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Introduction
In regions under water stress, irrigation is the most relevant factor 

for allowing stable and high crop production. In these areas, irrigated 
agriculture is the biggest user of water requiring almost 70% of total 
water use [1]. Climate variables such as temperature and precipitation 
play an essential role in the evapotranspiration and water requirement 
of crops and therefore affect irrigation. 

According to Intergovernmental Panel on Climate Change 
(IPCC) [2], warming of the climate system is unequivocal, as is now 
evident from observations of increases in global average air and ocean 
temperatures, widespread melting of snow and ice and rising global 
average sea level.  

Climate change is greatest in the Mediterranean area, a region 
where the impacts of such change may be amongst the most severe 
worldwide [3-6]. In this region, the risk of drought and desertification 
is already present in large areas [7,8]. 

In Italy, various authors [8-12] evidenced a decreasing trend 
in precipitation and an increasing trend in temperatures, with quite 
large differences mainly depending on the site. Extreme event analyses 
[8,10,13-15] showed increases in drought conditions in both north 
and south areas of Italy. Linear regression slope and often their sign 
(positive or negative), showed the high variability of the Italian climatic 
scenario [9,10,16].  

Crop water requirement depend largely on evapotranspiration. 
According to a traditional approach, two evapotranspiration concepts, 
reference evapotranspiration (ET0) and crop evapotranspiration under 
standard conditions (ETc), are distinguished [17]. They are defined as 
follows [17]: ET0 expresses the evapotranspiration from a reference 

surface (generally a grass crop having specific characteristics); ETc refers 
to evapotranspiration of a specific crop under standard conditions 
(large fields under excellent agronomic and soil water conditions). 

The only factors affecting ET0 are meteorological variables, given 
a reference crop. Therefore, ET0 is a climatic parameter that can be 
computed from weather data and used to a reliable parameter for 
assessing long-term trends of the atmospheric evaporative demand 
[6,18,19]. Instead of, irrigation scheduling parameters depend also 
on precipitation, vegetation properties and soil characteristics, water 
availability, and to other non-climatic forces, which could mitigate the 
impact of changes in climatic regime. Therefore, trends in irrigation 
scheduling parameters cannot be predicted indirectly because the 
different variables involved in the calculation could show different or 
even opposite trends. As an example, when the evapotranspiration 
increases and precipitation (and water resources) decreases, climate 
affects irrigation agriculture doubly, especially if the growing cycle of 
the crops coincides with the period most affected by climate change. 

In literature, various studies have analyzed ET0 trends and have 
shown a variety of results in different regions of the world ([6] for a 
review). Instead of, there are relatively few studies [20] evidencing 
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the effects of climatic trends on irrigation scheduling based on long 
historical data-set. Some studies investigate crop water requirement 
trends on the basis of future scenarios ([21,22] between the more 
recent). 

This study aims to evaluate the effects of climate change on ET0 
and irrigation scheduling parameters during last century and the first 
decade of the present century in Calabria, a Italian Region located in 
the Mediterranean area. Measured meteorological variables (minimum 
and maximum air temperature and precipitation) and the derived 
agro meteorological index ET0 were analyzed in order to evaluate if 
any time trend does exist and how it affects the irrigation scheduling 
parameters (irrigation amount and frequency) for citrus and tomato 
groves. The area studied is a region characterized by highly complex 
precipitation and temperatures patterns [7,8,11,16,23-25]. The studies 
cited have analyzed spatial and temporal distribution of precipitation, 
temperature and drought within this region; however the effects of 
climate change on irrigation scheduling parameters discussed in the 
present paper have not been the subject of previous investigation. 

Study Area and Meteorological Data Set
The Calabria region is a long narrow peninsula with a surface of 

almost 15,000 km2 and a coastline of almost 750 km on the Ionian and 
Tyrrhenian coasts of the Mediterranean Basin. The peninsula, located in 
the Southern Italy, extends for a length of about 250 km North to South 
and for a width ranging between 31 and 111 km East to West (Figure 

1).  A mountain range (the Apennines) running perpendicularly to the 
dominant moisture-bearing wind direction, the geographical position 
in the Mediterranean basin and the orographic variability characterizing 
the area cause strong rainfall and temperature variability [8,11,24].  The 
Region is mainly hilly: 42% of the land is mountainous, 49% hilly and 
9% flat.  Agriculture is mainly carried out in the flat and hilly areas and 
is characterized by the presence of orchards and herbaceous crops. 

The Italian Hydrographic Service until 2002 and the Arpa Calabria 
to date manage in the Region a dense network of meteorological 
stations where precipitation and temperatures were recorded since 
1916 for some station [16].  In this study, the analysis is carried out 
on meteorological stations selected on the basis of data set length 
and continuity and geographic and altitude representativeness of the 
irrigated areas of major economic importance for the Region. The 
irrigated areas were selected on the basis of the results of the 6th Italian 
General Census of Agriculture [26]. 

Crossing the aforementioned criteria, the period 1925-2013 (89 
years) and the nine meteorological stations in Figure 1 (with a % of 
missing data < 20%) were selected for the study. The period before 1925 
has been dropped due to the large number of missing data. Table 1 
shows the main characteristics of the stations and the related data set 
length (Table 1).

