitation in 2009 was  insufficient and the water table
declined throughout the crop season due to plant roots extraction.

Spring maize (Zea mays var. Zhengdan 958) was  planted by 10th
of May  on both years and harvested by 1st and 5th October, respec-
tively in 2008 and 2009. Table 2 presents the dates of the crop
growth stages for both experimental years. Main differences in
lengths of crop stages relate to climate conditions.

Plant density was  52,500 plants ha−1. No irrigation was applied.
Plant height (h, m),  leaf area index (LAI) and fraction of ground cover
(fc) were surveyed in a 1 m2 sample area every 10 days; surveys

included observations of the effective root depth (Zr, m), which did
not exceed 0.70 m.  Thus, modelling was  developed considering a
root depth of 0.70 m.  Results for crop height and root depths are
given in Table 3 and the fc curves are shown in Fig. 4.

): (a) minimum relative humidity (%) ( ), (b) wind speed (m s−1) ( ), (c) daily
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Table  1
Soil hydraulic properties of the Agula maize site.

Layer Depth (cm) Layer thickness (cm) Field capacity (cm3 cm−3) Wilting point (cm3 cm−3)

1 0–30 30 0.22 0.08
2  30–90 60 0.20 0.07

Table 2
Dates of the maize growth stages for each season.

Season Crop growth stages

Initial Rapid growth Mid-season Late-season

2008 10 May–09 June 10 June–14 July 

2009  10 May–19 June 20 June–19 July 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

05/05 25/05 14/06 04/07 24/07 13/08 02/09 22/09 12/10

Gr
ou

nd
w

at
er

 d
ep

th
 (m

)

Fig. 3. Groundwater depth variation during the maize crop seasons of 2008 (–•–)
and 2009 (–�–).

Table 3
Crop height (h) and root depth (Zr) throughout the crop growth stages.

Initiation Start rapid
growth

Start
mid-season

Start Late-
season

Harvest

2008 h (m)  0.01 0.50 1.70 1.95 1.90
Zr (m)  0.20 0.25 0.70 0.70 0.70

2

s

−1
2009 h (m) 0.01 0.50 1.65 1.85 1.80
Zr (m)  0.20 0.30 0.70 0.70 0.70
.2. SIMDualKc model

The SIMDualKc model (Rosa et al., 2012a) performs the
oil water balance at field scale with a daily time step. For

Fig. 4. Seasonal variation of the fraction of ground cover (
15 July–08 September 09 September–01 October
20 July–09 September 10 September–05 October

evapotranspiration computations, it applies the dual crop coeffi-
cient approach (Allen et al., 1998, 2005), thus partitioning ETc into
soil evaporation (Es), and actual crop transpiration (Ta). The model
has been previously calibrated and validated for maize in presence
of a shallow water table in Portugal (Rosa et al., 2012b), for mon-
soon conditions in the North China Plain (Zhao et al., 2013), and
for sprinkler and trickle irrigation in Brazil and Portugal (Martins
et al., 2013; Paredes et al., 2014). The partition of ETc was tested in
previous studies, namely for soil evaporation by Zhao et al. (2013)
and for transpiration by Paç o et al. (2014).

The daily soil water balance of the root zone may be described
as:

Dr,i = Dr,i−1 − (P − RO)i − Ii − CRi + ETc,i + DPi (1)

where Dr,i and Dr,i−1 are the root zone depletion [mm] at the end
of day i and i − 1, respectively, Pi is precipitation, ROi is runoff, Ii
is net irrigation depth, CRi is capillary rise from the groundwater
table, ETc,i is crop evapotranspiration, and DPi is deep percolation,
all referring to day i expressed in mm.  In this application Ii = 0
because the crop was not irrigated and ROi = 0 because the land is
flat and runoff was  not observed. The model outputs consist of the
daily terms of the soil water balance, thus ET, net irrigation, crop
transpiration, soil evaporation, deep percolation and groundwater
contribution.

