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Abstract
Research on field water consumption is critical for optimizing crop growth and policy-making, in which the computer models 
play an increasingly important role. As a water-driven crop model, the AquaCrop model has been used in a large number of 
studies since its launch in 2009. However, how the model performs in predicting the ecohydrological process of farmland 
under film-mulched drip irrigation is still unclear, especially its application on partitioning crop evapotranspiration is very 
rarely reported. To make up for the above insufficiency, maize experiments were conducted under full mulch drip irrigation 
with observation instruments of eddy covariance systems, heat balance stem-flow gauges, micro-lysimeters and other tools, 
during seasons of 2014–2018. The AquaCrop model was first calibrated using measured data in 2014, and subsequently 
validated with data in 2015–2018. Results indicate that the parameterized model could precisely simulate the canopy cover 
( R2 = 0.97), biomass ( R2 = 0.99) and grain yield (standard deviation was 4.13%), as well as reflect the patterns of daily vari-
ation in transpiration and evapotranspiration with satisfactory R2 of 0.91 and 0.87, respectively. Nevertheless, the R2 values 
of soil water content and evaporation were not good, ranging between 0.23 and 0.45, and 0.26 and 0.75, respectively. The 
AquaCrop model adopts canopy cover instead of leaf area index to describe the growing process of crops; this is an important 
innovation for model extension and application but also may lead to some inaccuracies in water balance simulation. Sum-
marizing, this study shows that the AquaCrop model is appropriate for supporting crop production but not for predicting the 
soil moisture content and evaporation variation for maize under film-mulching drip irrigation.

Introduction

As the newest international water-driven crop model, the 
AquaCrop model has notable features including few input 
parameters, wide application range, simple user interface 
and high simulation accuracy (Raes et al. 2009b; Steduto 
et al. 2009; Vanuytrecht et al. 2014; Abdalhi et al. 2018). 
Early in model development, Steduto et al. (2009) illustrated 

the framework systematically, Raes et al. (2009a) introduced 
the main algorithms, and Hsiao et al. (2009) used 6-year 
maize data to validate and verify the model. Since then, the 
AquaCrop model has shown advantages in studying relations 
between crops and water, with increasing attraction from 
researchers all over the world.

Currently, studies of the AquaCrop model are mainly 
divided into three categories: (1) the model’s validation and 
evaluation (Zeleke et al. 2011; Abrha et al. 2012; Katerji et al. 
2013; Jin et al. 2014); (2) comparison with other crop models 
such as WOFOST (Todorovic et al. 2009), CropSyst (Saab 
et al. 2015), CERES-maize (Babel et al. 2019), and CERES-
wheat (Castañeda et al. 2015), and applicability analysis; (3) 
extended application, such as coupling with climate patterns 
(Mainuddin et al. 2011; Vanuytrecht et al. 2011; Deb et al. 
2015), economic models (García-Vila et al. 2012) or GIS 
(Lorite et al. 2013). Calibration and verification of the model 
is the premise of the latter two studies, although many research 
results have shown that the AquaCrop model performed well 
in simulating canopy cover, biomass, yield and harvest index, 
while for different climate regions (García-Vila et al. 2009; 
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Wang et al. 2013; Kumar et al. 2015), different irrigating 
treatments (Heng et al. 2009; Abrha et al. 2012) and differ-
ent kinds of crops (Geerts et al. 2009; Todorovic et al. 2009), 
more researches are needed. The validation of model needs to 
be conducted because it was developed under specific edaphic 
and climatic conditions that do not necessarily prevail in other 
regions of the world (Belay and Patil 2017). Moreover, most 
studies focused on the model performances on simulating crop 
growth but neglected the water-related indexes, like partitioned 
evapotranspiration and soil water content, which are critical for 
irrigation scheduling.