Methods
Estimation of the irrigation scheduling parameters

The software CROPWAT [27] was used to estimate the irrigation 
scheduling parameters of citrus and process tomato groves, the most 
representative crops in the irrigated agricultural system of the Calabria 
region. CROPWAT has been widely used throughout the world in the 
evaluation of ETc and the water amount to be supplied (CWR) and 
in the agricultural and irrigation planning ([21,22] between the more 
recent). Some studies [37-39] have demonstrated the consistency 
between the CWR measured by field experiments and that estimated 
by CROPWAT. FAO recommends the use of CROPWAT in order to 
estimate CWR under various scenarios of climate change [1,27].

Calculations of irrigation requirements and scheduling utilize 
inputs of climatic, crop and soil data, as well as irrigation and 
precipitation data. The simulations are based on the daily water balance 
[17]. 

Monthly climatic data (e.g., maximum and minimum temperatures, 
humidity, wind speed and actual sunshine hours), smoothed into 
daily values, and geographical information (coordinates and altitude 
of the location) are used by CROPWAT to calculate ET0 according to 
the FAO Penman-Montieth equation [17]. ETc is therefore estimated 

 

Figure 1: Study areas.

Station Exposure UTM_ED50 Coordinates Altitude   (m a.s.l.) Number of years available
Est North Temperatures Precipitation

Castrovillari Ionian 602950.1 4407949.0 353 87 95
Caulonia Ionian 622133.9 4250441.0 275 87 91

Chiaravalle Ionian 621718.5 4284454.5 550 87 98
Cittanova Thyrrenian 593822.4 4247114.0 407 87 98
Crotone Ionian 680528.2 4329242.5 6 87 98

Fiumefreddo Bruzio Thyrrenian 591167.3 4344480.5 220 77 84
Reggio di Calabria Thyrrenian 583120.0 4533310.1 15 87 97

Rossano Ionian 639440.3 4382580.0 300 71 73
S.Eufemia Lamezia Thyrrenian 608729.0 4309964.5 25 80 85

Table 1: Characteristics of the meteorological stations and data set length.
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by crop information as crop type, planting dates, crop coefficient 
(Kc) and length (days) of the initial, mid-season and late-season crop 
development stage. Precipitation data, root depth at the beginning 
and at the end of the crop growing season, soil data (e.g. field capacity, 
wilting point and infiltration rate), the critical level of soil moisture 
that causes stress,  the irrigation scheduling criteria and the irrigation 
system efficiency are finally used to schedule irrigation (amounts and 
intervals).

CROPWAT shows the results of calculations in tables and 
figures. In particular, the Irrigation schedule table describes [17]: 
the date of each irrigation, the total available moisture, the readily 
available moisture, the total and effective precipitation, the actual crop 
evapotranspiration (ETa), the ratio ETa/ETc, the soil moisture deficit, 
the interval since the last irrigation took place, the irrigation depth to 
apply (Ir), the irrigation water that is not stored in the soil  and the 
adjustments the user can makes.  

In the case examined, monthly temperatures and precipitation 
measured by the nine meteorological stations during 1925-2013 period 
were imputed to CROPWAT. The database used was the one presented 
in Capra et al. [16] updated until 2013. Humidity, wind speed and 
real sunshine hours data with the same spatiotemporal density of the 
temperatures and precipitation are not available in the Region, as it 
is very common in Mediterranean region [20]. In these conditions, 
CROPWAT estimates humidity, wind speed and sunshine data based 
on their CLIMWAT-databases and the FAO indirect procedures 
described in Allen et al. [17]. 

The simulation was applied to citrus Clementine and processing 
tomatoes, since they represent typical irrigated crops which use high 
water amounts and which have great economic importance in the 
Region [26]. 

The agro-techniques (planting dates, length of the different 
growing stages, etc.) assumed in the simulation were those usually 
adopted in the agricultural areas investigated. The Kc, the root depth 
and the critical depletion level were obtained from FAO database for 
each crop. Table 2 shows crop input (Table 2).

The input data on soil characteristics are: the field capacity (ӨFC), 
the wilting point (ӨWP) and the infiltration rate (I). The hydrological 
parameters of the soil are among the least available in routine surveys 

and among the most expensive to measure. Throughout the years 
were consequently developed several pedotransfer functions for 
their derivation using soil data routinely measured [40,41]. The two 
following steps were used to estimate these data:

a) The Calabria soil map [42] was overlapped to the land use map 
[43]  by a GIS to identify the soil types, and their physical-chemical 
characteristics,  in the areas cultivated with the crops of interest in the 
agricultural areas observed;

b) Pedotransfer functions based on sand, silt, clay and organic 
carbon soil contents and on bulk density were used to estimate ӨFC, 
ӨWP and I. The software SOILPAR 2.00 [44] was used for calculation. 

Figure 2 shows an example of overlay of the two maps cited for the 
area S. Eufemia Lamezia. Table 3 describes the soil characteristics of the 
study areas (Figure 2).

