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ABSTRACT

This work presents a novel, spatially distributed, GIS-based application of Benfratello’s conceptual method (developed in the 1960s) to esti-

mate the climatic water deficit and the irrigation deficit at the field and basin scales. Explicit analytical relationships are obtained to define the

deficit uncertainty on the basis of the interannual variability of temperature and precipitation. With this model, we aim at proposing a rather

simple and effective tool to deal with the complicated issues of assessing the soil water balance, determining the irrigation deficit and mana-

ging the water resources in semiarid agricultural environments, in the context of climatic, land-use and anthropogenic changes. In order to

test this new application, the model was applied to estimate the irrigation deficit of the Bonifica della Capitanata consortium in the Apulia

region, one of the most important agricultural districts in Southern Italy and in the whole Mediterranean area, in four different historical land-

use scenarios. The first results of the application seem encouraging, as by using a limited amount of parameters we estimated an irrigation

demand which is in agreement with the irrigation volumes supplied by the consortium. The different land-use cases are discussed in the light

of an application of the Budyko curve.

Key words: Capitanata agricultural district, climate change adaptation, climatic water deficit, crop water requirement, wadi hydrology, water

balance

HIGHLIGHTS

• We present a GIS-based implementation of Benfratello’s method to assess the climatic water deficit and the irrigation water deficit.

• Explicit relationships are proposed to initialize the method and to determine the variability of the annual deficit.

• Starting from the Budyko curve, we evaluate the degree of optimization of water resource consumption.

• We apply the method to the Capitanata agricultural district (Southern Italy).
1. INTRODUCTION

In an era of fast climatic evolution as it is the present one, where the hydrological cycle is expected to experience meaningful
alterations due to the increased global average air temperature, agriculture, which is still the main driver of freshwater con-
sumption worldwide (UN-Water 2022) and, at the same time, the main driving sector in poverty reduction and sustainable
development (FAO 2021), may face meaningful water shortages. In fact, focusing on the areas surrounding the Mediterranean

basin, which are mainly characterized by semiarid and arid conditions, there is high confidence that in future climatic scen-
arios, the warming will be greater than the world average, and that the increased atmospheric energy and the increased
evaporative capacity of the atmosphere will emphasize the hydrological cycle by intensifying the wet season, by increasing

the length and severity of droughts and by exposing the soil to more severe dry conditions (Arias et al. 2021). Climate scen-
arios used by Braca et al. (2019, 2021) to force a water balance model designed to describe the Italian territory at both
national and regional levels depict a meaningful decrease in the groundwater recharge due both to a decrease in precipitation

and an increase in air temperature. As an example, they report that the resulting expected decrease in groundwater recharge
for the mid-21st century is estimated at about 10 and 17% for the whole Italian territory under scenarios RCP2.6 and RCP4.5,
respectively. The expected decrease is greater in Southern regions, e.g. in the Campania region it is predicted at about 13 and
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22% under the same scenarios. Analogous results were found by Brussolo et al. (2022) for the Piedmont Alpine area consider-

ing the present temperature-increasing trend, even if in absence of meaningful precipitation trends.
Irrigation practices often heavily impact both surface and groundwater resources. Therefore the assessment of the conse-

quences on food production and crop yield, of a reduction of water availability, may benefit from simplified water balance

models that provide information on the expected irrigation deficit in different climatic and land-use scenarios. With this
work, we aim at providing a robust and easy-to-use tool that allows us to make such estimates at the local and district
scale. The model is based on a theoretical improvement and on a Geographic Information System (GIS) application of Ben-
fratello’s water balance method (Benfratello 1961), originally developed for semiarid and arid agricultural districts in Sicily

(Southern Italy), characterized by a Mediterranean climate.
We believe that due to its simplicity, to its elegance and to the small number of needed parameters, Benfratello’s method

might be regarded as an effective tool to assess the effects of climatic, land-use and anthropogenic change scenarios on the

soil water balance and on the irrigation deficit of agricultural crops. In fact, despite the presence, today, of more complex and
complete, distributed and semi-distributed hydrological models which well perform at the considered scales (see Xu & Singh
1998; Pereira et al. 2020, for a review on this topic), the presented model meets the key need of numerical approaches to find

a compromise between the solidity and accuracy characteristics of the solver and the high computational cost associated with
the vast spatial and temporal scales typical of environmental problems (Farthing & Ogden 2017). Moreover, as far as in the
last decade online water management and irrigation advisory tools have become a widely used resource (Chen et al. 2010;
Verma et al. 2012), the model could fit an application within a webGIS environment, such as a geospatial decision support
system to be run in real-time.

From the second half of the 20th century, focusing in particular on the Italian hydrological community, the soil–water bal-
ance has been studied both by means of statistical approaches (Viparelli 1956a, 1956b; Quignones 1974; Mantica 1975;

Viparelli & Versace 1979) and with conceptually based (Benfratello 1961; Melisenda 1964; Santoro 1991; Casadei et al.
1993; Bartolini et al. 2011; Braca et al. 2019) as well as physically based approaches (Santini 1979, 1992; D’Urso et al.
1999; Scalenghe & Ferraris 2009; Romano 2014). In this context, and with a particular focus on agricultural soil, a classical
formulation (Santoro 1991) was proposed by Benfratello (1961). Benfratello’s model is based on a dimensionless form, intro-
duced by De Varennes e Mendonça (1958), of Thornthwaite and Mather’s water balance model (Thornthwaite & Mather
1955a, 1955b, 1957). The original Thornthwaite and Mather’s model estimates the actual evapotranspiration as a function

of Thornthwaite’s potential evapotranspiration (Thornthwaite 1948), as maximum allowable evapotranspiration – defined
as a climatic property – and uses a soil desiccation law that is an exponential function of the potential soil–water loss.
The model is still used both for climate characterization (Dourado-Neto et al. 2010; Braca et al. 2019) and for irrigation deficit
assessment (da Silva Tavares et al. 2018).