When the SWC  in the root zone falls below the soil water thresh-
old SWCp corresponding to the depletion fraction for no stress
(p), i.e., SWC  < SWCp, then the actual evapotranspiration (ETc act)
is smaller than ETc and is estimated as:

ETc act = (KsKcb + Ke)ETo (2)
where ETc act is the actual crop ET (mm  d ), Kcb is the basal
crop coefficient, Ke is the soil evaporation coefficient, Ks is the
water stress reduction coefficient, and ETo is the reference evapo-
transpiration (mm  d−1). Ks is computed daily from comparing the

fc) along the crop seasons of 2008 (a) and 2009 (b).
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vailable soil water with SWCp, thus Ks = 1.0 if SWC  ≥ SWCp, oth-
rwise Ks < 1.0 depending upon the water deficit in the soil (Allen
t al., 1998; Rosa et al., 2012a). The product KsKcb represents the
ctual Kcb relative to the actual soil water and environmental con-
itions (Kcb act). Thus, the actual crop transpiration is Ta = KsKcbETo

nd soil evaporation is Es = KeETo.
Kcb and p are input parameters that are submitted to calibration.

he input Kcb is adjusted to climate conditions (minimum relative
umidity and wind speed) following Allen et al. (1998) and to crop
ensity as a function of the fraction of ground covered by the crop
fc, Fig. 3) and crop height (h, Table 3) using the procedure proposed
y Allen and Pereira (2009).

Ke is computed after a daily water balance of the evaporative
ayer of the soil, taking into consideration fc and the evaporative
haracteristics of the soil (Allen et al., 1998, 2005; Rosa et al.,
012a). The two-phases Ritchie’s model (Ritchie, 1972) is used,
hich assumes a first phase where evaporation is energy limited

nd a second phase where evaporation is limited by the available
oil water. The cumulated evaporation at the end of the first phase
s named readily evaporable water (REW, mm),  while that attained
t the end of the second phase is the total evaporable water (TEW,
m).  REW and TEW, as well as the thickness of the evaporative

ayer (Ze, m),  are object of calibration and depend upon the soil
ydraulic properties (Allen et al., 1998, 2005). Further descriptions
f the model are provided by Rosa et al. (2012a).

The parametric equations used for estimation of the daily cap-
llary rise and deep percolation fluxes are those proposed by Liu
t al. (2006). The actual CR fluxes (mm  d−1) are estimated using
ata on the actual water table depth (Dw, m),  actual soil water
torage (Wa, mm),  potential evapotranspiration (ETc, mm d−1) and
otential (maximum) capillary rise (CRmax, mm d−1). The actual
aily CR flux is computed proportionally to CRmax depending upon
Tc, Dw and Wa (mm).  CR reduces relative to CRmax when the
oot zone storage Wa is high, or the depth Dw of the water table
ncreases, and/or ETc decreases. The parameters relative to water
torage (a1, b1, a2, b2), to the relationships between Dw and ETc

a3, b3), and to the CRmax calculation (a4, b4) have to be calibrated
aking into consideration the local soil and water table charac-
eristics (Liu et al., 2006). Sets of parameter values for silty, silt
oam and sandy loam soils were proposed by Liu et al. (2006),

hich may  be used as default values to initiate the parameters’
alibration. The DP flux (mm  d−1) is computed using a time decay
unction relating the soil water storage near saturation with the
ime after the occurrence of a heavy rain or irrigation (Liu et al.,
006). The corresponding parameters (aD, bD) also need to be
alibrated.

The input data required by SIMDualKc consists of:

a) Meteorological daily data on precipitation and reference evapo-
transpiration ETo, minimum relative humidity (RHmin, %), and
wind speed at 2 m height (u2, m s−1).

b) Soil water content data at field capacity and wilting point for
the various soil layers of the root zone (Table 1).

(c) Crop data on dates of crop growth stages – initial, crop develop-
ment, mid-season, late season and end season (Table 2); basal
crop coefficients (Kcb) and soil water depletion fractions for
non-stress (р) for the initial, mid-season and end-season stages,
which need to be calibrated; root depths (Zr, m),  plant height
(h, m)  and fraction of ground cover (fc) along the crop season
(Table 3 and Fig. 4).

d) Soil evaporation data on REW and TEW (mm),  and depth Ze
[m]  of the evaporable layer as defined above, which require
calibration.

e) Groundwater contribution and deep percolation data relative
to water table depths (Fig. 3) and LAI values at various dates
agement 152 (2015) 222–232

along the crop season, and the CR and DP parameters previously
mentioned, that require calibration.