The criteria to irrigate and to return the soil back to field capacity 
when all the easily available moisture (RAW) has been used was chosen 
between the different scheduling options offered by CROPWAT. 
According to FAO standard methods [17], RAW for no stress was fixed 
at 0.5 of total available water (TAW) for citrus and 0.4 for tomatoes. 
The irrigation system efficiency was fixed at 85%.

Almost 2000 simulations (obtained by the product between the 
number of agricultural areas examined, the observation years, the crop 
types and the soil types) were performed and analyzed.

Trend analysis

The temporal variability of the irrigation parameters was analyzed 
using standard trend analysis tests. The tests applied were the non-
parametric Mann-Kendall (MK) test, which reliably identifies 
monotonic linear and non-linear trends [45] and the linear trend (Lin) 
test [46]. The significance of the coefficients Z (for the MK test) and r 

 
Figure 2: Example of overlay between the Calabria soil map and the 
CORINE-LAND COVER map for the S. EufemiaLamezia agricultural 
area (2.2, 9.15 ...... = soil classes; yellow areas = CORINE grid code 13- 
Permanently irrigated land; light blue areas= CORINE grid code 16- Fruit 
trees and berry plantations).

  Initial Development Mid 
season

Late 
season

Total

Citrus
Crop coefficient (Kc)

(1) 0.65 0.6 0.65
Length of the growing season 

(days)
60 90 120 95 365

Maximum root depth (m) 1.1 1.5
Critical depletion level 

(CWR(2))
0.5 0.5 0.5

Yield response factor (Ky) 0.8-1.1
Tomato

Crop coefficient (Kc) 1.15 0.8 0.6
Length of the growing season 

(days)
30 40 45 35 150

Maximum root depth (m) 0.7 1.5
Critical depletion level 

(CWR(2))
0.4 0.4 0.4

Yield response factor (Ky) 0.4 1.1 0.8 0.4 1.05
(1) no ground cover, 50% canopy; (2) easily available moisture.

Table 2: Crop input.
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(correlation coefficient, for the Lin test) was checked for three different 
levels of probability (P ≤ 0.01, 0.05 and 0.10).

The search for trend was applied to the datasets of P (mm), Tmax and 
Tmin (°C), for the derived bioclimatic parameter ET0 (mm) and for the 
irrigation scheduling parameters. 

Monthly data were cumulated (for P and ET0) or averaged (for 
Tmax and Tmin) at annual and seasonal scale. Seasonal analysis included: 
1st quarter (from January to March), 2nd quarter (from April to June), 
3rd quarter (from July to September), 4th quarter (from October to 
December) and dry period (from April to September) when irrigation 
is generally required. In the Mediterranean climate of southern Italy, 
the four quarters correspond to the season’s winter, spring, summer 
and autumn, respectively; the April-September period (2nd quarter plus 
3rd quarter) and the October-March period (4th quarter plus 1st quarter) 
represent the dry and wet period, respectively.

For each year, the irrigation parameters submitted to the research 
for trends were:

- The total irrigation depth (Ir,s in mm), obtained cumulating the 
depth of each irrigation (Ir);

- The duration of the irrigation season (D in days), e.g. the days 
between the first and the last irrigation;

- The number of irrigation in the irrigation season (N);

- The date of the first irrigation (day and month);

- The date of the last irrigation (day and month).

The trend analysis was carried out using the software TREND [47]. 

Results and Discussion
Main statistics of climatic and bioclimatic characteristics

Table 4 allows comparing the long period (1925-2013) mean 
climatic and bioclimatic characteristics of the areas analyzed at early 
and dry (irrigation) period scales.

The mean yearly temperatures varied between 18.23 and 27.11°C 

  Crop Texture Clay (%) Sand 
(%)

Silt 
(%)

Bulk 
density  
(g.cm-3)

Organic 
Carbon (%)

Field 
capacity 
(mm.m-1)

Welting point 
(mm.m-1)

Maximum 
infiltration rate 

(mm.day-1)
Castrovillari Tomato Sandy-loam 15.0 60.0 25.0 1.4 0.7 220 110 ≥300

Citrus Loam 26.6 48.9 24.6 1.1 1.7 340 190 201
Caulonia Citrus Sandy-loam 19.7 51.4 28.9 1.2 0.9 280 140 ≥300
Chiaravalle Citrus Sandy-clay-loam 21.2 51.5 27.3 1.1 2.4 340 180 ≥300
Cittanova Citrus Sandy-loam 8.3 68.7 23.0 1.3 1.2 200 90 ≥300
Crotone Tomato Clay-loam 31.2 34.8 34.1 1.2 0.8 350 200 81
Fiumefreddo B. Tomato Sandy-loam 14.7 63.2 22.1 1.2 1.8 270 140 ≥300
Reggio Calabria Citrus Sandy-loam 10.9 65.5 23.7 1.3 0.7 200 100 ≥300

Tomato Loam 14.6 50.1 35.4 1.0 3.3 360 170 ≥300
Rossano Citrus Sand 81.5 3.0 15.5 1,5 0.5 120 50 ≥300
S.Eufemia L. Citrus Sandy-loam 15.9 66.3 17.8 1.2 0.8 230 120 ≥300

Tomato Sandy-loam 14.1 55.9 30.0 1.2 1.0 250 120 ≥300

Table 3: Describes the soil characteristics of the study areas.