The generalization proposed by Benfratello allows to modulate the soil desiccation law as a power law of the potential soil–
water loss, that accounts for the different crop reactions to the water stresses. At its first appearance in 1961, the model was
used to estimate the irrigation deficit in Palermo (as representative of a semiarid climate where the field capacity is refilled

during the wet season) and in Trapani (as representative of a semiarid climate where the field capacity is not completely
refilled during the wet season), both in Sicily. After that, Benfratello (1964) reported about one of the first automatized appli-
cations of the model performed by means of the electronic calculator of the Remington Rand center for electronic calculus of

the University of Milan, in view of extending the water balance to the whole of Sicily. The method was then used by Meli-
senda (1965) to explore the variability of the evapotranspiration rate in some representative basins of Sicilian climatology.
At the same time Melisenda (1964) proposed a synthetic formulation to immediately calculate the annual irrigation deficit

– for the specific case in which Benfratello’s method is reduced to Thornthwaite and Mather’s one – , based on the definition
of a climatic index given by the ratio between the wet-season potential soil–water gain and the dry-season potential soil–water
loss. This new formulation was applied to the cases of Catania and Agrigento, as a matching pair of the cases of Palermo and
Trapani presented in the 1961 paper.

This methodology was then used by Melisenda (1967b) to define regional climatic maps of Sicily, and it was later made
suitable for assessing the monthly irrigation deficit by Santoro (1970) who restored the generality of Benfratello’s approach.
It is noteworthy that until that time the method was typically applied in view of climatic analyses and by performing the

calculations at a monthly scale. In this sense, it is coherent with the purposes of the use of Thornthwaite’s method to
assess the maximum evapotranspiration as a climatic factor that is not directly related to the crop. In the same direction,
in another work by Benfratello et al. (1979), the method was used as an indirect procedure to estimate the groundwater
om http://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf

3



Hydrology Research Vol 54 No 4, 453

Downloaded from http
by guest
on 30 April 2023
recharge for the Sicilian aquifers. On the other hand, Melisenda (1967a) applied the method, still in Thornthwaite and Math-

er’s simplified form, to design the irrigation schedule at a weekly scale and applied it to the case of Lentini agricultural lands.
Later, the model was applied to assess the water balance also in other climatic conditions, both in Italy (Casadei et al. 1993)
and abroad (Dumitru et al. 2009).

In this work, we come back to the original Benfratello’s model and we propose a theoretical development that allows (a) to
explicitly initialize the model for two cases of Benfratello’s desiccation power law and (b) to explicitly determine the deficit
uncertainty on the basis of the knowledge of the interannual variability of temperature and precipitation.

We propose a GIS-based implementation of the model (with QGIS 3.10 and custom Python scripts) and we present an

application to the study of the case of the Capitanata district (Apulia, Southern Italy), which is one of the main agricultural
districts in the Mediterranean basin (see, e.g. Lamaddalena et al. 2004, 2008; Portoghese et al. 2005; Guyennon et al. 2016,
2017; de Vito et al. 2019; Dragonetti et al. 2020). The model was applied to determine both the climatic water deficit, i.e. by

estimating the maximum required evapotranspiration as Thornthwaite’s potential evapotranspiration, and the agricultural
water deficit, i.e. by estimating the maximum required evapotranspiration by means of Hargreaves’ method modulated
with the FAO procedure (Allen et al. 1998), in four different land-use conditions provided by the Apulia administrative

authority.
In the following, after recalling the original structure of Benfratello’s water balance method and presenting our theoretical

development (Section 2), we introduce the Capitanata case study (Section 3) and the GIS-based application of the model

(Section 4). In the Discussion (Section 5), we present the potentialities of this application also on the basis of the classical
Budyko (1974) curve and of an irrigation-deficit curve obtained by transforming the Budyko one.
2. BENFRATELLO’S ESTIMATE OF IRRIGATION DEFICIT

2.1. Original estimate of the expected deficit

2.1.1. Problem statement

In the following, we will present Benfratello’s method as it was first introduced in 1961 (see Figure 1 for a sketch of the con-
trol volume). According to the original hypotheses, there is no water capillary rise from the groundwater table to the soil, and
runoff and percolation take place only after the soil water reached the field capacity (U). The simplified soil water balance of
the ith month and of the jth year is therefore given by:

DAi,j ¼ Pi,j � ETi,j � Si,j (1)

where Ai,j � U [L] is the equivalent depth of the available stored water at the end of the month, DAi,j ¼ Ai,j �Ai�1,j is the vari-

ation of the available water, Pi,j [L] is the monthly precipitation, ETi,j [L] is the monthly (actual) evapotranspiration and Si,j [L] is
the cumulated water exceedance, i.e. the summation of runoff and percolation. The usage of the letters D and S, standing for
the Latin words deficit (it lacks) and superavit (it exceeded), was early introduced by De Varennes e Mendonça (1958) and

later maintained by Benfratello (1961).
The monthly deficit Di,j is calculated as the amount of water needed to fill the gap between the maximum required evapo-

transpiration ETmax ,i,j and the actual one ETi,j. It is worth recalling that the definition of Thornthwaite’s potential

evapotranspiration, and the values calculated by means of Thornthwaite’s formula, have a climatic meaning and they are
not considered by the FAO procedure in order to estimate the maximum required evapotranspiration for irrigation purposes
(Allen et al. 1998). According to this procedure, in fact, the maximum required evapotranspiration ETmax ,i,j is estimated by
modulating the reference crop evapotranspiration with coefficients that account for the considered crop and for its phenolo-

gical development. The reference crop evapotranspiration is in turn estimated by means of Penman–Monteith’s formula (as
in, e.g., Licciardello et al., 2011), or in case of scarce data, by means of Hargreaves’ formula. In this paper, ETmax was calcu-
lated both with Thornthwaite’s formula and with FAO procedure, in order to explore the possibility of using the method to

assess both the climatic water deficit and the irrigation water demand.
The calculations are performed on a climatic basis, which means that taking the expectation of the water balance, the

method provides the expectation of the monthly deficit. Therefore, once defined the expectations of Ai,j, Pi,j, ETi,j, Si,j and
://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf



Figure 1 | Control volume of Benfratello’s water balance sketched on the soil n.1 of Plate 22 by Kubiena (Humus podsol). Symbols meaning is
explained in the text.
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Di,j, as Ai, Pi, ETi, Si, and Di, respectively, the water balance and the irrigation deficit are rewritten as:

DAi ¼ Pi � ETi � Si (2)

Di ¼ ETmax ,i � ETi (3)

In the original method ETmax ,i was a climatic factor, estimated as Thornthwaite’s potential evapotranspiration
(Thornthwaite 1948). The method is anyway flexible and the maximum required evapotranspiration may alternatively be esti-
mated as the maximum evapotranspiration of a specific crop according, e.g., to the consolidated FAO procedure.