When used for irrigation, the model requires data on irrigation
depths and dates, or relative to various irrigation options. If runoff is
likely to occur, the curve number CN (Allen et al., 2007) is required
for computing RO (mm).

2.3. Model calibration, validation and performance assessment

Simulation of annual crops starts on the day of planting and
restarts at the planting day every year. The model is initialized every
year of the crop season with selected/calibrated parameters and,
for that initial day, with an estimated/observed initial value of the
soil water content and of the water table depth. The parameters
used to initialize the model consist of the initial (default) set when
starting with the calibration, or the calibrated set when performing
validation or using the model in any application study or practice,
e.g., simulating alternative water management options.

The calibration procedure of the SIMDualKc model aims at
obtaining crop parameters (Kcb and p for each crop growth stage),
soil evaporation parameters (Ze, TEW and REW) and CR and DP
parameters (as described before) that minimize the differences
between observed and simulated soil water content in the entire
root zone. As for other referred SIMDualKc applications (e.g., Rosa
et al., 2012b; Martins et al., 2013; Zhao et al., 2013; Paredes et al.,
2014), the calibration procedure started by selecting an initial set
of crop, soil evaporation, CR and DP parameters that correspond to
the characteristics of the crop and soil under consideration. An iter-
ative trial and error search procedure (T&E) was developed aimed
at progressively reducing the residual errors of simulation. The T&E
procedure was used to first search for improved values for Kcb and
p. When errors became small, T&E was applied to the CR and DP
parameters until an acceptable match of observed and simulated
SWC  values was obtained along with reduced errors. Then the pro-
cedure was  applied to the soil evaporation parameters and later to
refine the estimation of the Kcb values.

The calibration was performed with data of 2008 and the vali-
dation, using the previously calibrated parameters, with data of
2009. Two years of data provide for two independent data sets, one
for calibration and the other for validation. The adequateness of
calibrating and validating SIMDualKc with only two years data was
discussed by Martins et al. (2013) in light of recommendations by
Sinclair and Seligman (2000) on crop models. Abi Saab et al. (2015)
have shown that calibrating a crop water model for any among
three years of observations led to similar model performance,
which supports using one year for calibration and the second for
validation. In addition, recommendations about data requirements
(Allen et al., 2011) were fulfilled and the model calibration was
initiated with adequate default parameters as previously analyzed
(Rosa et al., 2012b). Two years of data were therefore considered
sufficient in this application, particularly taking into consideration
that these two years had contrasting climate and water table depths
(Figs. 2c and 3), thus allowing to assess maize water use and
groundwater contribution for a wider range of observed data.

To assess the goodness-of-fit of the modelling approach several
indicators were selected as applied and defined in former stud-
ies (Rosa et al., 2012b; Martins et al., 2013; Zhao et al., 2013). The
following goodness-of-fit indicators were adopted:

(a) The parameters of the linear regression forced through the

origin relating observed and simulated SWC  data, i.e., the
corresponding regression coefficient (b) and determination
coefficient (R2). b close to 1 means that the predicted values
are statistically similar to the observed ones, and R2 close to
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1.0 indicates that most of the variance of the observed values is
explained by the model.

b) The root mean square error (RMSE), the average absolute error
(AAE), the average relative error (ARE), and the maximum error
(Emax), which are statistical measures of the estimation errors
(units as for the variable under fitting).

(c) The modelling efficiency (EF, non-dimensional), proposed by
Nash and Sutcliffe (1970), that determines the relative magni-
tude of the residual variance compared to the measured data
variance. EF close to 1.0 indicates that the variance of residu-
als is much smaller than the measured data variance, contrarily
when EF is ≤0 (Moriasi et al., 2007).

d) The Willmott (1981) index of agreement (dIA, non-
dimensional), that represents the ratio between the mean
square error and the “potential error”. dIA = 1.0 indicates
perfect agreement and dIA = 0 indicates no agreement at all
between the observed and predicted values (Moriasi et al.,
2007).

. Results and discussion

.1. Model calibration and validation

As described above, the calibration of the SIMDualKc model for
ainfed spring maize was performed by minimizing the differences
etween observed and simulated SWC  data from 2008 crop sea-
on while the validation was performed with 2009 data. Results of

omparing the observed and simulated SWC  show no bias in the
imulations (Fig. 5).