    Castrovillari Caulonia Chiaravalle Cittanova Crotone Fiumefreddo 
Bruzio

Reggio 
Calabria

Rossano S.Eufemia 
Lametia

P (mm)
average year 853.72 972.08 1461.50 1474.78 678.00 1065.66 609.29 941.94 920.20

dry period 244.19 260.86 312.80 393.21 149.22 311.00 153.30 214.30 240.80
standard 
deviation

year 207.92 259.24 394.18 295.14 183.02 224.63 119.45 244.21 197.76
dry period 89.39 101.18 132.60 125.51 72.54 100.76 52.78 83.84 92.71

Tmax (°C)
average year 20.78 26.08 18.23 26.86 21.43 25.61 22.09 27.11 21.50

dry period 26.82 31.70 23.62 32.41 26.60 30.60 26.52 33.20 25.98
standard 
deviation

year 1.07 1.09 1.01 1.22 1.20 1.37 0.87 1.16 0.83
dry period 1.31 1.55 1.36 1.84 1.53 1.59 1.52 1.55 1.10

Tmin (°C)
average year 10.17 9.02 9.61 7.02 13.11 8.39 14.43 8.02 12.70

dry period 14.31 13.30 13.46 11.12 17.20 12.40 18.12 12.50 16.33
standard 
deviation

year 1.33 1.04 0.98 1.38 1.42 1.35 0.72 1.44 1.03
dry period 1.60 1.16 1.14 1.45 1.56 1.32 0.89 1.62 1.11

ET0 (mm)
average year 1078.23 1472.35 930.93 1579.93 974.39 1419.87 929.98 1560.19 987.26

dry period 808.00 1057.80 687.60 1126.60 709.30 1008.70 668.70 1135.40 701.30
standard 
deviation

year 57.96 81.41 68.16 88.99 108.39 83.58 78.19 93.05 66.16
dry period 44.47 71.09 56.58 78.56 84.82 66.60 60.56 73.82 55.45

Table 4: Climatic and bioclimatic characteristics of the areas studied during 1925-2013 period.
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for Tmax and 7.02-14.43°C for Tmin (Table 4). The average Tmax and Tmin 
in dry period were 4-6°C and almost 4°C higher respect to the yearly 
averages, respectively.

Yearly ET0 varied in the range from 929.98 mm (Reggio Calabria) 
to 1579.93 mm (Cittanova). ET0 in dry period represented a percentage 
ranging from 71 to 75% of the yearly ET0.

The lower precipitation, the higher temperatures and ET0 in the dry 
period highlights the need for artificial water supplies (irrigation) in the 
spring-summer seasons.

Trend of climatic and bioclimatic characteristics

Precipitation: Figure 3a depicts, for the seasonal and yearly scale, 
the percentage of stations that showed increasing or decreasing trends, 
derived using both the Mann-Kendall (MK) and the linear (Lin) tests. 
The figure also shows the percentage of significant trends for P ≤ 0.10. 

The level of significance for P ≤ 0.10 has been considered because the 
percentage of significant trends was very low for P ≤ 0.05 and P ≤ 0.01 
(Figure 3).

Results of the MK test evidence that almost all the series analyzed 
exhibited negative precipitation trend at yearly scale and for 1st and 
4th quarter (Figure 3a). Particularly, almost 80% and 60% of the series 
showed significant negative trend for annual and 1st and 4th quarter, 
respectively. Whereas, one third of the stations showed increasing, but 
not significant, trends in 2nd quarter, and 90% of the series evidenced 
increasing trend in 3rd quarter. 

Similar results were obtained with the Lin test (Figure 3a), with 
light differences in the percentage of stations showing increasing/
decreasing or significant/not significant trends.  

Despite the different number of stations considered, these results 
are coherent with those founded by [16] at the scale of the whole 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

0

20

40

60

80

100

1s
t M

K

2n
d 

M
K

3r
d 

M
K

4t
h 

M
K

ye
ar

 
M

K

1s
t L

in

2n
d 

Li
n

3r
d 

Li
n

4t
h 

Li
n

ye
ar

 
Li

n

%

(a)

0

20

40

60

80

100

1s
t M

K

2n
d 

M
K

3r
d 

M
K

4t
h 

M
K

ye
ar

 M
K

1s
t L

in

2n
d 

Li
n

3r
d 

Li
n

4t
h 

Li
n

ye
ar

 L
in

%

(c)

0

20

40

60

80

100

1s
t M

K

2n
d

M
K

3r
d 

M
K

4t
h 

M
K

ye
ar

 
M

K

1s
t L

in

2n
d 

Li
n

3r
d 

Li
n

4t
h 

Li
n

ye
ar

 
Li

n

%

(b)

0

20

40

60

80

100

1s
t M

K

2n
d 

M
K

3r
d 

M
K

4t
h 

M
K

ye
ar

 M
K

1s
t L

in

2n
d 

Li
n

3r
d 

Li
n

4t
h 

Li
n

ye
ar

 L
in

%

(d)

0

20

40

60

80

100

2n
d 

M
K

3r
d 

M
K

dr
y 

p.
 M

K

2n
d 

Li
n

3r
d 

Li
n

dr
y 

p.
 L

in

%

(e)

0

20

40

60

80

100

D
-M

K

D
-L

in

N
-M

K

N
-L

in

%

(g)

0

20

40

60

80

100

D
-M

K

D
-L

in

N
-M

K

N
- L

in

%

(h)

0

20

40

60

80

100

2n
d 

M
K

3r
d 

M
K

dr
y 

p.
 