In order to perform the calculations, Benfratello divided the year into a dry season and into a wet season, on the basis of a
comparison between the monthly precipitation Pi and the monthly maximum required evapotranspiration ETmax ,i. This is
possible for climates having one major rainfall season, as the Mediterranean one is. The dry season starts when:

Pi , ETmax ,i (4)

and ends when:

Pi � ETmax ,i (5)

It is assumed that during the wet season:

ETi ¼ ETmax ,i (6)
om http://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf
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and all the precipitation excess firstly refills the deficit with respect to field capacity and only when the latter is reached, runoff

and groundwater recharge are generated. Therefore, during the wet season, the water balance is fully defined as:

DAi þ Si ¼ Pi � ETmax,i (7)

Si . 0 when Ai ¼ U (8)

During the dry season instead, the water exceedance Si is null, because the evapotranspiration demand is greater than the
precipitation, and the soil water partially compensates for it. It is therefore not possible that the field capacity is reached
during the dry season, a part that at its beginning, and the soil water balance is rewritten as:

DAi ¼ Pi � ETi (9)
2.1.2. Derivation of the desiccation law

Let us fix the origin of the time axis t ¼ 0 at the beginning of the dry season. The dry-season water balance is then fully defined
once it is possible to determine one between the actual evapotranspiration ET (t) and the desiccation law of the soil A(t). In
order to do so, Benfratello rewrote the water balance in terms of cumulated values from the beginning of the dry season t ¼ 0:

A(t)�Amax ¼ P(t)� ET (t) (10)

where Amax is the maximum soil water content, reached at t ¼ 0. It may be Amax � U depending on the local climate, as it is
defined later. In Equation (10), P(t) and ET (t) are the cumulated precipitation and evapotranspiration at a certain instant t.
With the symbols of the 1961 paper, the potential soil water loss �L(t) (with L(t) intrinsically negative) and the actual soil

water loss B(t) are introduced as:

� L(t) ¼ ETmax(t)� P(t) (11)

B(t) ¼ ET(t)� P(t) (12)

The fundamental hypothesis of the method, needed to link the soil desiccation law to the actual evapotranspiration, is now
introduced:

dB=dt
�(dL=dt)

¼ A
U

� �m

(13)

This law expresses the concept that the ratio of the actual to the potential water losses is proportional to the ratio of soil
water content to field capacity. According to Equation (13) the ratio between the actual and the potential rates of soil water

loss is a power function of the available soil water normalized with the field capacity. According to the water balance of the
dry season (Equation (10)) dB ¼ �dA, so that Equation (13) is simplified as:

dA
dL

¼ A
U

� �m

(14)

The power m � 0 accounts for the different attitudes of the crop to react to water stress and it generalizes the Thornthwaite
and Mather’s approach in which m ¼ 1.

Following De Varennes e Mendonça (1958), the dimensionless variables a(t) and l(t) were introduced:

a(t) ¼ A(t)
U

(15)

l(t) ¼ L(t)
U

(16)
://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf
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Equation (14) is rewritten as:

da
dl

¼ am (17)

with the initial condition:

a(0) ¼ amax (18)

where amax ¼ Amax=U( � 1). In Figure 2 (left), Equation (17) is plotted for different values of m and for amax ¼ 1. In case

m . 1 the crop reacts to water stress by strongly reducing its transpirative capacity, on the contrary, if m , 1 the crop
reacts by only weakly reducing it. The limit case m ¼ 0 means that the crop does not react to the water shortage and
always tries to satisfy the maximum transpirative demand.

The solution of Equation (17) with the condition (18) provides the (normalized) desiccation law of the soil a(l) as a func-
tion of the cumulated and normalized potential soil–water loss, which is a known function of the climate and of the crop.
Four cases, as reported in Table 1, are usually given for the solution, depending on amax ¼ 1 or amax , 1 and for m ¼ 1 or

m = 1. In Figure 2 (right) some solutions of Equation (17) are plotted for different values of m and for amax ¼ 1. It is
worth noting that for m , 1 the soil completely dries out for finite values of the potential soil–water loss �l, while for
m ¼ 1 the soil only asymptotically dries out.

2.1.3. Model initialization

In order to apply the method a procedure is now needed to determine whether amax is � 1. Let us define the soil water gain
during the wet season Sw, and its dimensionless form sw, as it was previously defined L:

Sw,i ¼ Pi � ETmax ,i . 0 (19)

sw,i ¼ Sw,i

U
(20)
Figure 2 | Fundamental laws of Benfratello’s method. Left: evapotranspiration law da=dl as given by Equation (17). Right: desiccation law
a(l) as given in Table 1.

Table 1 | Solutions of Equation (17) with the condition (18), for different cases of amax and m. The meaning of the symbols is reported in the
text

m ¼ 1 m = 1

amax ¼ 1 a ¼ el a ¼ [1þ (1�m)l]1=(1�m)

amax , 1 a

amax
¼ el a

amax
¼ 1þ (1�m)

l

a1�m
max

� �1=(1�m)
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Let us define �lmin, amin and sw,max as the dimensionless forms of the maximum potential loss during the dry season, of the

minimum available soil water at the end of the dry season, and of the maximum soil water gain at the end of the wet season,
respectively. In case amax , 1, i.e. the precipitation surplus during the wet season is not enough to refill the soil field capacity,
the annual water balance is written as:

amin ¼ a(lmin) (21)

amax ¼ amin þ sw, max , (22)

where Equation (21) stands for the dry season and Equation (22) stands for the wet season. From Equations (21) and (22),
amax and amin are determined. In case the computed value of amax . 1, it is a signal that amax should be posed equal to 1,
since the precipitation surplus is effective at refilling the field capacity, and the water exceedance will accordingly emerge

from the water balance of Equations (7) and (8).
The system given by Equations (21) and (22) is analytically solvable in some cases as e.g. those for m ¼ 0:5, m ¼ 1 and

m ¼ 2. The solutions are provided in Table 2.
2.1.4. Deficit estimate

The expectation of the annual deficit D is given by the summation of the monthly deficit Di given by Equation (3), over the

whole dry season. Having defined tw the time at which the wet season begins, with the same convention introduced for
Equation (10), the cumulated irrigation deficit at the end of the dry season is given by:

D(tw) ¼ ETmax(tw)� ET (tw) (23)

According to Equations (11) and (12), and accounting for the simplified water balance of Equation (10), we can write:

D(tw) ¼ �L(tw)� B(tw) (24)

D(tw) ¼ �L(tw)þAmin �Amax (25)

where Amin and Amax are the available soil water at the end and at the beginning of the dry season, respectively. In the dimen-
sionless form we obtain:

d(tw) ¼ �lmin þ amin � amax , (26)

where d ¼ D=U is the dimensionless deficit.
2.1.5. Method application

The method is traditionally applied as follows:

1. The field capacity U and the power m are chosen.

2. The value of amax is calculated on the basis of the system of Equations (21) and (22), or with the solutions of Table 2.
3. Starting from the beginning of the dry season, the cumulated value of L(t) given by Equation (11) and of the corresponding

dimensionless form l(t) is calculated at the end of each month of the dry season.
Table 2 | Values of amax for different values of m

m ¼ 0:5 m ¼ 1 m ¼ 2

amax ¼ smax

�lmin
� lmin

4

� �
amax ¼ smax

1� elmin amax ¼ smax

2
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

smaxlmin

s !
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4. The values of a(l) are determined at the same times, with the solutions reported in Table 1, and consequently the values of

the available water Ai at the end of each ith month of the dry season are calculated.
5. The actual evapotranspiration ETi is determined via the water balance of Equation (9).
6. From the end of the dry season, i.e. for the whole wet season, the water balance of Equations (7) and (8) hold and allow us

to determine the soil water refill DAi and the water exceedance Si for each month.
7. At the end of the wet season, the initial state of the soil Amax is restored.
8. The monthly irrigation deficit Di is calculated during the dry season at the end of each month by means of Equation (3).
9. The yearly irrigation deficit D is finally calculated by means of Equations (24) and (25).
As an example of Benfratello’s method application at the field scale, Figure 3 shows the water balance components in
Foggia, determined with U ¼ 300mm, Amax ¼ 64mm, m ¼ 0:5, 1, 2, paired with the local climograph for the period

1950–2007 to show the precipitation and temperature regimes.
2.2. Proposal of an estimate of the deficit uncertainty

The traditional application of Benfratello’s method is meant to provide an estimate of the expectations of the monthly and
annual components of the water balance in a semiarid climate. Though the climate shows interannual variability, so that,

in order to use the obtained results as design input for irrigation purposes, it is relevant to determine also the uncertainty
of the irrigation deficit, as a consequence of the interannual variability of the climatic variables, viz temperature and precipi-
tation. In the following lines, we will present an improvement of Benfratello’s method to do so.

As a first step, we need to define the interannual variability of L and Sw. According to the method, in fact, all the climatic
variability affects the monthly values of Li and Sw,i. For each ith month during the dry or the wet season, respectively, the
variabilities s(Li) and s(Sw,i) are given as a function of the interannual standard deviations of the maximum required evapo-

transpiration s(ETmax ,i) and of the precipitation s(Pi). Assuming the independence of the maximum evapotranspiration
Figure 3 | (a) Climograph of Foggia (1950–2007) and (b) water balance components in Foggia, according to Benfratello’s method with
U¼ 300 mm, Amax¼ 64 mm, m ¼ 0.5, 1, 2.
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ETmax ,i and of the precipitation Pi, the variabilities s(Li) and s(Sw,i) are given by:

s(Li) ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2(ETmax ,i)þ s2(Pi)

p
, i [ dry season,

s(Sw,i) ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2(ETmax ,i)þ s2(Pi)

p
, i [ wet season:

If ETmax ,i basically depends on the monthly temperature Ti, the previous relationships are rewritten in the form:

s(Li) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dETmax

dT

� �2����
T¼Ti

s2(Ti)þ s2(Pi)

s
, i [ dry season, (27)

s(Sw,i) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dETmax

dT

� �2����
T¼Ti

s2(Ti)þ s2(Pi),

s
i [ wet season, (28)

In dimensionless form we obtain:

s(li) ¼ s(Li)
U

, (29)

s(sw,i) ¼ s(Sw,i)
U

: (30)

From Equations (27) and (28), or alternatively from Equations (29) and (30), the annual values of s(L) and s(Sw) might be
calculated with the following form:

s(L) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sis2(Li)

p
, i [ dry season (31)

s(Sw) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sis2(Sw,i)

p
, i [ wet season (32)

As a second step, we define the procedure to determine the deficit uncertainty s(D) on the basis of the interannual vari-
abilities s(L) and s(Sw). According to the original application of the method the local climate is such that at the end of
the wet season, either the soil always reaches the field capacity or the available water is always smaller than the field capacity.
In this application, we will not relax this hypothesis in order to determine the deficit uncertainty. Therefore, two cases should

be considered, either that at the beginning of the dry season, it is reached or not the field capacity of the soil.
For each jth year, Equation (26) holds in the form:

d(tw,j) ¼ �lmin ,j þ amin ,j � amax ,j (33)

In the case Amax , U (and amax , 1), by means of Equations (22), Equation (33) takes the form:

d(tw,j) ¼ �lmin ,j þ amin ,j � amin ,j�1 � sw,max ,j�1 (34)

By taking the expectation of Equation (34) and assuming that E[amin ,j] ¼ E[amin ,j�1] ¼ amin, we obtain:

d(tw) ¼ �lmin � sw,max (35)

In this case, an estimate of the uncertainty s(d(tw)) is given by:

s(d(tw)) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2(lmin)þ s2(sw, max)

q
(36)

and the uncertainty s(D(tw)) is given by:

s(D(tw)) ¼ Us(d(tw)) (37)
://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf
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In the case Amax ¼ U (amax ¼ 1), Equations (26) and (33) are rewritten as:

d(tw) ¼ �lmin þ amin � 1 (38)

d(tw,j) ¼ �lmin ,j þ amin ,j � 1 (39)

By means of a first-order approximation around lmin and by means of Equation (17), the yearly anomaly d(tw,j)� d(tw) is:

d(tw,j)� d(tw) ¼ �lmin ,j þ amin ,j � (� lmin þ amin) (40)

� �1þ da
dl

����
lmin

 !
(lmin ,j � lmin) (41)

¼ (�1þ am
min)(lmin ,j � lmin) (42)

The uncertainty s(d(tw)) is, therefore, given by:

s(d(tw)) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(�1þ am

min)
2s2(lmin)

q
(43)

s(d(tw)) ¼ j�1þ am
minjs(lmin) (44)

from which s(D(tw)) is obtained by means of Equation (37).
2.3. GIS application of the method

Traditional applications of Benfratello’s method were performed at the local scale, even in the perspective of producing cli-
matic maps. Yet GIS framework allows us to systematically apply it at large scales, accounting for the features of the local
climate, soil and cultures. In order to do so, the following (minimal) set of maps is required: soil field capacity, land-use,

monthly air temperature and precipitation values with interannual standard deviation as a measure of the interannual varia-
bility. The method is applied according to the numbered list presented in paragraph Method application.

