
Abstract

The performance of a water balance model is also based on the abil-
ity to correctly perform simulations in heterogeneous soils. The objec-
tive of this paper is to test CRITERIA and AquaCrop models in order to
evaluate their suitability in estimating evapotranspiration at the field
scale in two types of soil in the Mediterranean region: non-stony and
stony soil. The first step of the work was to calibrate both models under
the non-stony conditions. The models were calibrated by using obser-
vations on wheat crop (leaf area index or canopy cover, and phenolog-
ical stages as a function of degree days) and pedo-climatic measure-
ments. The second step consisted in the analysing the impact of the
soil type on the models performances by comparing simulated and
measured values. The outputs retained in the analysis were soil water
content (at the daily scale) and crop evapotranspiration (at two time
scales: daily and crop season). The model performances were evaluat-
ed through four statistical tests: normalised difference (D%) at the

seasonal time scale; and relative root mean square error (RRMSE),
efficiency index (EF), coefficient of determination (r2) at the daily
scale. At the seasonal scale, values of D% were less than 15% in stony
and on-stony soils, indicating a good performance attained by both
models. At the daily scale, the RRMSE values (<30%) indicate that the
evapotranspiration simulated by CRITERIA is acceptable in both soil
types. In the stony soil conditions, 3 out 4 statistical tests (RRMSE, EF,
r2) indicate the inadequacy of AquaCrop to simulate correctly daily
evapotranspiration. The higher performance of CRITERIA model to
simulate daily evapotranspiration in stony soils, is due to the soil sub-
model, which requires the percentage skeleton as an input, while
AquaCrop model takes into account the presence of skeleton by reduc-
ing the soil volume.

Introduction

The karstic nature of many soils in the Mediterranean region, did
not limit the diffusion of several crops. Even in marginal soils, such as
the alfi-soils rich in stones, high quality productions are feasible, if
irrigation is supplied. Is it the case of the cropping systems in many
areas of Southern Italy where, calcareous fragments are present along
the whole soil profile deriving by the continuous breaking and grind-
ing of the superficial rocks. The benefits of grinding calcareous rocks
are two-fold: i) increase rooting zone; and ii) release of available cal-
cium (Coppola et al., 2013). 
In some case the presence of stones into the soil profile should be

interpreted as an agronomic benefit. Rock fragments reduce the water
flow (Mehuys et al., 1975; Childs and Flint, 1990) or create new fis-
sures at the rock - fine earth interfaces (Fies et al., 2002; Tokunaga et
al., 2003) or increase the water retention capacity of soil (Hanson and
Blevins, 1979; Brouwer and Anderson, 2000; Cousin et al., 2003).
Therefore, stony soils have hydraulic properties that are highly differ-
ent from those of non-stony soils (Mehuys et al., 1975; Sharma et al.,
1993; Fies et al., 2002).
In these soils, measuring soil water content is a complex task. In the

case of the thermo-gravimetric technique for measuring the soil water
content, the weight of the soil samples does not consider the stones
(Campi et al., 2010). As a consequence, the available water in the soil
volume (calculated multiplying the volumetric soil water content by
the soil depth) results underestimated if an adjusting parameter is not
considered for taking into account the space of the stones. 
The question is especially important for in situ measurements of

soil water content by time-domain reflectometery or capacitive sen-
sors. In the stony soils, the probes allow measuring actual soil mois-
ture, however it is not representative of the soil water held in each
layer of the soil profile. So for a correct water balance, the soil water
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content should be decreased by the volume of stones (Ravina and
Magier, 1984; Hendrickx et al., 1991; Dann et al., 2009, Campi et al.,
2010).
In such conditions, evapotranspiration can be estimated by the water

balance calculated from measurements of soil water content and the
apparent depth of the soil corresponding to a lower value than the actu-
al soil profile explored by the root system (more the stone volume,
smaller the apparent depth). 
Several models are available for calculating soil water content along