M
K

2n
d 

Li
n

3r
d 

Li
n

dr
y 

p.
 

Li
n

%

(f)

Figure 3: Percentage of stations with increasing (Incr.) or decreasing (Decr.) and significant (P≤0.10) trends estimated by the Mann-Kendall (MK) and linear 
(Lin) tests.  (a) Maximum temperature; (b) Minimum temperature; (c) Precipitation;(d) Reference evapotranspiration; (e) Citrus irrigation depth; (f) Tomato 
irrigation depth; (g) Irrigation season duration  (D) and number  (N) for Citrus; (h)  Irrigation season duration (D) and number  (N) for Tomato.
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region. This analysis, based on 110 precipitation series evidenced 
yearly precipitation decreased in mean of about 31.8 mm.decade-1 
(representing almost 30% of the yearly mean precipitation in the 
region) during the period 1921-2007. 

The slopes (b) of the yearly trends (Table 5) ranged from -3.35 
mm.decade-1 (Reggio Calabria) to -67.17 mm.decade-1 (Chiaravalle), 
corresponding to a decrease of 5% and 41% of the mean precipitation 
in the period observed, respectively.  At seasonal scale, the slopes were 
generally negative, with the exception of the 3rd quarter, when the 
slopes were positive, but the negative slopes were generally higher than 
the positive slopes. 

Particularly crucial for the water resource are the negative 
trends appeared during the wet period equal to a mean of almost 25 
mm.decade-1, corresponding to almost 23% of the mean precipitation. 
This trend has a negative impact because it reduces the supply of the 
surface and underground water reserves. Instead of, the positive trends 
in the spring and, mainly, in summer precipitation can contribute to a 
decrease in the irrigation amount, as will be discussed in the paragraph 6.3.

Temperatures: Thermometric parameters indicated, at yearly 
scale, a general decreasing trend for Tmax, whereas both increasing and 
decreasing trends were observed for Tmin. 

 

(b)  (mm.decade-1 or 
°C.decade-1) Castrovillari Caulonia Chiaravalle Cittanova Crotone Fiumefreddo 

Bruzio
Reggio 

Calabria Rossano S.Eufemia 
Lamezia

min max mean
Precipitation
year -67.167 -3.354 -25.278 N N N N N N N N N
1st quarter -28.801 -1.045 -9.652 N N N N N N N N N
2nd quarter -12.708 2.017 -3.806 N P N N P N N N N
3rd quarter -0.991 5.307 2.977 N P P P P P P P P
4th quarter -36.773 -4.363 -14.271 N N N N N N N N N
dry period -9.292 6.930 -0.868 N P N N P N P N N
Tmax

year -0.187 0.116 -0.057 N N N P N N N N N
1st quarter -0.185 0.068 -0.031 N N N P P N N P N
2nd quarter -0.195 0.145 -0.015 N N N P N N P N N
3rd quarter -0.264 0.098 -0.107 N N N P N N N N N
4th quarter -0.332 0.151 -0.072 N N N P N N N N N
dry period -0.226 0.122 -0.061 N N N P N N P N N
Tmin

year -0.077 0.304 0.079 N N N P P N P P N
1st quarter -0.153 0.238 0.038 P N N P P N P P N
2nd quarter -0.060 0.332 0.109 N P N P P N P P P
3rd quarter -0.061 0.368 0.121 N N N P P N P P P
4th quarter -0.170 0.280 0.043 N N N P P N P P N
dry period -0.061 0.350 0.115 N P N P P N P P P
ET0

year -15.947 1.730 -5.507 N P N P N N N N N
1st quarter -1.704 0.604 -0.280 P N P N N N N N N
2nd quarter -4.486 1.438 -0.949 P P N P N P N N N
3rd quarter -7.770 0.188 -3.403 N P N N N N N N N
4th quarter -4.070 0.821 -0.743 P P P P N N N N N
dry period -11.931 1.626 -4.352 N P N P N N N N N
Irrigation depth
Citrus
2nd quarter -4.234 5.378 1.360 P P P I - - N P P
3rd quarter -10.439 -0.275 -2.894 N N N D - - N N N
dry period -12.763 4.790 -2.398 P N N I - - N N N
Tomato
2nd quarter -8.274 9.960 1.401 N - - - N P P - P
3rd quarter -8.450 -2.848 -5.979 N - - - N N N - N
dry period -15.646 1.510 -5.512 N - - - N P N - N
Length of the irrigation season
Citrus -2.988 1.968 -0.391 P N N P - - N N N
Tomato -2.892 -0.081 -0.845 N - - - N N N P N
Number of irrigation in the season
Citrus -0.091 0.050 -0.018 P N N P - - N N N
Tomato -0.257 0.084 -0.035 P - - - N P N P N