Finally, the uncertainty of the yearly irrigation deficit s(D(tw)) is locally provided by Equations (36), (44) and by Equation

(37).
We now want to define a spatially equivalent estimate of the expectationD(tw) and of its uncertainty s(D(tw)) over multiple

cells of the investigated area. Let Dj,k(tw) be the annual deficit for the jth year and the kth cell and assume that it can be rep-

resented by:

Dj,k(tw) ¼ Dk(tw)þ z j,ks(Dk(tw)) (45)

where Dk(tw) and s(Dk(tw)) are the local expectation and uncertainty, respectively, and z j,k is the standard reduced variable
corresponding to Dj,k(tw).

If we assume that each realization of temperature and precipitation has the same probability over the whole investigated
district, also each Dj,k(tw) has the same probability for each kth cell and the value of z j,k is therefore independent from the
cell. Let zj be this value, so that Equation (45) is written as:

Dj,k(tw) ¼ Dk(tw)þ zjs(Dk(tw)) (46)

and the spatial average Dj;kðtwÞ
� 	

is provided by:

Dj;kðtwÞ
� 	 ¼ DkðtwÞh i þ zj sðDkðtwÞÞh i (47)

The equivalent values of the expected deficit and of its uncertainty over the whole area are therefore given by the spatial
averages DkðtwÞh i and sðDkðtwÞÞh i, respectively, as they emerge from Equation (47).
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2.4. Budyko’s framework to highlight the relationship between ET and ETmax

In the Discussion section, in order to highlight the relationship between ET and ETmax, the results will be interpreted in the
framework of the classical Budyko curve and of an irrigation-deficit curve obtained by transforming the Budyko curve, for the

case of full irrigation. It is therefore worth briefly recalling the shape and the meaning of the two curves.
The Budyko curve (Budyko 1974) puts into relationship the actual annual evapotranspiration, in the form ET/P, with the

corresponding maximum annual evapotranspiration ETmax/P, the latter being sometimes referred to as Budyko’s aridity
index. The Budyko curve has the following form:

ET
P

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ETmax

P
tanh

P
ETmax

� �
1� exp �ETmax

P

� �� �s
(48)

and its upper bound is the identity line of the first quadrant (i.e. the slope of ET=P for ETmax=P ! 0) and the asymptote
ET=P ¼ 1. These two limiting curves represent the cases when ET is maximum, i.e. the case in which ET is energy-limited
(ET=P ¼ ETmax=P) and the case in which ET is water-limited (ET=P ¼ 1).

The (climatic) water-deficit curve, in the form D/P, can be straightforwardly obtained by the Budyko curve as:

D
P

¼ ETmax � ET
P

: (49)

The irrigation deficit curve is inferiorly bounded by the maximum between D=P ¼ 0 and D=P ¼ (ETmax=P)� 1, which rep-
resent the minimum irrigation deficit required, in case the actual evapotranspiration is optimal.
3. THE CAPITANATA CASE STUDY

The investigated area is the Bonifica della Capitanata (the Capitanata reclamation and irrigation district), an area of about
4,410 km2 in Southern Italy (Apulia region, province of Foggia) which is one of the most important agricultural districts

in Italy (Figure 4). The district is Northernly bounded by the Saccione river and Southernly by the Ofanto river. It includes
the alluvial plain of the Tavoliere delle Puglie, the second largest plain in Italy with a surface of about 3,000 km2, mainly cul-
tivated with herbaceous crops, olives, fruit and grapevine trees (Ventrella et al. 2012). Part of the Bonifica della Capitanata is

irrigated by the following three water-distribution schemes: the major one is the Fortore system in the Northern and Central
part, and the others are the Sinistra Ofanto and the Carapelle systems in the Southern part. Particularly, on the Fortore river
there is the Occhito reservoir with an active capacity of 250 hm3, corresponding to about a depth of 210 mm for the total
irrigated area. They are on-demand pressurized systems, equipped with water-meters and prepaid card devices for every

single user (Lamaddalena et al. 2004). According to Lamaddalena et al. (2004), the covered area by the consortium distri-
bution network is about 1,404 km2 and about 90% of it (1,260 km2) is effectively under-functioning, making the
Capitanata one of the greatest and most important irrigation consortia in the Mediterranean region. However the irrigated

land is slightly smaller and it is estimated to be about 1,210 km2 (27.5% of the Bonifica della Capitanata consortium total
area), and only 45% of it is irrigated through the consortium water distribution network. In fact, part of the land is directly
irrigated by the farmers using private wells and basins as a supplementary or substitutive source.

For the study, monthly maximum and minimum temperature and monthly precipitation of 109 stations located in the
Apulia Region, 19 of which fall within the area of interest for the Capitanata consortium, were collected for the period
1950–2007 from the hydrological annals1.

The Köppen and Geiger climate type of the area, determined according to the procedure suggested by Peel et al. (2007), is
quite variegated, being in most cases Cfa (Temperate without a dry season and with hot summer), with some Csa (Temperate
with dry and hot summer) and a few BSk (Cold arid steppe). In the nearby Promontorio del Gargano (Gargano promontory)
there are also some Cfb cases (Temperate without dry season and with warm summer), due to the higher altitude and lower
1 https://protezionecivile.puglia.it/centro-funzionale-decentrato/rete-di-monitoraggio/annali-e-dati-idrologici-elaborati/annali-idrologici-parte-i/, checked 10

March 2021.
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Figure 4 | The Bonifica della Capitanata district in the Northern part of Apulia region, Southern Italy.
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temperatures. The precipitation regime is Mediterranean with mostly winter precipitation, which corresponds to the mariti-
mal one among the classification of the Italian pluviometric types by Bandini (1931).

The average annual precipitation in the Capitanata ranges from 400 to 650 mm, and in the surrounding hilly areas it is greater

and it reaches 1,160 mm. According to Johansson’s continentality index and Kerner’s oceanity index, the local climate is mar-
itime but weakly – and mainly in the coastal areas (Lamaddalena et al. 2008) – it benefits from the presence of the Adriatic sea.
According to both De Martonne’s and Pinna-De Martonne’s aridity indices the local climate is semiarid (see Baltas 2007, for

details on the indices calculation). Finally, the typical summer proneness to water shortages and to droughts in the circum-Med-
iterranean areas might increase in the near future as stated by Vitale et al. (2010) who in recent years observed an increase in the
average maximum monthly temperatures (0.35 °C per decade), of the number of tropical nights (4–5 days per decade), of the
number of very hot summer days (6 days per decade), and of other indicators that seem to evidence anticipation of the

summer dry season. Despite the fact that – as stated by the Authors – these results should be taken with caution because of
the relatively short length of the analyzed data series (1979–2008), they are valuable because data were collected in an exper-
imental station located in the Apulian Tavoliere at the centre of the Capitanata.