Considering the broad application prospects of the 
AquaCrop model, we conducted this study for several rea-
sons: First, since the AquaCrop model is a water-driven crop 
model, almost all calculations are based on accurate evapo-
transpiration (ET) separation. Results of Heng et al. (2009) 
and Farahani et al. (2009) demonstrated the successful per-
formance of AquaCrop in simulating ET during the whole 
growth period, whereas Paredes et al. (2014, 2015) and 
Pereira et al. (2015) concluded that the accuracy of ET sepa-
ration decreased because the AquaCrop model abandoned 
the classical dual crop coefficient approach but adopted the 
empirical coefficient method based on canopy cover; hence, 
further verification of the model’s accuracy on partitioning 
ET is necessary. Second, although a soil mulching module 
is contained in the AquaCrop model, it only considers the 
impact of mulch on ET , while mulched soil can also influ-
ence the growth and development of crops; besides, the 
soil mulching proportion can also change with time. There 
are only a few reports on the simulation of soil moisture 
dynamics and crop growth under mulching conditions (Yang 
et al. 2015; Zhao et al. 2018). Finally, compared with other 
countries, studies and application cases of the AquaCrop 
model are not much shown in China, with most subjects of 
wheat (Du et al. 2011; Jin et al. 2014) and maize (Ran et al. 
2017; Zhao et al. 2018), so parameter localization needs to 
be enhanced here. In addition, previous model verification 
mainly focused on uniform irrigation methods such as border 
irrigation, while for localized irrigation approaches like drip 
irrigation, relevant studies are weak. The aim of this study 
was to, therefore, assess the accuracy of AquaCrop model 
on the maize with film-mulching drip irrigation; also, the 
applicability of the ET separation module was verified to 
provide a scientific basis for the optimization and improve-
ment of the model.

Materials and methods

Site and climate

Maize experiments were conducted in Shiyanghe Basin in 
northwest China (37°52′N, 102°50′E, and 1581 m altitude) 

and performed from 2014 to 2018, with sowing by late April 
and harvesting in early September (Table 1). The seeding 
maize was planted with a pattern of ‘one mulch-two drip 
tapes-four maize rows’, and irrigated with adequate water 
and nutrients during the whole growing period; row and 
plant spacings were 0.25 and 0.22 m, respectively (see 
details in He et al. 2018).

The climate in the experiment site is temperate conti-
nental arid type, with over 3000 annual sunshine hours and 
a mean evaporation of ~ 2000 mm, but multiyear average 
precipitation of only 164 mm and average precipitation dur-
ing the maize growing season (April to September) of ~ 
135.4 mm. In the 0–100 cm soil layer, the soil texture is 
sandy loam, mean dry bulk density is 1.4 g cm−3, mean 
saturated water content is 0.41  cm3 cm−3, mean field capac-
ity is 0.30  cm3 cm−3, and permanent wilting point is 0.10 
 cm3 cm−3 (Ran et al. 2017). The geographical location and 
climate type of the experimental area are typical and repre-
sentative of northwest China.

Measurements

Evapotranspiration

Open-path eddy covariance systems (1.5 m height above 
the canopy) were installed in the maize field with an area 
of 2000 m × 1000 m during 2014–2015 and 400 m × 200 m 
during 2016–2018, which can provide adequate fetch. The 
eddy covariance (EC) system consisted a  CO2/H2O open-
path gas analyzer (model EC150), three temperature and 
humidity probes (model HMP155A), a radiation meter 
(model CNR4), two soil heat flux plates (model HFP01), a 
set of water content reflectometers (model CS616), a set of 
soil thermocouple probes (model TCAV), and an infrared 
radiometer (model S1-111). All the sensors were connected 
to a data logger (model CR3000, Campbell Scientific Inc., 
USA) and the 10-min statistics were computed. The EC 
system requires homogeneous underlying and calm winds, 
while some errors may occur for the interference of external 
factors such as uncontrollable weather. Hence, the flux data 
needed to be disposed with Eddy Pro 4.0 software, specific 

Table 1  Information of crop management

Year Sowing 
date

Harvest 
date

Growth 
period 
(day)

Density 
(plants 
 ha−1)

Irrigation 
amount 
(mm)

2014 27-Apr 7-Sep 134 112500 350.00
2015 26-Apr 4-Sep 132 112500 400.00
2016 20-Apr 10-Sep 144 109474 426.82
2017 22-Apr 10-Sep 142 100005 368.28
2018 23-Apr 15-Sep 146 108000 421.92
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handling process included: detection and elimination of raw 
peaks; the double coordinate rotation method (Finnigan et al. 
2003; Paw et al. 2000); the frequency loss correction; and 
air density correction (Webb et al. 1980). Besides, for data 
which the footprint extended out of the experimental area, 
they should be deleted and remaining missing data were 
interpolated with linear method when < 4 observations 
missed, or the mean diurnal variation method when five or 
more missed (Falge et al. 2001). After data correction and 
gap filling, the measured energy budget components of day-
time EC-based data were forced to close using “Bowen-ratio 
closure” method, and the “residual-λET closure” method 
was adopted for nighttime periods (Twine et  al. 2000). 
Finally, combining these calibrated data, evapotranspiration 
( ET ) of maize within the EC flux source area was calculated.