Table 4 shows the initial/default and calibrated parameters rel-
tive to the crop (Kcb and p) and to soil evaporation (TEW, REW,
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ig. 5. Simulated and observed soil water content (SWC) for the rainfed maize crop
n (a) 2008 (calibration) and (b) 2009 (validation). Lines �FC, �WP and �p refer to SWC
t  field capacity, wilting point and when depletion equals the depletion fraction for
o  stress, p.
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Ze). The initial and calibrated CR and DP parameters are presented
in Table 5. It can be observed that the initial sets of crop and soil
evaporation parameters were close to the calibrated ones. Differ-
ences between initial and final values of the CR and DP parameters
are not very large due to a good use of information proposed by Liu
et al. (2006).

Table 6 presents the goodness of fit indicators when the
model was  used with calibrated and initial/default parameters
(Tables 4 and 5). When using calibrated parameters, results
show regression coefficients close to 1.0 and high determination
coefficients of 0.93 for both the calibration and the validation.
The variation of the observed values is therefore largely explained
by the model. Errors of estimate are small, with RMSE of
0.007 cm3 cm−3 for the calibration and 0.008 cm3 cm−3 for the vali-
dation, while ARE did not exceed 4.0%. The Nash and Sutcliffe EF are
high, 0.93 for both the calibration and the validation, which indi-
cates that the residuals variance is much smaller than the measured
data variance, i.e., the model is a good predictor of the soil moisture
dynamics. The Willmot indices of agreement are very high, 0.98,
thus indicating that the mean square error is quite close to the
potential error due to modelling. Goodness-of-fit results indicate
that SIMDualKc was appropriately calibrated and the parameter
values may  be used with confidence in further cropland studies
in Horqin. Since parameters were obtained for two years having
contrasting climate and water table depths, the applicability of the
calibrated parameters is likely good.

Results using the default parameters are also presented in
Table 6. They show that the model performance using default
parameters were acceptable. This indicates that the model may  be
applied to conditions when data is insufficient for calibration as
already noticed in previous applications (Rosa et al., 2012b). How-
ever results depend upon the appropriate selection of the default
parameters.

3.2. Crop coefficients

The curves of the crop and evaporation coefficients Kcb, Kcb act,
Kc act and Ke (Eq. (2)) are presented in Fig. 6 together with the daily
precipitation depths. Kcb values represented in Fig. 6 are slightly
different from those in Table 4 because the latter are those used
as input to the model, while those in Fig. 6 are already adjusted to
climate and to crop density and height.

The actual basal crop coefficient (Kcb act) is below the potential
Kcb curve (Fig. 6) for the initial period in both seasons because there
was insufficient rain and the capillary rise was  very small since
roots were not yet developed and ET was  very small. Therefore the
crop was  water stressed. CR increased only after roots developed
and their distance to the water table became smaller. In 2008, the
Kcb curve coincides with the potential one by the mid  of the crop
development stage (Fig. 6a) when there was enough rain to develop
the maize crop and to rise the water table (Fig. 3). From there on
both rainfall and CR were sufficient to sustain crop transpiration at
its potential level and Kcb act was  equal to the potential Kcb. Differ-
ently, in 2009, maize was stressed from mid-season to harvesting
because rain was insufficient and the watertable depth increased
(Fig. 3), thus making CR also insufficient. Therefore, Kcb act < Kcb
during most of mid-season and the late season until harvesting
(Fig. 6b).

The soil evaporation coefficient (Ke) was high during the ini-
tial stage in both seasons (Fig. 6), when fc was small (Fig. 4) and a
large fraction of soil was exposed to radiation, thus favouring soil
water evaporation when the soil was  wetted by rain. Ke decreased

as the crop developed and the fraction fc increased; thus Ke rapidly
dropped and kept low during the mid-season. It slightly increased
again by the end of the late season when leaf senescence occurred,
fc slightly decreased and more energy became available at the soil
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Table 4
The initial and calibrated basal crop coefficients Kcb, p depletion fractions for no stress and soil evaporation parameters.

Crop parameters Soil evaporation

Kcb ini Kcb mid Kcb end pini pmid pend Ze (m)  REW (mm) TEW (mm)

Initial/default 0.15 1.15 0.30 0.55 0.55 0.55 0.10 8 15
Calibrated 0.15 0.95 0.20 0.50 0.50 0.50 0.10 10 16

Table 5
Initial and calibrated parameters of the capillary rise and deep percolation parametric equations.