Also, the effects on groundwater salinity due to the reduced natural discharge from the aquifers are expected to be joined by
the impact of the ongoing sea level rise in the Capitanata (Guyennon et al. 2017).
4. PRELIMINARY ACTIVITIES

4.1. Input maps preparation

In Table 3, we list the input maps used in order to run Benfratello’s method within a GIS framework, which are monthly
precipitation, monthly average, maximum and minimum temperature, field capacity and land-cover, needed to modulate
the maximum evapotranspiration demand. In order to obtain these maps, we proceeded as follows. Field capacity maps,

for different land-cover scenarios, were obtained by multiplying the map of water content at field capacity uc by the map
of the hydrologically active soil layer. The latter was obtained by assigning a rooted depth to each land-cover class, according
to Foxx et al. (1984) and Walker (1989). In the nearby Gargano area, despite the deep rooted depth obtained by the referred
om http://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf
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Table 3 | Summary of the input layers

Content Type Resolution (m) Ellipsoid and projection Source

DEM raster 250 WGS84–UTM32N INGV

uc raster 250 WGS84–UTM32N ESDAC

CLC 1990 vector – ETRS89–LAEA Europe GRP

CLC 2000 vector – ETRS89–LAEA Europe ISPRA

CLC 2006 vector – ETRS89–LAEA Europe ISPRA

CLC 2011 vector – ETRS89–LAEA Europe GRP

MS vector – Roma40–Gauss Boaga East –

P raster 250 WGS84–UTM32N –

T , Tmax, Tmin raster 250 WGS 84 UTM 32N –

U raster 250 WGS84–UTM32N –

Note: DEM, Digital Elevation Model; INGV, Istituto Nazionale di Geofisica e Vulcanologia (http://tinitaly.pi.ingv.it); uc (cm3cm�3), Water content at field capacity; ESDAC, European Soil

Data Centre (https://esdac.jrc.ec.europa.eu/resource-type/datasets); CLC, Corine Land Cover; GRP, Geoportale Regione Puglia (http://sit.puglia.it); ISPRA, Istituto Superiore per la

Protezione e la Ricerca Ambientale (https://www.isprambiente.gov.it/it/attivita/suolo-e-territorio/copertura-del-suolo/corine-land-cover); MS, Meteorological stations location; P(mm),

average monthly precipitation; T, Tmax, Tmin (
oC), average, maximum and minimum monthly temperature; U(mm), Field capacity.

Figure 5 | Maps of the land-cover classification and of the resulting field capacity U of the Bonifica della Capitanata district, according to two
different databases made available by the Apulia region administrative authority.
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literature, we preferred to assign a shallow hydrologically active soil layer according to Ancona et al. (2010) (Figure 5).

Monthly precipitation maps were generated from measured precipitation data by means of Thiessen–Voronoi tessellation
(see, e.g. Figure 6, top-right map). Monthly temperatures available at the micrometeorological stations were interpolated
by a linear function of the elevation in order to provide the temperature maps (see, e.g. Figure 6, top-left map).

4.2. Estimate of the maximum evapotranspiration

The monthly maximum required evapotranspiration was calculated as the crop evapotranspiration in standard conditions

according to FAO procedure (Allen et al. 1998). In order to do so, the monthly reference evapotranspiration ETmax ,o was
first calculated by means of Hargreaves’ formula:

ETmax ,o ¼ 0:0023Ra(T þ 17:8)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax � Tmin

p
(50)

where Ra (mmd�1) is the potentially evaporated water depth corresponding to solar radiation, and it is given as a geographical
characteristic, and T , Tmax, Tmin(

oC) are the average, maximum and minimum daily temperatures, respectively. The crop eva-

potranspiration in standard conditions ETmax was obtained by correcting the former with the cultural coefficients kc which
account for the crop characteristics and for its phenological condition, on a monthly basis. Cultural coefficients were applied
according to the tables reported by Allen et al. (1998) and updated by Nistor et al. (2018) in order to fit the Corine Land Cover
classes. As an example, in Figure 6 we present the obtained map of the maximum required evapotranspiration for the month
Figure 6 | Maps of the input layers required to run the simulations. As an example, the month of March, at the very beginning of the dry
season in some areas of the district, is reported. From top left to bottom right: average monthly temperature T, cumulated monthly pre-
cipitation P and maximum evapotranspiration ETmax, flag to identify the dry areas, i.e. the areas where L ¼ P� ETmax , 0. Please refer to the
online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2023.081.
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of March with the 1990 version of the land-cover map (bottom-left map). The application of Benfratello’s method largely

depends on the beginning of the dry season, therefore it is necessary to assess for each point whether the month is wet or
dry depending on the value taken by L _ 0. In Figure 6 we reported as an example the precipitation map of the month of
March (top-right map) and a map reporting the sign of L in March (bottom-right map). The latter shows the areas for

which the dry season has already started in March (L , 0, red areas) and those which are still in the wet season (L � 0,
blue areas).

Particularly referring to the arable lands, which are the main part of the district, according to the collected information we
simulated the cultivation of spring varieties in the non-irrigated land and the cultivation of summer ones in the irrigated land.

Spring varieties are therefore more active in March than summer ones and this results in greater maximum evapotranspira-
tion in the South-Western part of the district, even if the temperature is a little smaller.

As a term of comparison, the monthly maximum required evapotranspiration was calculated also as potential evapotran-

spiration with Thornthwaite’s method, as proposed by the original Benfratello’s paper. Data are not provided here for the
sake of brevity but the effect of this scenario on the deficit estimate will be reported in the Discussion section.

5. RESULTS AND DISCUSSION

In Figure 7, the main components of the dimensionless water balance (amax, amin, d) and the dimensionless uncertainty of the
irrigation deficit s(d) are presented for the 1990 version of the land-cover map.