Soil evaporation

Six micro-lysimeters were installed in line between the rows 
(bare soil) and plants (under mulch) with three replications. 
The micro-lysimeters composed of PVC inner and outer 
tubes with the diameter of 10 cm and 11 cm, respectively, 
and the height of both tubes was 20 cm. Each micro-lysime-
ter was weighted before dawn (7:00) and after sunset (19:00) 
every day, by an electronic scale (Mettler Toledo, PL6001-L, 
USA) with accuracy of 0.1 g, then the soil evaporation was 
obtained by calculating the difference between the weights. 
Furthermore, to make sure that the soil in the tubes was 
almost the same as the surrounding soil, it was replaced 
every week, while if irrigation or heavy precipitation events 
happened, the soil in micro-lysimeters should also be 
replaced and soil evaporation was not observed during these 
periods. Soil evaporation measured by micro-lysimeters was 
calculated using the equation:

where Es is soil water evaporation (mm  day−1); ΔMi is the 
change in weight of the micro-lysimeters (g day−1); and Ae 
is the transverse area of the micro-lysimeters  (cm2).

Maize transpiration

Estimating sap flow by the heat balance method, where the 
entering and leaving energy in system are measured to quan-
tify the heat transported by sap stream, is one of the impor-
tant methods used to measure real-time plants transpiration 
(Sakuratani 1981). Packaged stem flow gauges (Flow32-1K, 
Dynamax Co. USA) described by Ham and Heilman (1990) 
were used in this study. Each thermal balance system had 
eight probes and each probe was installed 20 cm above the 
ground stem part on eight plants randomly, which was often 

(1)Es = 10
ΔMi

Ae

,

processed during the shooting stage. Before gauges installa-
tion, two or three bottom leaves were required to be removed 
to facilitate the sensors occupancy. Axial temperature gradi-
ents were measured with two pairs of thermocouple sensors 
positioned above and below the heater, wrapped with foam 
‘O’ rings. The entire gauge was encapsulated in aluminum 
foil to seal it from temperature fluctuations. All the probes 
were connected to a CR1000 data logger with a sampling 
frequency of 20 Hz, and sampling interval of 30 min. Tran-
spiration of each maize plant was calculated as (Ding et al. 
2013):

where T  is maize transpiration (mm  day−1); n is sampling 
number; Qi is sap flow density of the plant (L  day−1); Ai is 
the leaf area through which water transpires in the plant 
 (m2); and LAI is leaf area index  (m2  m−2).

Since the observations of stem-flow often began in the 
shooting stage, the early growth stage data were lost and 
interpolation of the maize transpiration was required by 
analyzing the nonlinear regression equations of the daily 
transpiration variation with LAI , surface temperature, vapor 
pressure difference, net radiation and average soil moisture 
in the 0–80-cm soil layer (Qin et al. 2019). Within the obser-
vation period, the mean values of other observational days 
were used for interpolation when the maize transpiration 
or soil evaporation data were missing owing to rainfall or 
irrigation.

Soil water content

Real-time soil moisture was measured by five probes 
(CS616, USA) buried at soil depths of 0.2 m, 0.4 m, 0.6 m, 
0.8 m and 1.0 m under the ground, respectively. The appara-
tus recorded data every 30 min and then stored in CR3000. 
Meanwhile, soil of the five layers was also sampled every 
week during the whole growing period using soil-drilling 
method. The sampling frequency was increased when irri-
gation or heavy rainfall events occurred. By weighing the 
fresh soil samplings and soil after drying in an oven with 
temperature of 105 °C for 24 h, the soil water content was 
measured gravimetrically, and subsequently converted to a 
volume basis using the bulk density profile values which 
were measured at the end of the experiment with cutting 
ring method. Measurements from oven drying method were 
used for calibrating the data observed by CS616 instrument.

Plant parameters

(a) Maize leaf area was measured manually, that is, using 
tape to measure the length and maximum leaf width of 

(2)T =
1

n

∑n

i=1

(
Qi

Ai

)
× LAI,
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all leaves on the same plant, multiplying each length 
and width with a factor of 0.7 and summing them up. 
This method was derived from the linear regression ( R2 
= 0.998) of the calculated and actual values measured 
by the AM300 leaf area meter (ADC BioScientific Ltd., 
UK). The leaf area index ( LAI ) was calculated as leaf 
area divided by the mean land area of each maize plant. 
LAI was measured every 7 days throughout the grow-
ing season by sampling eight random plants every time. 
In this study, maize canopy cover ( CC ) was calculated 
with LAI according to the formula proposed by Hsiao 
et al. (2009):

(b) Measurement of aboveground biomass ( B ) was syn-
chronized with LAI . Eight maize plants were randomly 
selected to take to the laboratory, then every plant was 
partitioned by stem, leaf and cob. After bagging and 
numbering, they were processed in an oven at 105 °C 
for 30 min (preconditioning) and next at 80 °C for 72 h 
until the dry weight was unchanged.