Capillary rise Deep percolation

a1 b1 a2 b2 a3 b3 a4 b4 aD bD

Initial values 220 −0.17 160 −0.27 −1.3 6.2 3.0 −2.5 200 −0.0173
Calibrated values 320 −0.17 270 −0.27 −1.3 6.2 3.0 −2.5 230 −0.02

Table 6
Indicators of “goodness-of-fit” of the SIMDualKc model applied to groundwater fed maize when using calibrated and default parameters.

Parameters Crop season b R2 RMSE (cm3 cm−3) AAE (cm3 cm−3) ARE (%) Imax (cm3 cm−3) EF dIA

Calibrated 2008 0.99 0.93 0.007 0.006 3.2 0.016 0.93 0.98
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2009  1.01 0.93 0.008 

Initial/default 2008 0.97 0.97 0.009 

2009  0.91 0.87 0.018 

urface for evaporation. Differences between 2008 and 2009 are
isible for Ke because, due to less and smaller wettings in 2009, soil
vaporation was  then smaller (Fig. 6b). To be noted that Ke is null

hen the crop was fed by capillary rise because CR does not supply
oisture to the upper soil layer but only to roots extraction. Fig. 6

lso shows the Kc act curve that represents the daily sum of Kcb act
nd Ke. The daily Kc act curve shows a sequence of peaks due to soil

ig. 6. Kcb ( ), Kcb act ( ), Ke ( ), and Kc act ( ) curves as well as daily
recipitation ( ) in the wet year of 2008 (a) and in the dry year of 2009 (b).
0.006 3.9 0.017 0.93 0.98
0.007 4.2 0.019 0.88 0.97
0.016 10.5 0.031 0.61 0.90

evaporation when wetting events occur, thus being very different
from the typical linear time averaged Kc curve proposed in FAO56
(Allen et al., 1998).

The Kcb ini and p values are within those proposed by Allen et al.
(1998). However, the mid-season Kcb mid = 0.95 is lower than cur-
rently observed potential Kcb mid values for maize (e.g., Allen et al.,
1998; Zhao et al., 2013). This is due to low planting density, that
leads to low fc, and to low crop height (Fig. 4 and Table 3). As ana-
lyzed by Allen and Pereira (2009), the Kcb and Kc values increase
for dense and high crops. Low Kcb mid values were obtained with
former maize varieties (e.g., Wright, 1982; Pereira et al., 2003). The
resulting Kcb mid = 0.95 must therefore be considered as the poten-
tial value for a low density groundwater dependent maize crop
adapted to Horqin area but not to be used when cropping for max-
imum yield. The Kcb end values are lower than usual due to leaves
picking for animal fodder during late season, which is typical for
maize cultivated as fodder crop in this region.

3.3. Crop transpiration, soil evaporation and groundwater
contribution

The actual evapotranspiration computed by the model was 434
and 360 mm respectively in 2008 and 2009, and crop transpira-
tion was then 333 and 300 mm respectively (Table 7). Differences
between these years are due to contrasting rainfall and water table
depths, where 2009 was  a particularly dry year, causing quite heavy
water stress from mid-season to harvest (Fig. 6b). The simulated soil
evaporation was  23% and 17% of ETc act during the crop seasons of
2008 and 2009, respectively, with large soil wettings by rainfall in
2008 (Table 7). These results highly contrast with those reported
by Zhao et al. (2013) for maize in the North China Plain, where
soil evaporation was  37–45% of ETc act, hence about double that
observed in Horqin area. This difference results from the fact that
the maize crop referred by Zhao et al. (2013) was cropped under
full supplemental irrigation and rainfall was  much more abundant
than in Horqin where the supply of crop transpiration was  largely
due to capillary rise (Fig. 7 and Table 7), which does not contribute

to wet the upper soil evaporation layer.