Despite amax values being quite great, many areas of the district do not reach the field capacity (amax ¼ 1) at the end of the

wet season and most of the district would spontaneously reach very small water content values (amin , 0:1) at the end of the
dry season, if not irrigated. Comparing Figure 7 with the field capacity reported in Figure 5 we recognize that the area most
prone to reach the smallest amin values are those characterized by the smallest U. This behavior is reflected in the assessment
Figure 7 | Dimensionless components of Benfratello’s water balance calculated for the land-cover classes of 1990. From top left to bottom
right: maximum available soil water at the beginning of the dry season amax, minimum available soil water at the end of the dry season amin,
expected annual deficit d, uncertainty of the annual deficit s(d).
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of the dimensionless irrigation deficit d and of its uncertainty s(d), which results greatest where the field capacity U and amin

are smallest.
Figure 8 presents the expected annual irrigation deficit D and its uncertainty s(D) for the considered land-cover classes of

1990, 2000, 2006 and 2011. Comparing the four obtained spatial distributions of D, one sees how the areas characterized by

higher values (i.e. D . 600 mm) have been decreasing since 1990, when they occupied the Northern and the South-Eastern
parts of the district, to the point where they essentially disappeared in 2011. On the other hand, the central areas of the district
experienced a first increase of D (from 200–300 to 300–400 mm and from 300–400 to 400–500 mm) from 1990 to 2006, fol-
lowed by a decrease, as in 2011 there are just a few small areas withD . 400 mm. Recalling Figure 5 it is possible to relate the

decrease in the width of the areas characterized by higher D values with a reduction in field capacity U in the Northern and
South-Eastern parts of the district between 1990 and 2006, due mainly to an extensive change in cultivations typology, while
there are no significant changes in U in the central part of the district despite some minor land-cover changes. If we consider

the expected annual irrigation deficit uncertainty s(D) instead, Figure 8 depicts a situation which is essentially stationary
between 1990 and 2011 and which appears to be greatly influenced by the precipitation dynamics. Indeed it shows spatial
patterns that are very similar to those of the Thiessen–Voronoi tessellation applied for interpolating the precipitation data

as reported in Figure 6 (top-right map).
Figure 8 | Expected annual irrigation deficit D and its uncertainty s(D) for the land-cover classes of 1990, 2000, 2006 and 2011.
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In Figure 9, we plot the distributions of crop-specific annual deficit values obtained by applying Benfratello’s method in six

different scenarios deriving from the combination of three different methods to assess the maximum required evapotranspira-
tion (i.e. Hargreaves’ method plus cultural coefficient, Hargreaves’ method with no cultural coefficient and Thornwhaite’s
method) and two land-cover conditions (1990 and 2006).

The violin plots visualize the distribution densities while the white boxplots inside provide summary statistics (i.e. 25%,
median and 75% quartiles). For the same maximum required evapotranspiration method, land-cover changes impact on
the distribution densities but often do not affect the statistical summary in a meaningful way. Regarding the maximum
required evapotranspiration methods, the cultural coefficients kc bring the deficit values from Hargreaves’ method closer

to the ones from Thornwhaite’s method for all the land-use classes except complex cultivation patterns.
In the figure, these results are also compared with both the average irrigation demands reported by Lamaddalena et al.

(2004) and the erogated water volume ranges publicly stated by the authority managing the Capitanata reclamation and irri-

gation district, plotted with red dashed-dotted lines and black dashed lines, respectively (for the orchards land-use class the
consortium provides only the maximum value of the erogated water). As it was not possible to provide a direct validation of
the method in terms of comparison between a simulated and a measured sample of actual evapotranspiration data all over the

Capitanata region, we propose a comparison between the average irrigation deficit values derived by the presented method
(equal to 347 and 323 mm in 1990 and 2006, respectively) and the value estimated by Lamaddalena et al. (2004) for almost
the same land-use classes (equal to 326 mm). By this comparison, we obtained a fair agreement, with an error of 6.4 and

�1.1% if 1990 and 2006 land-use are considered, respectively. The results are also summarized in Table 4, where the
ratio between the calculated deficit and the mean water supply provided by the consortium is reported. Apart from the
cases of complex cultivation patterns and orchards, which are in many cases complex mosaic crops and would therefore
require deeper insight into the actual cultivations, the estimated deficit is always smaller than the erogated water supply.

Moreover, by comparing the average irrigation deficit with the recommended water volumes given by the Consortium,
values of global irrigation efficiency of 82 and 92% are obtained for 1990 and 2006 land-use, respectively. These values
are consistent with the drip- and micro-irrigation practices that are commonly and widely adopted in the Capitanata irriga-

tion district.
In order to highlight the influence of the precipitation dynamics on the expected annual irrigation deficit uncertainty s(D),

Figure 10 presents a plot of the (s(P), s(D)) pairs of every cell within the Capitanata territory for the considered land-cover

classes of 1990, 2000, 2006 and 2011, for a total of 266,359 records. Despite some values laying outside from the scatter line,
the sample – due to the great number of values – is well fitted by a linear model with equation:

s(D) ¼ 3:627þ 0:986s(P), R2 ¼ 0:9807, (51)

with s(D) and s(P) in (mm). This means that despite the different land-cover classes (and the consequently different evapo-
transpirative demand and hydrological behavior) the irrigation deficit uncertainty is practically given by the interannual
variability of the annual precipitation.

In Figure 11, we present the classical Budyko curve and the irrigation-deficit curve derived by it with the average annual
water balance, for each cell and for each land-cover scenario.

The calculated water balances of the four scenarios are quite different from each other according to the scenarios of land-

cover depicted by the Regional Authority. In fact, the 1990 and 2011 land-cover maps split many arable land areas between
irrigated and non-irrigated, whereas the 2000 and 2006 maps classify all the arable lands as just non-irrigated. According to
the collected information, the non-irrigated land is mainly cultivated with spring varieties whereas the irrigated land is mainly

cultivated with summer varieties, and we maintained this set up in all the scenarios in order to appreciate how the land-cover
change could have affected the general behavior of the district water balance. As the precipitation regime is typically Med-
iterranean, with a winter rainy season (Figure 3), the spring varieties can benefit from the water stored in the soil at the
end of the rainy season. On the contrary, the summer varieties benefit less from the water stored in the soil during the

rainy season. As a consequence, the clouds of the water balances for the 2000 and 2006 scenarios are more compact and
nearer to the limit curves than those of the 1990 and 2011 scenarios, that are more spread and far from the limit curves.
This results in greater estimates of the irrigation deficit for the 1990 and 2011 scenarios with respect to the 2000 and