(c) During harvest, thirty maize cobs were measured, 
including the ear number, seeds per ear, hundred-grain 
weight and grain moisture content. Random sampling 
method was adopted to eliminate the marginal effect. 
Mean of the 30 results represented maize yield of the 
experimental field.

Climate data

For each day of the simulating period, the AquaCrop model 
required minimum and maximum air temperatures ( Tmin 
and Tmax ) to calculate the growing degree day ( GDD ); solar 
radiation ( RS ), wind speed ( u2 ), relative humidity ( RH ), and 
air temperature ( Ta ), which were used to calculate the refer-
ence evapotranspiration ( ET0 ) (Allen et al. 1998); besides, 
the precipitation ( P ) was also needed. In this study, all cli-
mate data were measured by an automatic meteorological 
station (H21001, Onset Computer Crop., Cape Cod, MA, 
USA) with recording data every 15 min. Daily temperature 
and ET0 are shown in Fig. 1.

The AquaCrop model

Model description

(a) The soil profile ( Z ) and timeline ( T  ) were divided into 
small segments in the AquaCrop model ( ΔZ was set as 
12 mm and ΔT  as 1 day), so the soil water content at 
every node was calculated as:

(3)CC = 1.005 ×
[
1 − exp(−0.6 × LAI)

]1.2
.

(4)�i,j = �i,j−1 + Δ�i,Δt.

where �i,j is the water content at soil depth of zi and 
time of tj  (m3  m−3); �i,j−1 is the water content at node 
( zi, tj−1 )  (m3  m−3); Δ�i,Δt is the change in water content 
over Δt  (m3  m−3).

(b) For describing crop growth process, canopy cover in 
model was expressed as

where CC0 is the initial canopy cover at 90% emer-
gence; CCx is the maximum canopy cover; CGC is the 
canopy growth coefficient  (day−1); CDC is the canopy 
decline coefficient  (day−1); t is the time (d). The stress 
of water, temperature, salinity and fertility are also con-
sidered to modify CGC and CDC.

(c) Considering that the small-scale convection between 
different rows of crops contributed to the transpiration, 
CC was adjusted before being used:

where Ks is the stress coefficient for stomatal closure 
( Kssto

 ) or for water logging ( Ksaer
 ); Kctr,x

 is the coefficient 
for maximum crop transpiration; t1 is the time required 
to reach CCx ; t2 is the time before senescence; fage is the 
adjustment factor that decreases Kctr,x

 by a constant frac-
tion (default value is 0.3%); fsen is the adjustment factor 
which declines from 1 ( CC = CCx ) to 0 ( CC = 0).

  As for soil evaporation, the calculation was divided 
into three stages, considering the influences of film 
mulch and drip irrigation:

where Kr is the dimensionless evaporation reduction 
coefficient; KCe,wet

 is the evaporation coefficient for fully 
wet and unshaded soil surface (default value is 1.10); 

(5)

⎧
⎪⎪⎨⎪⎪⎩

CC = CC0 × etCGC for CC ≤
CCx

2

CC = CCx − 0.25
(CCx)

2

CC0

e−tCGC for CC >
CCx

2

CC = CCx

�
1 − 0.05

�
e

CDC

CCx
t
− 1

��
for CC declining

,

(6)CC∗ = 1.72 × CC − CC2 + 0.30 × CC3,

(7)Tr = Ks × CC∗ × Kctr,adj
× ET0,

(8)Kctr,adj
=

⎧⎪⎨⎪⎩

Kctr,x
t < t1

fage × Kctr,x
t1 ≤ t < t2

fsen × fage × Kctr,x
t ≥ t2

,

(9)

E =

⎧⎪⎨⎪⎩

Kr × KCe,wet
× ET0 for bare soil�

1 − CC∗
�
× KCe,wet

× ET0 for stage I�
1 − CC∗

�
×
�
1 − fCC × CCtop

�
× KCe,wet

× ET0 for stage II

,

(10)Eadj =
(
1 − fr mulch

)
× fw × E,
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fCC is the adjustment factor expressing the shelter effect 
of the dead canopy cover (default value is 6.0); CCtop is 
the canopy cover before the senescence; fr mulch is the 
fraction of soil mulched by plastic film (set as 0.65 in 

this study); fw is the fraction of the soil surface wetted 
by irrigation (set as 0.4 in this study); stage I is the 
time when soil is covered by crop canopy and stage II 

Fig. 1  Daily weather data 
of experimental site during 
growing period: maximum 
temperature ( T

max
 ), minimum 

temperature ( T
min

 ), reference 
evapotranspiration ( ET
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is when CC declines (induced by phenology or water 
stress).