Fig. 7 presents the daily simulated soil evaporation, actual
crop transpiration and capillary rise together with the precipita-
tion observed along both crop seasons. Main differences between
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Fig. 7. Soil evaporation (Es, ), actual crop transpiration (Ta, ), and cap-
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a large amount did percolate to the groundwater following the
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llary rise (CR, ) fluxes, as well as precipitation ( ) during the crop seasons of
008 (a) and 2009 (b).

easons refer to rainfall, more abundant in 2008, and to the ground-
ater contribution since the water table was higher in 2008 (Fig. 3).

he Es peaks in the initial stage of the crop correspond to precipi-
ation events, more abundant and larger in 2008. During this stage,
oil evaporation was much larger than transpiration because the
oil was not covered by vegetation (small fc) and radiation energy
as highly available at the ground surface for evaporation. Results

or Es and Ta in Table 7 show that Es accounted for 84% and 67% of
ctual evapotranspiration during the initial stage in 2008 and 2009,
espectively. CR was then negligible (Fig. 7) because crop roots were
ot yet developed.

The size of Es peaks decreased during the crop development
tage. When the crop developed, transpiration rapidly increased
nd, because fc increased (Fig. 4), less energy was available for soil
vaporation. Thus, Es/ETc act reduced to 33% and 13% respectively
n 2008 and 2009 (Table 7), with a smaller ratio in 2009 due to

ess rainfall events while transpiration became the main compo-
ent of ET. During this crop development stage roots developed
nd capillary rise started increasing to attain maximum values by

able 7
ctual maize evapotranspiration ETc act and its partition into soil evaporation (Es) and pote
nd  2009.

Crop growth stages Es (mm) Tc (mm)  

2008 2009 2008 2009 

Initial 48 39 21 33 

Crop  development 32 12 80 80 

Mid-season 15 5 201 207 

Late  season 7 3 58 58 

Full  crop season 102 60 360 379 
agement 152 (2015) 222–232 229

the mid-season stage. During mid-season, CR fluxes were smaller in
2008 because precipitation was  large and extraction by roots was
then predominantly from soil water.

In the mid-season stage CR kept high, thus becoming the main
contributor to ET, essentially to Ta. Naturally, the ratio Es/ETc act

decreased to 7% and 3% respectively in 2008 and 2009, when the
crop fully developed and fc increased further. Those ratios are quite
low because ET was  mainly supplied by capillary rise, which does
not contribute to Es. During the late season, due to senescence of
leaves and their picking for animal’s fodder, fc decreased together
with transpiration resulting in an increase of the ratio Es/ETc act,
particularly in 2009 when the crop was  highly stressed (Fig. 6b),
and transpiration highly reduced (Table 7). Considering the crop
season, results evidence that a higher Es/ETc act was  observed in
2008 because precipitation events were larger and more frequent.

Differences between both years are evidenced during the mid-
and late-season (Fig. 7). In the wet  2008, rainfall favoured crop
vigour and contributed to raise the water table, thus to keep GWC
high throughout that period. Differently, in the dry 2009, rainfall
was insufficient and the water table steadily declined along the
mid- and late-season. Hence the crop could not keep an appropri-
ate rate of extraction of water from the water table. The evidence
of water stress during that period is given by the decreasing
Kcb act curve shown in Fig. 6b indicating that the crop progres-
sively decreased transpiration while the upward fluxes from the
water table also progressively decreased (Fig. 7b). At the late-
season the crop was maintained with groundwater contribution
only, however quite reduced. Nevertheless, GWC  in 2008 and 2009
represented similar fractions of the ETc act, respectively 50% and
51% (Table 8). These figures evidence the importance of GWC  to
crops in the Horqin sandy area.

3.4. Soil water balance and groundwater contribution

The monthly results of the soil water balance of the maize field
show that precipitation in both years was  insufficient to cover
maize ETc act (Table 8), which evidences the role of groundwa-
ter contribution. GWC  in 2008 was  216 mm,  which corresponds
to 50% of ETc  act of 436 mm.  Results were similar in 2009, where
GWC  was 185 mm corresponding to 51% of ETc act of 360 mm.  As
referred before, differences in GWC  relate to the water table level
(Fig. 3), that was  higher in 2008 during mid-season and late sea-
son, when crop roots were larger and crop ETc was higher, i.e., when
conditions favoured higher capillary rise.