2006 ones.
These findings are clearly represented in Figure 12, which reports a detail of the Budyko curve and of the irrigation-deficit

curve only for the 1990 land-cover scenario, with evidence of the different land-cover classes. Almost all the classes, with the
://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf



Figure 9 | Crop–specific annual deficit values obtained applying Benfratello’s method in three different maximum evapotranspiration
scenarios: violin plots visualize the distributions densities while the white boxplots provide summary statistics (25% median and 75%
quartiles). Red dashed-dotted lines represent the average irrigation demands reported by Lamaddalena et al. (2004). Black dashed lines
represent the ranges of crop-water requirements provided by the Capitanata reclamation and irrigation district authority (for the orchards
land-use class the consortium provides only the maximum value of the erogated water). Please refer to the online version of this paper to see
this figure in colour: http://dx.doi.org/10.2166/nh.2023.081.
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Table 4 | Summary data of the calculated irrigation deficits for 1990 and 2006 land-use scenarios

Land-use class

WS 1990 land-use 2006 land-use

Max Min Mean Area Med(D) hDi hsðDÞi hDi=hWSi Area Med(D) hDi hsðDÞi hDi=hWSi
(mm) (mm) (mm) % (mm) (mm) (mm) (mm=mm) % (mm) (mm) (mm) (mm=mm)

Arable lands 400 250 325 64.88 286 299 0.92 68.26 293 315 0.97

Annual cr. 500 400 450 12.63 162 192 0.43 3.31 190 206 0.46

Vineyards 300 180 240 1.26 164 269 1.12 9.32 144 184 0.77

Complex patt. 15.26 731 700 8.01 732 665

Olive groves 300 200 250 1.25 154 183 0.73 4.53 184 198 0.79

Orchards 300 0.03 388 353 1.18 0.21 434 409 1.36

Other 4.71 6.35

Capitanata 100 287 347 122 0.82 100 287 323 122 0.92

Note: WS, water supply provided by the Capitanata consortium; Area, percentual coverage of each land-use class; Med(D), (Spatial) median value of the calculated deficit D; hDi,
Spatial average of D; 〈σ(D)〉, spatial average of the uncertainty s(D). Abbreviated land-use classes are as follows: Annual cr., Annual and permanent crops; Complex patt., Complex

cultivation patterns.

Figure 10 | Influence of the precipitation interannual variability s(P) on the expected annual irrigation deficit uncertainty s(D):
s(D) ¼ 3:627þ 0:986s(P), R2 ¼ 0:9807.
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exception of the irrigated arable land, lay either along the Budyko curve or between the Budyko curve and the limit curve. The
irrigated arable land, instead, is spontaneously characterized by a small evapotranspiration and lays under the Budyko curve,
consequently needing a greater irrigation demand, with respect to that compatible with the Budyko curve.
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Figure 11 | (a) Budyko curve and calculated water balance components for each cell of the Capitanata district in the 1990, 2000, 2006, 2011
scenarios of land-cover classification. (b) Irrigation-deficit curves based on the Budyko curve and on its limit curve, and calculated irrigation
deficits for each cell of the Capitanata district in the aforementioned land-cover classification scenarios.
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6. CONCLUSIONS

Our aim was to provide a robust and easy-to-use tool that allows us to make distributed estimates of irrigation deficits at the
district level, in order to estimate the expected variations of the deficit in both climate and anthropogenic change scenarios.
For this purpose we have proposed a GIS-based implementation of Benfratello’s method, which allows us to estimate the def-
icit as a climatic characteristic on the basis of the knowledge of the precipitation regimes, the maximum required

evapotranspiration and of the soil field capacity. The presented model couples the solidity of the results with a low compu-
tational burden, and could work as a webGIS tool for water management and irrigation advisory. The method was originally
designed for Mediterranean semiarid climates and it is suitable for all semiarid climates. In order to extend its potential, we

have also defined relationships that allow estimation of the deficit uncertainty. The model was applied to the case study of
Capitanata agricultural district, for which the reference climate was defined on the basis of data collected at 19 stations
with data series lengths ranging from 15 to 62 years. In compliance with the original simplicity of the method, the maps

of the precipitation and temperature regimes were obtained with the Thiessen–Voronoi tessellation and with an altitudinal
gradient, respectively, and the maximum required evapotranspiration was determined both with Thornthwaite’s method
and Hargreaves’method, modulated with the FAO procedure proposed by Allen et al. (1998). However, the method is flexible

and its application is independent of how the input maps are generated. Simulations were carried out in four different land-
use scenarios available for the case study area, with reference to the years 1990, 2000, 2006 and 2011. The estimated irrigation
deficit, summarized in Table 4 for different land-use classes, was compared with both the values reported by Lamaddalena
et al. (2004) and the irrigation supply declared by the Consortium, obtaining an overall good agreement: the first comparison

produced an error of 6.4 and �1.1% if 1990 and 2006 land-use were considered, respectively, while the second one obtained
values of global irrigation efficiency of 82 and 92% (for 1990 and 2006 land-use, respectively), consistent with the drip- and
micro-irrigation practices that are commonly and widely adopted in the Capitanata irrigation district. Uncertainty maps were

produced and it was observed how the deficit uncertainty is practically attributable to the precipitation interannual variability,
while the effects of the interannual variability of the evapotranspiration demand – resulting from the temperature variability
according to the applied model – are minimal. The results were then represented on a Budyko curve and on a deficit curve (as
om http://iwaponline.com/hr/article-pdf/54/4/451/1211510/nh0540451.pdf
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Figure 12 | (a) Budyko curve and calculated water balance components for each cell of the Capitanata district in the 1990 land-cover
scenario, clustered for the land-cover classes. (b) Irrigation-deficit curves based on the Budyko curve and on its limit curve, and calculated
irrigation deficits for the 1990 land-cover scenario, clustered for the land-cover classes (zoom on the range 0:5 , ETmax=P , 2).
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a function of the aridity index) derived from the Budyko curve. It was thus observed that most of the crops (apart from the
crops grown on irrigated arable land) are well identified by the area between the Budyko curve and the limit curves, the latter

of which corresponds to the minimization of the irrigation deficit. The case is instead different for the irrigated arable land
which, being able to benefit from irrigation, deviates from the natural hydrological behavior of the soil, thus showing a greater
irrigation demand. It is our main conclusion that, due to its simplicity and the small number of needed parameters, Benfra-

tello’s method (although developed in the 1960s) might still be regarded as an effective tool to assess the effects of climatic,
land-use and anthropogenic change scenarios on the soil water balance and on the irrigation deficit.
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