(d) To reduce the effect of different climatic conditions on 
crop water productivity, the AquaCrop model adopted 
standardized crop water productivity to simulate bio-
mass:

where Ksb
 is the coefficient of temperature stress; fWP 

is the adjustment factor to account for differences in 
chemical composition of the vegetative biomass and 
harvestable organs; WP∗ is the crop water productivity 
normalized for ET0 and CO2 . Crop yield was directly 
obtained from the calculated biomass:

where fHI is the adjustment coefficient which can reflect 
the effects of various stresses on the crop yield; HI0 is 
the reference harvest index (%).

(11)B = Ksb
× fWP ×WP∗ ×

Tr

ET0

,

(12)Y = fHI × HI0 × B

Model calibration and validation

Although there are some recommended values for the maize 
parameters provided in the AquaCrop manual (Raes et al. 
2012), some of them are not universal and change with 
geographic location, management method, crop variety 
and so on. Thus, calibration and validation of the model are 
necessary. All the data from the experiment carried out in 
2014 were selected for calibration and after that, the model 
was validated using the measured data from 2015–2018, as 
shown in Table 2. The outputs of AquaCrop were assessed 
with following indicators:

(a) A linear regression through the origin having as indi-
cator the regression coefficient, which is computed as 
(Pereira et al. 2015):

(b) An ordinary least first squares regression between 
measured and simulated values, using the determina-
tion coefficient as indicator (Eisenhauer et al. 2003):

(13)b0 =

∑n

i=1
Mi × Si∑n

i=1
M2

i

.

Table 2  Conservative and calibrated parameters in AquaCrop model

Symbol Description Unit Value

Conservative parameters
Tbase Base temperature °C 8
Tupper Upper temperature °C 30
CC0 Canopy cover per seedling at 90% emergence cm2 6.5
Zmin Minimum effective rooting depth m 0.3
fshape,z Shape factor for rooting growth – 1.3
pexp,upper Soil water depletion threshold for canopy expansion – 0.14
pexp,lower Soil water depletion threshold for canopy expansion – 0.72
fexp,w Shape factor for water stress coefficient for canopy expansion – 2.9
fshape,sto Shape factor for water stress coefficient for stomatal control – 6.0
fshape,sen Shape factor for water stress coefficient for senescence acceleration – 2.7

Calibrated parameters
Zmax Maximum effective rooting depth m 1.0
psto Soil water depletion threshold for stomatal control – 0.50
ppol Soil water depletion threshold for failure of pollination – 0.75
psen Soil water depletion threshold for senescence acceleration – 0.50
KcTr,x Crop coefficient for transpiration at CC=100% – 1.20
WP* Crop water productivity g  m2 23.2
HI0 Reference harvest index % 0.40

Other parameters of canopy cover 2014 2015 2016 2017 2018
CCx Maximum canopy cover % 95 97 98 91 93
CGC Canopy growth coefficient % 13.9 14.3 13.1 12.4 13.2
CDC Canopy decline coefficient % 5.2 7.1 7.1 5.9 6.7
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(c) The normalized root mean square error (NRMSE) 
(Bannayan et al. 2009):

(d) The modeling efficiency (EF) proposed by Nash and 
Sutcliffe (1970) was used to determine the relative 
magnitude of the residual variance compared to the 
measured data variance, which is defined as

(e)  Willmott’s index of agreement was also used (Willmott 
1984):

The five goodness-of-fit indicators were computed from 
the pairs of measured and simulated values, Mi and Si with 
means M and S , respectively. For b0 , values close to 1.0 
indicate that model performance is very good; for R2 , val-
ues greater than 0.5 indicate than the simulation results are 
acceptable; for NRMSE , values less than 10%, between 10 
and 20%, between 20 and 30%, and > 30%, correspond to 
the perfect, good, acceptable and poor simulation results, 
respectively; values of EF range from negative infinity to 
1, when EF is close to 0 or negative this means that there is 
no gain in using the model; As for d , the target value also 
is also 1.0.

Results and discussion

Evaluation of the AquaCrop model for estimating 
maize canopy cover, biomass and yield

The most logical pathway for a systematic calibration of 
AquaCrop is to ensure a sound prediction of the canopy 
cover firstly due to that model’s ability to predict ET, E 
and T  depends on the simulated CC curve (Farahani et al. 

(14)

R2 =

⎧
⎪⎪⎨⎪⎪⎩

∑n

i=1

�
Mi −M

�
×

�
Si − S

�

�∑n

i=1

�
Mi −M

�2
�0.5

×

�∑n

i=1

�
Si − S

�2
�0.5

⎫
⎪⎪⎬⎪⎪⎭

2

.