Table 5: Slopes and signs (N=negative; P=positive) of the trends detected in the areas studied.
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Annual Tmin increased in almost 60% of the areas examined, with 
a percentage of significant trends equal to 33% (Figure 3b). The results 
were similar for the four quarters, with a percentage of significant 
trends variable from 11% to 33% in relation to both the quarter 
considered and the method (MK or Lin test) used for trend detection. 
At yearly scale, the trend slopes (b) (Table 5) were generally higher for 
the increasing trend (from 0.1-0.3°C.decade-1) respect to the decreasing 
trends (from -0.02 to -0.08°C.decade-1). 

Both MK and Lin trends showed the annual Tmax decreased in 80-
90% of the studied stations (Figure 3c), with a proportion of significant 
trends (P ≤ 0.10) equal to almost one half. The results at seasonal 
scale were similar to that at the yearly scale for the 1st and 4th quarter, 
whereas they showed a lower percentage of decreasing trends for the 
others quarters, and mainly for the 3th, analyzed by MK test (Figure 3b). 
Yearly trend slopes ranged from -0.19°C.decade-1 to 0.116°C.decade-1 

(Table 5).

Despite the different number of stations considered, these results 
are coherent with those founded by [16] at the scale of the whole 
region. During the period 1921-2007, the analysis, based on 25 stations, 
showed yearly mean Tmin increased of 0.09°C.decade-1, maximum and 
mean temperatures decreased of 0.1°C.decade-1 and 0.08°C.decade-1, 
respectively.

Reference evapotranspiration: At yearly scale, ET0 decreased 
in almost 70% of the stations for both the MK and Lin tests (Figure 
3d). The negative trends were significant (P ≤ 0.10) in almost 50% of 
the stations. The negative trend slopes ranged from -1.73 to -15.95 
mm.decade-1 (Table 5). ET0 decreased 5.37-141.93 mm during the 89 
years observed, corresponding to 0.3-9% of the ET0 mean of the same 
period. Increasing trends were significant in almost 10% of the stations 
only for yearly MK trend and for the 4th quarter MK and Lin trends.  
The yearly changes were mainly supported by the 3rd and 4th quarters: in 
fact, ET0 decreased in almost 70% of the areas in winter, 90% in summer 
and  60% in autumn; whereas both positive and negative trends were 
observed in spring. 

The results are consistent with that found by [16] in a study on 
25 stations distributed in the Region. In this study a mean annual ET0 
decreasing of 112 mm/100 years was observed. 

Cases of decreasing trend of ET0 are not rare in literature. The trends 
in ET0 were negative in India [48,49] in different Region of China [50-
53] in Tiberian Plateau [54]. Other studies have shown positive trends 
in ET0, including those in Florida [17], central India [55], Iran [56-58], 
Spain [6,19,59,60]. Furthermore, in some areas, e.g., Australia [60] and 
different Regions of Italy [11,16,20,61,62] large spatial variability in the 
evolution of ET0 during recent decades were observed (Table 5).

Trend of the irrigation scheduling parameters

Irrigation depth: The mean total irrigation depth (Ir,s) ranged 
from 197 to 687 mm for citrus and was 414-720 mm for tomato (Table 
6). Almost the total amount of Ir,s was required in the period April-
September (dry period). It is obvious for tomato, which crop cycle 
roughly correspond to this period. For citrus, the irrigation season 
extended until October only exceptionally, in very dry and hot years 
(Table 6). 

Ir,s  decreased in almost 60-70% of the stations for citrus (Figure 
3e). The decreasing trends were significant (P ≤ 0.10) in a percentage of 
stations lesser than 20% for Lin test only. Any of the increasing trend 
was significant. The seasonal changes were mainly due to the summer 
season (3rd quarter), when Ir decreased in a percentage of stations equal 
to almost 90% and 100% for MK and Lin test, respectively. Instead of, 
the trends were mainly positive (in almost 70% of the stations) in the 
2nd quarter. The Ir,s  negative trend slopes ranged from -4.79 to -12.79 
mm.decade-1 (Table 5). Mean Ir,s  decreased 6-22% in the areas affected 
by negative trends and increased 1% and 7% in the two areas showing 
positive trends. 