the whole soil profile (Gerke and van Genuchten, 1993; Jarvis, 1994;
van Dam, 2000; Vogel et al., 2000; Coppola et al., 2012), however their
performance in simulating the water balance should be evaluated also
in stony soils. Finally the presence of skeleton in the soils should be
taken into account (Ravina and Magier, 1984; Brakensiek and Rawls,
1994; Poesen and Lavee, 1994; Cerda, 2001; Fies et al., 2002; Cousin et
al., 2003; Baetens et al., 2009; Novak et al., 2011) in any model simulat-
ing the soil water changes during the crop cycles.
In this paper, the performances of two operative models, CRITERIA

and AquaCrop, are evaluated in non-stony soil and in stony soils. The
final aim is to test the hypothesis that the CRITERIA and AquaCrop
model can be used as a tool for estimating the crop evapotranspiration. 

Materials and methods

Models
CRITERIA (Marletto and Zinoni, 1998; Marletto et al., 2007) is a mod-

eling system for the simulation of soil water balance developed at
ARPA-SIMC that can be used also at the regional scale. The system, pro-
vided with daily data of precipitation and temperature, estimates the
evapotranspiration and calculates the daily flow of superficial runoff,
hypodermic runoff and drainage.
For calculating the soil water content the CRITERIA model requires

as input granulometric (fine soil and skeleton) and hydrological (curve
tensiometric and infiltration rate) parameters. Some of these variables
are easy to measure; others are estimated through algorithms based on
meteorological data and characteristics of soil and crops. The water bal-
ance is calculated on a daily basis.
AquaCrop model (Steduto et al., 2009) is a crop water productivity

simulation model, resulting from the revision of the Food and Drug
Administration (FAO) Irrigation and Drainage Paper No. 33 by
Doorenbos and Kassam (1979). Similarly to other crop-growth models,
AquaCrop further develops a structure (sub-model components) that
includes: the soil, with its water balance; the crop, with its develop-
ment, growth and yield; the atmosphere, with its thermal regime, rain-
fall, evaporative demand and carbon dioxide concentration (CO2); and
the management, with its major agronomic practices, such as irriga-
tion and fertilisation. 
For calculating the soil water content, the AquaCrop model requires

only hydrological parameters (saturation, field capacity, wilting point
and infiltration rate). Simulation runs of AquaCrop are executed with
a daily time step, using either calendar days or degree days.

Sites and climate
Two experimental dataset were utilised to validate the CRITERIA and

AquaCrop model at two sites in Southern Italy: Rutigliano (lat.: 40° 59’
N, long.: 17° 01’ E, alt.: 147 m asl), and Foggia (lat.: 41° 26’ N, long.: 15°
30’ E, alt.: 90 m asl), on the experimental farms of the Agricultural
Research Council - Research Unit for Cropping Systems in Dry
Environments (CRA - SCA). The studies were focused on durum
wheat (cv Simeto) grown during 2013 season. 

Southern Italy boosts to a Mediterranean climate characterised by
warm and dry summers, with a maximum air temperature sometimes
above 40°C and a minimum relative humidity often below 20% (Campi
et al., 2009). The annual rainfall is almost the same at both sites, 535
mm y–1 in Rutigliano and 554 mm y–1 at Foggia. The rainfall is mainly
concentrated in the autumn and late winter and it is greatly reduced or
absent in the spring-summer period. The soil at the Rutigliano site is
mainly clayey where stones represent the 10% of the soil volume in the
top soil layer (0-0.6 m) and 65% of the soil volume below the first soil
layer (Modugno, 2008). The soil of Foggia has a 3 m-depth and a loam-
clay texture. Nonetheless, a 1.2 m-deep calcareous layer prevents the
roots from expanding beyond this layer (Table 1).

Crop management and growth analysis
Durum wheat (cv Simeto) was sown on 7th December 2012 at Foggia

site and on 4th December 2012 at Rutigliano site on 1 ha fields. The durum
wheat crops were grown using conventional agro-techniques (120 kg P2O5

ha–1 before sowing and 100 kg ha–1 of N, 90 days after sowing). 
Both wheat fields were divided in 4 blocks where the parameters for

the model calibration were measured (in 4 replications).
The field measurements were: i) dates of the main phenological

stages [used for the CRITERIA and AquaCrop calibration to calculate
growing degree days (GDD)]; ii) leaf area index (LAI) measured at the
main phenological stages, with an area meter (LAI-2000 Plant Canopy
Analyzer; LI-COR, Lincoln, NE, USA); iii) evapotranspiration, as
described in the following sub-paragraph.