During the initial stage of the crop, by May, GWC  was very
low. In both years, it increased to 20% in June because fc increased
and roots developed. The largest values were observed for July,
76 and 85 mm respectively in 2008 and 2009, but corresponding
to quite different percentages of ETc act, respectively 53% and 67%.
This behaviour reflects the relatively abundant rain in 2008, when
storms of July 31 and August 1, totaling 121 mm.  The lack of rain in
August and September led to lowering the water table and to GWC
much smaller in 2009 than in 2008.

ntial and actual crop transpiration (Tc, Ta) for each crop development stage in 2008

Ta (mm)  ETc act (mm) Es/ETc act (%)

2008 2009 2008 2009 2008 2009

9 19 57 58 84 67
65 80 97 93 33 13

201 172 216 177 7 3
58 29 64 32 10 9

333 300 434 360 23 17
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Table 8
Monthly soil water balance components for the maize crop seasons of 2008 and 2009.

Period P (mm)  ETc act (mm)  Es (mm)  Ta (mm) DP (mm)  �SWC  (mm) GWC  (mm) GWC/ETc act (%)

2008 May  19 36 29 7 0 15 1 3
June  55 54 33 21 0 −12 11 20
July  179 144 28 116 7 −103 76 53
August  76 119 6 113 93a 60 76 64
September 34 85 8 77 0 0 51 60
Season 363 434 102 333 100 −41 216 50

2009  May  2 27 17 10 0 27 2 7
June  55 53 27 26 0 −14 11 21
July  49 127 11 116 0 −7 85 67
August  12 107 2 105 0 45 49 46
September 7 46 3 43 0 0 38 83
Season  125 360 60 300 0 47 185 51
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 – precipitation, ETc act – actual evapotranspiration, Es.– soil evaporation, Ta – actual
f  the soil water content.
a This high percolation results from precipitations totaling 121 mm in days 31 Ju

The use of stored soil water (�SWC) was relatively important
n both years during the initial stage, in May, particularly in 2009

hen rainfall was very low. Then, when monsoon rains start, SWC
esulted increased at the end of June and July, particularly in 2008.
he stored SWC  was again contributing to ET in August but in
eptember the variation of �SWC  was null. By then GWC  was quite
mportant, representing 60% of ETc act, in 2008 and 83% in 2009,

hen soil water was largely depleted (Fig. 5b).
Results above show that cropping in Horqin and similar areas

s only possible with groundwater contribution or with irrigation
sing pumped groundwater. However, irrigation will induce a pro-
ressive decline of the water table that will affect all natural and
an-made ecosystems and will originate a progressive increase of

rrigation requirements. Thus, in the following section impacts of
lternative scenarios of groundwater depths are analyzed aiming
t showing the consequences of groundwater withdrawal.

.5. Assessing impacts of alternative groundwater table depth
cenarios

Groundwater table depth variations are likely occurring and its
ecline is continuing (Zhao et al., 2009; Zheng et al., 2012; Yan
t al., 2014). Therefore, several alternative groundwater table level
WTL) scenarios were simulated with the SIMDualKc model aimed
t assessing related impacts on GWC  and on water use by rainfed
aize as cropped in Horqin. Scenarios were built upon the obser-

ations of 2008 (high rainfall and high water table) and 2009 (low
ainfall and low water table) and consist of changing the WTL  as
ollows:

WTL + 10 – observed WTL  increased by 10 cm.
WTL  − 10 – observed WTL  decreased by 10 cm.
WTL − 20 – observed WTL  decreased by 20 cm.
Simulations were performed using all data observed in
oth years and the calibrated parameters, with the WTL  data
hanged from observations as referred above. Results relative

able 9
mpacts of changes in groundwater table level (WTL) on the seasonal groundwater contri

Groundwater table depth scenarios GWC  (mm)  

High rainfall (363 mm)  Observed WTL  216 

WTL  − 10 210 

WTL  − 20 189 

Low  rainfall (125 mm)  Observed WTL  185 

WTL  + 10 208 

WTL  − 10 115 

WTL  − 20 101 
piration, GWC  – groundwater contribution, DP – deep percolation, �SWC, variation

 01 August.

to groundwater contribution, ETc act, crop transpiration and soil
evaporation are presented in Table 9. For scenarios built from
2008 data, i.e., high rainfall and high WTL, changes in water table
depth indicate small impacts on both ETc act and GWC  because
precipitation is enough to favour crop vigour and to recharge
the groundwater. In other words, the condition relative to 2008
corresponds to a well balanced condition.