(15)NRMSE =
100

M
×

�∑n

i=1

�
Mi − Si

�2
n

�0.5

.

(16)EF = 1 −

∑n

i=1

�
Mi − Si

�2
∑n

i=1

�
Mi −M

�2
.

(17)d = 1 −

∑n

i=1

�
Mi − Si

�2
∑n

i=1

����Si − S
��� +

���Mi −M
���
�2

.

2009). Whereas the field management would influence 
CCx , CGC and CDC , it was required to perform distinct 
parameterizations of the CC curves for different years 
(Table 2). The canopy coverage increased rapidly at seed-
ling and shooting stages, then all the leaves expanded 
during heading period to reach the peak until senescence 
occurred with the gradual decrease of plant cover degree, 
as shown in Fig. 2. A good match was found between 
the simulated CC and those measured for maize under 
film-mulching drip irrigation, with b0 = 1.00, R2 = 0.97, 
NRMSE = 6.97%, EF = 0.93 and d = 0.99 (Table 3), this 
was similar to the results of previous studies, like Ran 
et al. (2018) ( R2 = 0.93), Zhao et al. (2018) ( R2 = 0.97) 
and Shen et al. (2019) ( R2 = 1.00).

Similar to CC , high b0 (1.05) and R2 (0.99), and low 
NRMSE (11.98%) demonstrated acceptable simulations of 
aboveground biomass (Fig. 3; Table 3), consistent with the 
previous studies on the AquaCrop performance for maize 
in Davis, CA (Hsiao et al. 2009) and in Bushland, TX, 
Gainesville, FL and Zaragoza, Spain (Heng et al. 2009). 
As seen from Fig. 3, the AquaCrop model can well simu-
late the biomass of maize during early and middle grow-
ing seasons, but for later in the season, an overestimation 
existed, which may have been caused by the same WP∗ 
used in the overall stage. The aboveground biomass should 
gradually stabilize later in the period, and according to 
formula (11), if different values of WP∗ are adopted in 
different stages, the simulating effect would be improved; 
simulation of biomass was also influenced by the accuracy 
of calculated transpiration, which would be discussed in 
Sect. 3.2.

Based on formula (12), the simulation results of biomass 
and setting value of HI0 would directly affect the accuracy 
of the yield simulation, as shown in Table 4. For 2018, the 
maize yield of this year was lower than normal value, which 
was because of the continuous rainfall during pollination. 
Weather belonged to uncontrollable natural conditions and 
had great impacts on field experiment, so the measured 
yield value of this year could be neglected; analyzing data 
of 2014–2017, the standard deviation (D) between simulated 
and measured values ranged from − 8.98% to 15.39%, with 
mean value of 4.13%. Araya et al. (2010) did testing for the 
applicability of AquaCrop on barley; the results indicated 
that unifying the harvest indexes (HI) of different cultivars 
into the same value would reduce the simulating precision 
of yield. Studies of Ran et al. (2018) have also shown the 
importance of the HI module in AquaCrop model for simu-
lating yield.

Overall, the AquaCrop model can well simulate the 
growth process of maize, but the simulation results of the 
final biomass and yield were not as good as those of the 
canopy cover; for this section, improving the settings of WP∗ 
and HI are critical to enhance the accuracy.
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Evaluation of the AquaCrop model for estimating 
maize evapotranspiration

The AquaCrop model was able to reflect the trend of daily 
changes in ET well (Fig.  4), with 5-year mean b0 , R2 , 
NRMSE , EF and d of 0.89, 0.87, 22.87%, 0.81 and 0.95, 
respectively. There was underestimation, especially to the 
middle of the season; this is consistent with the ET simula-
tion results for wheat by Toumi et al. (2016) and maize by 
Katerji et al. (2013).

The respective ratios of E and T  in ET determine the 
water use efficiency of crops, and the separated simulation 
of E and T  is also one of the difficulties in model con-
struction. In AquaCrop, the simulation of ET was based 

principally on two parameters: the maximum soil evapora-
tion coefficient ( KCe, wet

 ) and maximum crop transpiration 
coefficient ( Kctr,x

 ). The value of KCe,wet
 was 1.10 (default 

value) in formula (9), adjusted by soil water content before 
emergency, canopy cover after germination and mulched 
soil fraction. As shown in Fig. 5, the AquaCrop model 
could only reflect the soil evaporation at the seedling stage, 
in other words, formulas (9–10) were applicable while the 
canopy cover was very low, but after the early season, the 
CC value increased and 

(
1 − CC∗

)
 decreased. Generally, 

CC reached the maximum value (91–98%) on the 65th day 
after sowing (at shooting stage), but 