Evapotranspiration measurements
Evapotranspiration was estimated using a simplified soil water bal-

ance approach (Mastrorilli et al., 1998). At the Rutigliano site, runoff
and capillary rise are negligible because of the flat ground and the pres-
ence of rocky layer that limits the ascending water. 
At the Foggia sites, runoff can be omitted because the area is flat,

while the capillary rise can be assumed to be zero because of the pres-
ence of a calcareous layer at 1.2 m deep that prevents the roots from
expanding and the water stored in the deeper soil layers from moving
up to the soil surface. 
The simplified equation for the soil water balance can be expressed as:

ET = ±DW + P – Dr                                                                           (1)

where: ET, crop evapotranspiration (mm); P, precipitation or/and irriga-
tion (mm); ±DW, the difference in soil water content.
The same technique for monitoring the soil water status was used

for both sites.
In case of Rutigliano site, the water content in presence of stone

                   Article

Table 1. The main soil characteristics observed at the experimen-
tal sites.

Soil characteristics                                        Rutigliano       Foggia

Stone (%)                                                                                    10                         0
Clay (%)                                                                                       55                        35
Silt (%)                                                                                         30                        40
Sand (%)                                                                                      15                        25
Water content at field saturation (% in volume)               48                        50
Water content at field capacity (% in volume)                   34                        39
Water content at wilting point (% in volume)                    22                        20
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(Wst) was calculated according the equation 2 (Ravina and Magier,
1984; Hendrickx et al., 1991; Dann et al., 2009; Campi et al., 2010):

Wst = W(1 – Vst)                                                                                (2)

where the Vst is the volume of stones. 
Capacitive probes of 0.1 m in length (10HS; Decagon Devices, Inc.,

Pullman, WA, USA) were installed horizontally into the soil at two lay-
ers (–15 and –45 cm from the soil surface at Rutigliano site and –20
and –60 cm at Foggia site). The probes were linked to Grillo datalogger
[Tecno.EL srl, Formello (RM), Italy]. 
The drainage (Dr) was estimated as the amount of water exceeding

the maximum water capacity in the whole soil profile. 
This approach to estimate ET was validated in diverse soil water con-

ditions by comparing the ET estimated by the simplified soil water bal-
ance equation and ET measured by the Bowen ratio method (Rana and
Katerji, 1998) at the Rutigliano site on a daily scale. Differences within
10% were observed between the daily ET measured by the two methods
(Mastrorilli et al., 1998). 
Soil water content data measured using the capacitive probes were

only available 24 and 58 days after sowing at Rutigliano and Foggia
sites, respectively. In this period, the cumulative evapotranspiration
was calculated according to Eq. (1). In particular, DW is the difference
between the values of the soil water content measured by the thermo-
gravimetric method at sowing and at the first day when the data from
capacitive system became available.

Model calibrations
For model calibration the Foggia dataset was used.

Input to AquaCrop
The application of the AquaCrop model to a given crop requires that

a series of inputs is determined. The inputs are related to: i) climate;
ii) crop; and iii) soil properties.
i) Climate inputs concern the daily reference evapotranspiration,

calculated in according to the FAO-56 methodology (Allen et al., 1998).
All the climatic parameters have been collected from standard agro-
meteorological stations, close to the experimental plots in Rutigliano
and in Foggia.
ii) The crop development is expressed as GDD at each phenological

stage (Table 2). 
The canopy ground cover (CC) can be derived using the Ritchie

model (Belmans et al., 1983; Ritchie et al., 1985) from the following
equation:

CC = 1 − exp (−K�LAI)                                                                     (3)

where LAI is the measured leaf area index and K is the extinction coef-
ficient, which was assumed to be 0.65 for wheat (Heng et al., 2009). 
The values of CC calculated by the AquaCrop model and those calcu-

lated by Eq. (3) are reported in Figure 1. The simulated and observed
CC values show a good agreement. As for the root depth, a value of 1.2
m was used.
iii) Soil inputs concern three parameters previously reported in

Table 3 (wilting point, field capacity, soil depth). 