For scenarios built from 2009 data, i.e., with low rainfall and
low water table, results show that WTL  declining lead to a great
decrease of GWC, from 185 to 115 mm when WTL  is reduced by
10 cm and to 101 mm if a 20 cm lowering is considered (Table 9).
Decreases of ETc act are also large, from 360 to 295 mm if the WTL
lowers by 10 cm or to 283 mm if a 20 cm lowering is considered.
Differences between results referring to 10 and 20 cm declining
are small because the crop is already highly stressed with the
present scenario and therefore results for both deficit scenarios
reflect mainly the periods of August and September when stress
is already high. The actual transpiration would decrease by 65 or
76 mm (Table 9) for the scenarios with WTL  decreasing by 10 or
20 cm respectively, i.e., 22% and 25%. These Ta decreases would
produce high yield losses since yield is proportional to Ta. Results
agree with those presented by Xu et al. (2013). Soil evaporation
remains unchanged because it depends only from rainfall and does
not depend upon upward fluxes, which do not supply the evap-
orable soil layer. Differently, raising the water table by 10 cm in the
dry year could have important benefits to GWC, resulting that ETc act

and Ta would increase by 19 and 20 mm respectively. However,
because rainfall is very low, benefits are quite small.

Results of assessment of impacts of increased or decreased
water table depths relative to present indicate that an appropri-
ate regional management of the water table and protection of the
groundwater to avoid its declining are paramount for the con-
servation of the Horqin landscape and ecosystems, and to further

combat desertification in this fragile sandy area. Moreover, because
the declining of the water table may  induce farmers to irrigate by
pumping from the groundwater, the only source of water in the
area, it is important to underline that pumping will cause a further

bution, actual evapotranspiration, actual transpiration and soil evaporation.

ETc act (mm) Ta (mm) Es (mm)

434 334 104
437 333 104
436 332 104
360 300 60
379 320 60
295 235 60
283 224 60
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owering of the groundwater table, thus increasing the degradation
f the ecosystems and the risks of desertification.

. Conclusions

The SIMDualKc model, that adopts the dual crop coefficient
pproach, was successfully calibrated and validated for simulating
apillary rise from the groundwater table using two contrasting
aize crop seasons, with high and low rainfall and high and low
ater table depths. Hence, the study provided for a proper analysis

f crop water use, soil water balance and groundwater contribution
o water use by a groundwater dependent maize. Results show that
sing only two contrasting season data sets was enough to properly
erform the desired GWC  assessment and to appropriately com-
ute the actual transpiration and soil evaporation using the FAO56
ual crop coefficient approach.

A good set of basal crop coefficients and evaporation and cap-
llary rise parameters were then calibrated that allow further
xploring the model to assess cropland water use and ground-
ater contribution in Horqin Sandy Area. Simulation results also

how that using appropriately selected default parameters allows
xtending the use of SIMDualKc to other similar areas in Inner
ongolia.
Results for both crop seasons having different rainfall and con-

rasting water table depths show that groundwater contribution is
xtremely important, exceeding 50% of actual crop evapotranspira-
ion over the season and, in particular, during mid-season and late
eason when yield development and maturation occurs.

It was observed that the ratio of soil evaporation to evapotrans-
iration (Es/ETc act) was relatively small, 23% and 17% respectively
or the water abundant and water deficit seasons, with the soil
vaporation amount depending on rainfall because capillary rise
oes not contribute to Es. Naturally, the amount of GWC  highly
elates with actual transpiration and being generally above 50%
uring mid- and late-season.

Results indicate that cropping in the area has a high failure risk
hen rainfall is low and the water table is relatively deep. To verify

his assumption, simulations were performed for water table sce-
arios built from those observed. For the case of high rainfall and
igh water table, it was verified that changes in water table level
roduced relatively small changes in GWC, ETc act, and Ta. Differ-
ntly, lowering the WTL  for the dry year having a low water table led
o large decreases in GWC  and, consequently in ETc act, and Ta. The
easibility of cropping in Horqin if the water table declines becomes
ery low, particularly if rainfall is low. The risk of degradation
f the ecosystems and landscape of Horqin would then increase.
herefore, appropriate regional management of the groundwater,
ncluding avoidance of pumping for irrigation, is required for con-
ervation of the Horqin Sandy Land landscape and to further combat
esertification in the area.
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