(
1 − CC∗

)
 was directly 

used to represent the effect of crop canopy coverage on 
soil evaporation, hence causing the simulated values of 
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E to be far less than the measured values. From 2014 to 
2018, the mean b0 was only 0.48, NRMSE was 84.25% 
and EF was − 0.20. In addition, the simulation effect of 
the model on the diurnal variation trend of E was also not 
good, with R2 of only 0.48 and d of 0.71. Abandoning the 
FAO dual Kc approach is likely the main reason causing 
this limitation. According to the comparison results from 
Paredes et al. (2015) and Wei et al. (2015), the SIMDu-
alKc, a model based on dual Kc approach, could perform 
better in partitioning ET , and it computed soil evaporation 
coefficient Ke by performing a daily soil water balance of 

the evaporable layer (Allen et al. 2005; Rosa et al. 2012), 
which was totally different from the AquaCrop which con-
nects ET components directly to the simulated crop canopy 
cover CC∗ . This modeling approach used with Ke was very 
likely to cause a poor reaction to the precipitation or irri-
gation events occurring in mid- and late-season when the 
maximum fc or CC was attained, thus, the model under-
estimated E . Moreover, the micro-lysimeter evaporation 
was not affected by root water uptake while those roots did 
exist in the soil, so E measured by micro-lysimeters was 
expected to be higher which could also explain the model 

Table 3  Statistical analysis of 
measured and simulated values

b0 represents the regression coefficient through the origin, R2 is determination coefficient, NRMSE is nor-
malized root mean square error, EF is efficiency coefficient and d is Willmott’s index of agreement

Parameter Year b0 R2 NRMSE (%) EF d

Canopy cover 2014 0.98 0.94 4.16 0.88 0.97
2015 0.99 0.98 9.25 0.85 0.97
2016 1.00 0.99 6.57 0.99 1.00
2017 1.00 0.97 8.99 0.96 0.99
2018 1.03 0.99 5.90 0.99 1.00
Avg 1.00 0.97 6.97 0.93 0.99

Biomass 2014 1.07 0.98 12.82 0.96 0.99
2015 0.97 0.99 7.45 0.99 1.00
2016 1.04 1.00 8.92 0.99 1.00
2017 1.11 0.99 17.87 0.96 0.99
2018 1.07 0.99 12.83 0.98 1.00
Avg 1.05 0.99 11.98 0.98 0.99

Evapotranspiration 2014 0.92 0.89 18.47 0.87 0.96
2015 0.89 0.88 20.05 0.84 0.96
2016 0.92 0.90 19.92 0.88 0.97
2017 0.87 0.81 28.37 0.73 0.93
2018 0.84 0.85 27.52 0.72 0.93
Avg 0.89 0.87 22.87 0.81 0.95

Evaporation 2014 0.39 0.33 87.63 − 0.54 0.63
2015 0.43 0.36 79.65 − 1.04 0.63
2016 0.54 0.26 90.95 − 0.35 0.67
2017 0.63 0.68 70.68 0.61 0.85
2018 0.41 0.75 92.36 0.30 0.74
Avg 0.48 0.48 84.25 − 0.20 0.71

Transpiration 2014 1.05 0.93 20.70 0.92 0.98
2015 0.99 0.92 18.52 0.92 0.98
2016 1.01 0.93 21.17 0.92 0.98
2017 0.90 0.89 28.70 0.87 0.97
2018 0.91 0.90 23.76 0.89 0.97
Avg 0.97 0.91 22.57 0.90 0.97

Soil water content 2014 1.00 0.44 5.79 − 0.49 0.75
2015 0.98 0.26 6.67 − 0.71 0.67
2016 1.05 0.23 6.75 − 1.73 0.58
2017 0.97 0.45 5.72 − 0.30 0.74
2018 1.03 0.25 6.34 − 0.82 0.66
Avg 1.01 0.33 6.25 − 0.81 0.68
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trend to underestimate micro-lysimeters’ observation data. 
Similar results have been reported for soybean (Wei et al. 
2015) and maize (Zhao et al. 2013).