Input to CRITERIA
The calibration of the CRITERIA model was done taking into account

the following measurements:
- Agrometeorological data: daily measurements of global radiation,
wind speed, air humidity and temperature, collected from standard
agro-meteorological stations close to the experimental plots in

Rutigliano and Foggia.
- LAI measures compared with simulated values by CRITERIA (Figure 1).
- GDD for the main phenological stages were determined by observing
the date when 50% of the plants reach a phenological stage (Table 3). 
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Table 2. Comparison between the default values contained in the
AquaCrop library (Raes et al., 2009) and the calibrated values.

Parameter description                               Default   Calibr. Unit

Plants per hectare                                                        450,000      260,000 n.
Maximum canopy cover (CCx)                                       96               96 %
GDD from sowing to emergence                                  150             114 °C
GDD from sowing to maximum rooting depth         1186           1083 °C
GDD from sowing to start senescence                      1700           1710 °C
GDD for sowing to maturity                                          2400           2204 °C
GDD for swing to flowering                                           1250           1140 °C
GDD of length of flowering stage                                 200             171 °C
GDD, growing degree days.

Table 3. Growing degree days for principal phenological stages
used for CRITERIA calibration.

Parameter description                   Parameter value         Unit

GDD from sowing to emergence                             114                             °C
GDD from sowing to maximum LAI                        1083                            °C
GDD from sowing to start senescence                 1710                            °C
GDD, growing degree days; LAI, leaf area index.

Figure 1. Observed and simulated values of canopy ground cover
(CC) and leaf area index (LAI) used in models’ calibration. AQC,
AquaCrop model; CRIT, CRITERIA model.
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- Root depth: a value of 1.2 m was used.
- Physical and hydrological characteristics of soil (Table 1). In this
case 10% of skeleton in the top soil layer (0-0.6 m) and 65% of ske-
leton below the first soil layer were considered. 

Model validation 
The performance of each model was evaluated through 4 statistical

tests: 
i) normalised difference (D, in %) is the difference between the

simulations and measured values, divided by the measurements. If the
values of D did not exceed 15%, as suggested by Brisson et al. (2002),
the simulation could be retained as acceptable because the differences
fall within the error range that is generally admitted for field crop rese-
arches; 
ii) modelling efficiency index (Nash and Sutcliffe, 1970), as calcula-

ted by the following equation:

                           

(4)

where n represents the number of data pairs, i is the pair index and
AvgObserved is the average of the observed data. 
EF provides a simple index of model performance on a relative scale,

where EF=1 indicates a perfect fit, EF=0 suggests that the model pre-
dictions are no better than the average, and a negative value indicates
poor model performance;
iii) the relative root mean square error (RRMSE), calculated from

the following equation:

                           

(5)

where n is the number of observations, Pi is the value predicted by models,

is the measured value, and � is the mean of the measured values.
The validation is considered to be excellent when the RRMSE is

<10%, good if the RRMSE is between 10 and 20%, acceptable if the
RRMSE is between 20 and 30%, and poor if >30% (Jamieson et al.,
1991);
iv) the coefficient of determination (r2) is defined as the squared

value of the Pearson correlation coefficient; it signifies the proportion
of the variance in measured data explained by the model. It ranges
from 0 to 1, with values close to 1 indicating a good agreement, and
typically values greater than 0.5 are considered acceptable in water-
shed simulations (Moriasi et al., 2007).