The trends showed a similar behavior for tomato (Figure 3f), with 
little differences in the percentage of positive/negative and significant/
not significant trends.  Ir,s  decreased in 80% of the stations for both MK 
and Lin tests. The negative trends were significant (P ≤ 0.10) in one 

  Castrovillari Caulonia Chiaravalle Cittanova Crotone Fiumefreddo 
Bruzio

Reggio di 
Calabria

Rossano S. Eufemia 
Lametia

Mean

Citrus                  
Irrgation depth (mm)                  
average 300.85 572.91 196.97 616.31 - - 266.47 686.61 237.94 411.15
standard deviation 95.36 115.95 87.24 174.68 - - 77.75 126.32 84.35 108.81
Irr. season duration (days)                    
average 69.37 105.46 21.57 90.90 - - 65.89 154.83 56.84 80.69
standard deviation 31.30 28.93 28.84 28.02 - - 29.63 41.60 33.59 31.70
Number of irrigation                    
average 3 5 1 5 - - 2 3 2 3
standard deviation 0.96 0.87 0.63 1.19 - - 0.71 1.38 0.86 0.94
Tomato                    
Irrgation depth (mm)                    
average 485.61 - - - 482.31 719.80 421.69 - 414.16 504.72
standard deviation 125.94 - - - 90.07 106.11 82.43 - 88.81 98.67
Irr. season duration (days)                    
average 126.60 - - - 125.98 98.10 117.56 - 123.42 118.33
standard deviation 11.01 - - - 11.15 23.27 11.43 - 11.58 13.69
Number of irrigation                    
average 10 - - - 12 16 7 - 10 11
standard deviation 2.08 - - - 2.83 1.28 1.30 - 2.41 1.98

Table 6: Mean values (1925-2013) of the irrigation parameters.
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half of the cases. The negative trend slopes ranged from -2.64 to -15.65 
mm.decade-1 (Table 5), corresponding to -6% and -29% of the  Ir,s  mean 
of the period 1925-2013. Similarly to the citrus, the Ir,s  trends were 
mainly due to the summer (3rd quarter), when Ir decreased in 100% of 
the stations, whereas this percentage was 60% in spring.

Duration of the irrigation season and number of irrigations: The 
mean duration of the irrigation season (D) was 81 and 118 days for 
citrus and tomato, respectively, with a wide range for the different areas 
considered, mainly for citrus (Table 6). For this crop, the minimum 
value was registered for Chiaravalle due to the lower values of Tmax 
coupled to the higher values of precipitation. 

The length of the irrigation season showed decreasing trends, but 
generally not significant, for both citrus and tomato, with the only 
exception of Castrovillari and Cittanova, which trends were positive 
for citrus (Figure 3g). The shortening of the irrigation season was due 
to an anticipated closing, whereas there was no change in the date of 
the first irrigation.

The mean number of irrigation in the season ranged from 1 to 5 
for citrus, and from 7 to 16 for tomato (Table 6). It should be noted 
that CROPWAT estimates irrigation scheduling in the hypothesis to 
irrigate 100% of the crop surface area (10,000 m2 ha-1), and, therefore, 
when surface or sprinkle irrigation systems are used. The depth of 
each irrigation has to be reduced proportionally to the percentage 
wetted area and, therefore, the number of irrigations in the season to 
be increased in the same proportion, when localized irrigation is used 
[29,61]. As an example, the depth of each irrigation is reduced by half, 
and the number of irrigations is doubled, when the percentage wetted 
area is 50%.

The number of irrigations was decreasing in almost 80% of the 
stations for both citrus and tomato.  The percentage of significant 
trends is very low (Figures 3g and 3h). The positive trends of Cittanova 
and Castrovillari can be considered null, due to the b values near to 
zero. That is due to the effect of the opposite trends in springtime and 
summer.  

Effects of meteorological variables on the trends of ET0  and 
irrigation scheduling parameters 

As it is well known, multiple factors may be associated with changes 
in ET0 [19]. In the Region examined, the temperature trends affected 
the ET0 trends, as expected. The decreasing of ET0 was mainly due to 
the decrease of Tmax. This is in accordance with the results of a study on 
the sensitivity of ET0 to changes in meteorological parameters in Spain 
[19] which showed ET0 was more sensitive to changes in Tmax than Tmin. 
In fact, evapotranspiration daily cycles are determined by the solar 
radiation, which is commonly recorded at the time of the day in which 
Tmax is measured; whereas during the night, when Tmin is measured, 
evapotranspiration is much lower. In some stations, the ET0 trend sign 
(positive or negative) depended on the difference in the slope and, 
mainly, in the sign (positive or negative) for the Tmax and Tmin trends, 
e.g. the asymmetrical behavior of the two variables influenced the ET0 
trend as observed in other studies [16,50,57,62]. This consideration 
is based on the fact that differences between Tmax and Tmin are closely 
related to the daily solar radiation [17,63]. Figure 4 depicts, as examples, 
the ET0 summer decreasing trends for Fiumefreddo Bruzio, where both 
Tmax and Tmin decreased, and for Crotone, where Tmax decreased and 
Tmin increased (Figure 4). 

Different results were obtained, in different regions, on the 
meteorological factors influencing ET0 trend. Chattopadhyay and 

Hulme [49] stated that ET0 decreased over the Indian region, in 
spite of the general increase in temperature, due to increases in 
relative humidity and decreases in radiation. Xu et al. [53] indicated 
ET0 significant decreasing trend was mainly caused by a significant 
decrease in net total radiation in the Changjiang basin in China 
during 1960–2000.  Zhang et al. [54] concluded that ET0 significantly 
decreased of 47% in the Tibetan Plateau during 1966-2003 despite the 
air temperature at most of the sites significantly increased. Trends of 
the same sign (positive) for both temperatures and ET0 were found in 
the western half of Iran [57] and in Apulia, a southern Italy Region near 
Calabria [20]. According to Vicente-Serrano et al. [19], the observed 
increases of ET0 in Spain were mainly driven by warming processes 
and reduced water supply to the atmosphere, which decreased relative 
humidity.