The AquaCrop model nearly abandons the FAO 
“ Kc ∗ ET0 ” approach and adopts Kctr,adj

 , a coefficient fol-
lowing a curvilinear curve proportional to the CC curve 
and varying with other internal adjustment factors. The 
calibrated Kctr,x

 was 1.20 (Table 2). In this study, as shown 
in Fig. 6, the model also underestimated crop transpiration 
especially during mid-season, but the simulating perfor-
mance of daily transpiration was evidently better than that 
of evaporation, with b0 of 0.97, R2 of 0.91, NRMSE of 
22.57%, EF of 0.90 and d of 0.97 (Table 3). One reason is 
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Table 4  Simulated as compared with measured values of grain yield 
(Y)

D represents the standard deviations, 
D = (simulated value −measured value) × 100∕measured value

Year Measured value Simulated value D
(t/ha) (%)

2014 9.04 10.05 11.16
2015 11.45 10.42 − 8.98
2016 10.02 10.46 4.38
2017 7.47 8.62 15.39
2018 6.63 10.83 63.35
Avg (2014–

2017)
9.50 9.89 4.13
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that the values of T  were higher, so the simulation errors 
would be relatively small when compared with those for 
E ; another is that although CC cannot accurately reflect 
the degree of variation in E , it can directly represent the 
impact of crop growth on T  . In other words, there was a 
closer relationship between CC and T . Some scholars have 
assessed the performance of ET partitioning with 
AquaCrop: Ran et al. (2017) considered that the AquaCrop 
model took into account the plant itself ( CC ) affected by 
changed soil water content, so T  would be calculated with 
higher accuracy, while results of Paredes et al. (2014) 
showed the opposite, in which the adjusted crop coefficient 
linked with CC was the reason for simulation error. Pereira 
et al. (2015) thought Kctr,x

 was difficult to be calibrated 
because it was assumed for = CC100%, when the 

actual < CC100%, it required internal adjustments, as 
shown in formula (8). In this study, the AquaCrop model 
simulated daily T  with a constant value ( KcTr,x=1.20) dur-
ing 5 years, and the simulation errors were acceptable, 
suggesting the feasibility of calculating T  based on CC ; 
besides, this method can not only avoid measurement of 
many parameters such as physiological factors in response 
to water stress, but also benefit application at a regional 
scale.

Evaluation of the AquaCrop model for estimating 
soil water content

The AquaCrop model was also used to simulate total water 
content in a meter of soil (Fig. 7). It is obvious that the 
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model could effectively reflect the effect of irrigation and 
heavy rainfall events, but the downtrend proved faster than 
the actual situation. The simulation area had a depth of 
1.0 m, so the degree of fluctuation would be reduced after 
averaging the measured soil water content values of each 
soil layer. Besides, although error indicators, such as b0 , 
NRMSE , and d , showed high accuracy, with values of 1.01, 
6.25% and 0.68, respectively, the R2 was low (0.33) and the 
EF was even negative (− 0.81), indicating that the simulated 
soil moisture variation were not consistent well with the 
measurements. As a crop model, AquaCrop can simulate the 
dynamic balance among transpiration, rainfall and irrigation 
well, but there were some shortages for the soil, such as the 
underestimation of E as found in Sect. 3.2, which was also 

one of the reasons for errors in simulating soil water content. 
Coupling the crop model and soil models can be considered 
in the future to achieve a higher accuracy of farmland water 
balance simulation.

Conclusions

In this paper, the AquaCrop model was applied to maize 
under film-mulching drip irrigation in northwest China and a 
large amount of experimental data gathered during the years 
of 2014–2018 were used for model assessment. Although the 
simulation results of canopy cover, biomass and grain yield 
were good, WP∗ and HI , as the nonconservative parameters 
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in model, directly affected the calculation precision, set-
ting segmented values for the two parameters according to 
growth stages can be considered for enhancing the simulat-
ing accuracy. For the simulation of diurnal variation of ET 
and T  , AquaCrop model performed well during the entire 
growing period; however, the simulation effect for E was 
not good. Model adopted canopy cover to calculate E , but in 
our investigation, the canopy cover could exceed 90% after 
65 days of sowing, causing simulated values of E to be far 
less than actual values. In fact, the canopy only intercepts 
a portion of the rainfall and reduces E by a small amount. 
Apparently, the AquaCrop model overestimated the influ-
ence of canopy cover on the soil evaporation. The model 
revealed the crop-water response mechanism by analyzing 
the relationship between the effective use of water in soil and 

the crop yield, so it could well simulate values of soil water 
content ( b0 = 1.01) but not the dynamic variation process 
( R2 = 0.33).

At present, only a few studies have verified the accu-
racy of the AquaCrop model using measured ET , E and T  . 
Results obtained in this paper suggest that the formula used 
in the model to calculate E has some defects, leading to a 
large deviation between the simulated and measured val-
ues. How to consider the influence of film-mulching drip 
irrigation, as well as improve the existing soil moisture and 
evaporation calculation modules, would be of great signifi-
cance to enhance the applicability of the AquaCrop model 
to a heterogeneous surface. In the near future, further studies 
will be conducted to provide impetus for the development 
of the crop model.
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