Results and discussion

Figure 2 shows the daily variation in soil water content for each site
during the crop season monitored by the capacitive sensors. The differ-
ences in soil water content between Foggia and Rutigliano sites are
due to amount of rainfall and to the soil characteristic (mainly the soil
depth and the soil water availability, i.e., the difference between field
capacity and wilting point). 
Although rainfall was different in the two sites (325 mm in Foggia

and 190 mm in Rutigliano), they determined a soil water content close
to field capacity in the period from January to March 2013. However the
amount of water stored in the soil profile changes in the two sites: the
absence of the skeleton in the soil (Foggia site) determines a soil water
content at the field capacity (450 mm) greater than stony soil at
Rutigliano (290 mm), where the presence of skeleton reduces the soil
water reservoir in the layer explored by the roots.
The values of the statistical tests listed in Table 4 show that both

models simulate adequately the soil water content in both types of soil
at a daily scale. In particular RRMSE is less than 10% (excellent per-
formance), EF and r2 is close to 1. Only in the case of the simulations
carried out by AquaCrop model on the site of Rutigliano, EF has lower
values (EF=0.6). In fact, Figure 2 shows how the values of W simulated
by AquaCrop were consistently lower than those measured by the
capacitance probes or simulated by the CRITERIA model.
As for the evapotranspiration, Table 5 shows that the seasonal evap-

otranspiration (SET) of durum wheat grown in Foggia was higher by

Oi

                   Article

Table 4. Relative root mean square error, efficiency index and coefficient of determination assesed on weat grown at two sites for daily-
simulated values by AquaCrop and CRITERIA models of soil water content and crop evapotranspiration.

Models               Sites                                                            W                                                                                        ETc 
                                                         RRMSE (%)                  EF                    r2                                   RRMSE (%)           EF                  r2

AquaCrop                 Foggia                                      5                                   0.8                        0.91                                                       27                         0.6                      0.79
                                   Rutigliano                                6                                   0.6                        0.96                                                       31                         0.4                      0.66
CRITERIA                 Foggia                                      4                                   0.9                        0.93                                                       27                         0.7                      0.78
                                   Rutigliano                                3                                   0.9                        0.98                                                       24                         0.8                      0.80
W, water content; ETc, crop evapotranspiration; RRMSE, relative root mean square error; EF, efficiency index; r2, coefficient of determination.

Table 5. Seasonal evapotranspiration, observed and simulated by AquaCrop and CRITERIA models for durum wheat crop grown at
two sites. The normalised differences between simulated and observed values are also reported. 

Sites                                                ΣETc (mm)                                                                                                D (%)
                               Obs                        AQC                        CRIT                                             Obs vs AQC                    Obs vs CRIT

Foggia                              360                                  414                                  368                                                                     12.8                                            −0.4
Rutigliano                        247                                  260                                  243                                                                      5.0                                             −1.6
ETc, seasonal evapotranspiration; D, differences; Obs, observed; AQC, AquaCrop model; CRIT, CRITERIA model.
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32%, compared to that grown in Rutigliano (360 vs 247 mm). This is
due to the lower water availability in the soil profile at Rutigliano.
The statistical test D% (normalised difference) showed that CRITE-

RIA and AquaCrop models have a good skill in simulating seasonal ET
(no D value exceeds the 15% threshold), both in non-stony (Foggia)
and in stony soils (Rutigliano). The low vales of D (less than 2% in the
CRITERIA model and 13% in AquaCrop) let to retain that they simulate
SET adequately. 
Figure 3 shows the observed and simulated values of the daily ET for

two sites. 
Statistical indicators (RRMSE, EF and r2) have been calculated for

the periods when daily measurements of ET were available. These val-
ues show an acceptable skill of CRITERIA and AquaCrop models in sim-
ulating ET, at a daily scale in the case of the non-stony soil. At the
Foggia site the statistics of the AquaCrop outputs were acceptable
(RRMSE<30%, EF>0.6 and r2=0.8). Whereas, in the case of the stony
soil (Rutigliano site), the skill of the AquaCrop model decreases. In
fact, RRMSE exceeds the 30% threshold (non acceptable simulation),
and the EF and r2 values decrease (0.4 and 0.66, respectively). CRITE-
RIA performs adequately daily ET in stony and non-stony soil condi-
tions. The better performance of CRITERIA model to simulate ET in