The trends of irrigation depth showed high variability, as discussed 
in the previous paragraph, due to their dependence on both the trend 
of ET0 (and, therefore, of Tmax and Tmin) and precipitation. The local 
meteorological parameters influenced the nature and magnitude of the 
Ir,s trends in different ways. The Ir,s trend could be decreasing even if ET0 
increased, as long as precipitation increased, or vice-versa. A further 
cause of variability was the variability of the trends in the different sub-
periods (2nd and 3rd quarters) of the irrigation season.

Some examples can show this complexity in the Region studied. 
The following analysis refers to the dry period (April-September), that 
constitutes the irrigation season in the environment considered, and to 
the 2nd and 3rd quarters, separately. 

The Ir,s decrease was clearly due to both ET0 decrease and 
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Figure 4: Trends of Tmax, Tmin and ET0 in the 3rd quarter for Fiume freddo 
Bruzio (a) and Crotone (b).
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precipitation increase in two stations (Crotone and Reggio Calabria) 
over nine (Table 5). Both Ir,s, ET0 and precipitation trends were negative 
in dry period in three stations (Chiaravalle, Rossano and S. Eufemia 
Lamezia). The major role on Ir,s trends was played, for these stations, 
by the summer trends respect to springtime trends. In fact, at seasonal 
scale, Ir trends were positive, despite ET0 decreased, due to precipitation 
negative trends, in 2nd quarter, whereas both Ir and ET0 trends where 
negative, and precipitation trends positive, in summer. The positive 
Ir,s trends were mainly due to the precipitation negative trends in two 
of the examined stations (Castrovillari and Fiumefreddo), being ET0 
decreasing. Ir,s decreased in Caulonia despite the positive trend of ET0, 
due to precipitation increase in 3rd quarter. Lastly, the Ir,s increase was 
mostly explained by the ET0 increasing trend for Cittanova.

The date of the first irrigation remained unchanged, whereas there 
was an anticipated closing due to the positive trend in the summer 
rainfall.

Palumbo et al. [20], using the data measured in one 
agrometeorological station located nearby Foggia (Puglia Region, 
South Italy) and covering the 1957–2008 period, demonstrated growth 
trend of tomato water deficit (32 mm.decade-1) took place [64-66]. 

Summary and Conclusions
In this study, we have analyzed the effects of climate change on 

citrus and tomato irrigation scheduling parameters in the most 
important irrigated areas of Calabria (South Italy), between 1925 and 
2013, by comparing the changes of the irrigation depth, of the irrigation 
season length and the number of irrigations in the season, to the trends 
of climatic (temperatures and precipitation) variables involved in the 
calculation. The change in irrigation parameters is due exclusively 
to the climatic factors, since any agronomic aspect was considered 
constant.

 The main results of this study are:

•	 There was a slight general decrease in the seasonal irrigation 
depth for both citrus and tomato. The average annual magnitude of 
decreases throughout Calabria were 2.40 and 5.51 mm.decade-1 for 
citrus and tomato, respectively, corresponding to -7% and -11% of the 
mean irrigation depth of the 89 years considered

•	 The length of the irrigation season decreased in mean by 0.7 
and 1 day.decade-1, for citrus and tomato, respectively; the number of 
irrigation decreased by 10% and 5% for citrus and tomato, respectively

•	 ET0 generally decreased, with an average magnitude of -5.51 
mm.decade-1, corresponding to -4%, and with a large spatial variability; 
ET0 trends depended mainly to maximum temperature (decreasing) 
than minimum temperature (increasing)

•	 The trends of the irrigation scheduling parameters depended 
on both ET0 and precipitation.  Precipitation decreased at yearly scale, 
but increased in summer, the season when irrigation requirements are 
higher in the environment considered. The positive trend in summer 
precipitation also caused an advance of the last watering, resulting in a 
slight decrease of the length of the irrigation season

•	 Spatial pattern of the change is complex and mostly random 
due to the influence of the microclimate (minimum and maximum 
temperatures, precipitation) which, in turn, depends on exposure and 
local topography, as demonstrated in previous studies  

The results, on the whole, show the importance of studies at 
regional scale considering the detection of trends even opposite 

with respect to those found in studies on other areas in the same 
Mediterranean region. The elaboration of more local studies is useful 
in order to deepen knowledge on the problematic of each zone and to 
plan concrete actions.

At regional level, the results have practical interest, since they 
highlight how the change in the irrigation parameters for two crops 
economically relevant for Calabria are of little magnitude compared 
with the change in meteorological variables, such as the significant 
decrease in the autumn and winter wet period precipitation (-25 
mm.decade-1 in mean) that can reduces the availability of the 
underground and surface water for irrigation.
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