stony soils is due to the sub-model component of soil that requires
detailed input on the chemical (% of active limestone, % of limestone
total, % of organic matter and cation exchange capacity in cmol kg–1),
and granulometric (percentage skeleton, sand, silt and clay) parame-
ters. While the parameters required as input on the physical character-
istics (coefficient of saturation, water content to saturation, field
capacity and wilting point), are the same as those required by
AquaCrop model. 
However, AquaCrop model does not require any input regarding the

granulometry of the soil. As a consequence, the only way to consider
the presence of the skeleton is the introduction of restrictive soil lay-
ers, the apparent depth, which accounts for a less soil volume because
of the presence of skeleton.
The presence of the restrictive soil layer determines an alteration of

the soil water balance, since it is considered as an impermeable layer
that modifies the drainage flow. In fact, Table 6 shows that the seasonal
drainage simulated by AquaCrop model is underestimated respect to
the data determined through the Equation 1. Statistics (D% value) for
drainage simulated by AquaCrop exceeds the 15% threshold, while D
values for CRITERIA outputs are lower than the 15% threshold.
In particular, at Rutigliano site, during the observed period, rainfall
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Table 6. Seasonal drainage, observed and simulated by AquaCrop and CRITERIA models for durum wheat crop grown at two sites. The
normalised differences between simulated and observed values are also reported.

Sites                                             ΣDr (mm)                                                                                                    D (%)
                                    Obs                AQC                 CRIT                                          Obs vs AQC                                                Obs vs CRIT

Foggia                                     60                          35                            69                                                                   41                                                                                  −15
Rutigliano                              29                           3                             34                                                                   93                                                                                  −14
SDr, seasonal drainage; D, differences; Obs, observed; AQC, AquaCrop model; CRIT, CRITERIA model.

Figure 2. Values of soil water content (W) measured and simulat-
ed by AquaCrop (AQC) and CRITERIA (CRIT) models during
the wheat season at Foggia and Rutigliano. OBS, observed.

Figure 3. Daily values of wheat evapotranspiration (ETc) meas-
ured and simulated by AquaCrop (AQC) and CRITERIA (CRIT)
models during the wheat season at Foggia and Rutigliano. OBS,
observed.
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was 190 mm, and AquaCrop simulates only 3 mm of drainage that is a too
value for the stony soils, which are characterised by high permeability
(Giardini, 2002). Such evidence in part explains why the AquaCrop
model overestimates SET (Table 5) and it shows a low performance in
simulating the daily evapotranspiration (Table 4) from the stony soils.
However in the case non-stony soil, the performances of the AquaCrop
model are acceptable and such result is consistent with that obtained
from other field surveys carried out in the same environment, in a non-
stony soil. It is the case of the daily evapotranspiration of tomato, which
has been correctly simulated by AquaCrop (Palumbo et al., 2012; Katerij
et al., 2013) if the crop is adequately supplied with irrigation water. 
The performance here reported for CRITERIA can be considered as

an original result because it takes into account different granulometric
conditions of soils, within the Mediterranean area. Moreover, the good
aptitude of the model in estimating evapotranspiration at a short time
scale, recently reported for tomato (Campi et al., 2014), is here con-
firmed also for wheat. 

Conclusions

Validation tests of the CRITERIA and AquaCrop models on durum
wheat crop in southern Italy highlight a good skill of both models to
simulate seasonal evapotranspiration in non-stony soil. 
Simulations in stony soils result good only if they are performed by

the CRITERIA model. Therefore, CRITERIA can be retained a suitable
tool in order to simulate soil water balance, also in the case of stony
soils. However further investigations are required for examining the
CRITERIA performances in the case of irrigated crops growing in semi-
arid soils rich in skeleton.
The analysis of the results obtained by AquaCrop shows that the

daily values of soil water content are correctly simulated, while in sim-
ulating the daily evapotranspiration the model reduces its perform-
ance. This result is related to the incorrect simulation of the drainage.
Since AquaCrop omits the skeleton in defining soil characteristics, the
drainage is underestimates, and as a consequence the water balance
results negatively affected. An improvement of the model can be
achieved by a more detailed definition of the soil characteristics which
cannot neglect the granulometry and the presence of skeleton. 
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