
Abstract 

The EPIC (Environmental Policy Integrated Climate) model was
used to assess the effects of climate change on sorghum hay (Sorghum
bicolor Moench.) in Southern Italy under different future climatic sce-
narios. The aim of this study was to compare the results of sorghum
simulation obtained with a climatic baseline generated dataset with
those obtained using several future datasets. The study area was locat-
ed in the Capitanata plain (southern Italy). The EPIC model was cali-
brated and validated using experimental data sampled from a two-year
experiment (2008-2009) of sorghum carried out in the experimental
farm of the CRA. The baseline simulation was based on daily climatic
data generated by mean of a statistical downscaling process applied on
an empirical dataset including 55 years (1951-2005). The forecasting
simulations data were derived by a statistical downscaling process
applied on climatic projections of three general circulation models:
CCSM3, ECHAM and HadCM3 and were referred to two IPCC scenarios
(A2 and B1). Each general circulation models and every scenarios
were run for three periods: 2011-2040, 2041-2070, 2071-2100 and so, 18
forecasting simulations were run and compared with the generated
baseline. The simulation results highlight, for all three GCMs and for
both scenarios, possible trends for sorghum hay in the future such as:
decrease of biomass yields, crop cycle duration and irrigation volume,

while an increase of irrigation water efficiency and daily evapotranspi-
ration. These trends resulted more evident in the A2 than B1 scenario
and in the last future 30-year period of simulation.  With the A2 sce-
nario a decrease up to 5 t ha–1 was obtained for dry plant biomass and
a shortening up to 20 days for crop cycle duration in the third 30-year
future period. CCSM3 and HadCM3 models gave results more similar
to each other, different by ECHAM model that did not produce large dif-
ference between A2 and B1 climatic scenarios. EPIC model was able to
simulate the response of sorghum to climate change and, based on the
results obtained, some mitigation strategies could be proposed, such
as: earlier sowing time or choice of cultivars with shorter growing
cycle.

Introduction

Agriculture is one of the sectors that will be significantly affected by
climate-change with important consequences for mankind. The stud-
ies published by the Intergovernmental Panel on Climate Change
(IPCC) show that the increase in greenhouse gases, first of all in CO2,
will modify the global climate, by causing rising of surface air temper-
atures, by altering precipitation patterns and the global hydrologic
cycle and by increasing the frequency of extreme weather events
(IPCC, 2007). The impacts of climate change on crops were demon-
strated in several experimental studies. It is known for example that
temperatures influence yields mainly by controlling the rate of bio-
mass accumulation and the duration of growth (Vu et al., 1997;
Kimball et al., 2002; Fuhrer, 2003; Ainsworth and Long, 2005).
For this reason, the interest of the scientific community has focused

to the possibility to predict the consequences of climate-changes on
crops at farm, regional and global scale, in order to evaluate appropri-
ate mitigation strategies as good management practices. The use of
synthetic climatic data-set derived from Global Circulation Models
runs, in feeding like input of crop growth models, is one of the most
used approach to this purpose (Bernardos et al., 2001; Guerena et al.,
2001; Mearns et al., 2001; Tubiello and Ewert, 2002; Izaurralde et al.,
2003; Thomson et al., 2005; Lobell et al., 2006). The semi-arid regions,
like Mediterranean area, are particularly sensitive to climate change
for their characteristic climate conditions and increases in tempera-
tures and in rainfall variability could generate negative impacts
because high summer temperatures and water stresses already now
limit crop production. According to the latest Assessment Report of the
IPCC, Climate-Change 2007 (IPCC, 2007), an annual increase up to
5°C for A2 scenario may occur by the end of this century in this area.
Sorghum is a typical crop of semi-arid climate because is adapted to
high temperatures and water stress and also has a great commercial
importance for food (grain sorghum) and for energy purpose in biogas
chain (hay sorghum).
For this study was chosen the Environmental Policy Integrated
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Climate (EPIC) model that is one of the predominant crop models that
has been widely evaluated under various environmental conditions
(Williams et al., 1989; Rosemberg et al., 1992; Brown and Rosemberg,
1999), also focused on sorghum (Niu et al., 2009) and used world-wide
to investigate climate change impacts on several crops (Easterling et
al., 1996; Brown and Rosenberg, 1997; Dhakhwa et al., 1997; Zeng and
Heilman, 1997; Priya and Shibasaki, 2001; Tan and Shibasaki, 2003;
Thomson et al., 2006; Liu et al., 2007; Tingem and Rivington, 2009). 
In Southern Italy, EPIC model has been used in experimental appli-

cations and was calibrated and validated for several field crops (Ceotto
et al., 1993; Rinaldi e Ventrella, 1997; Losavio et al., 1997; Ventrella e
Rinaldi, 1999; Rinaldi, 2001) and has been used to investigate the long-
term consequences of climate change coupling the model to future cli-
mate scenarios (Tubiello et al., 2000; Rinaldi et al., 2009).
This study was carried out to assess the consequences of climate

change on sorghum hay (Sorghum bicolor Moench.) at field scale using
a crop simulation model and climatic scenarios in order to simulate the
response of sorghum crop in future weather conditions. The climate
scenarios were generated by General Circulation Models (GCM) and
adapted to the field scale through downscaling processes. The aim is to
compare a climatic baseline scenario with several future scenarios
derived by different GCMs. The need to compare various future scenar-
ios is related to the uncertainty of the climate change projections that
could affect the crop response. Understanding the consequences of
long-term climate change is important for the agricultural policies and
the choice of mitigation strategies.

Materials and methods

Study area
The study area was located in the experimental farm of the Italian

Agricultural Research Council in the Capitanata plain (Southern Italy,
41° 8’ N, 15° 83’ E, 90 m asl) (Figure 1). This is the largest plain of
Southern Italy and is an area of intensive agriculture where many of
the most important crops of Mediterranean area are cultivated (durum
wheat, tomatoes, sugar beet, vegetables, olive, grapewine).
The soil was classified as a vertisoil of alluvional origin: typic chro-

moxerert, fine, termic (Soil Taxonomy, USDA).
The climate was classified according to UNESCO-FAO classification

as accentuated thermomediterranean with temperatures included
between 0°C in winter and more than 40°C in summer. Rainfall (560
mm, on average) is concentrated in the winter months and, in the sum-
mer, the evaporation can exceed 10 mm per day (Rinaldi, 2001). 

Model description
The EPIC model was developed in the USA in the ’80s to investigate

the relationships between erosion and soil productivity (William et al.,
1984) and for this reason its first acronym was Erosion-Productivity
Impact Calculator. Subsequently, the model was enhanced by the fur-
ther addition of modules to improve the simulation of plant growth and
others routine as that for implementation of CO2 enrichment (William
et al., 1989; Sharpley and Williams, 1990; Stockle et al., 1992). 
Nowadays EPIC is a complete tool for the study of agro-ecosystem

processes. EPIC is programmed to simulate, on a daily scale, the
dynamics and the interactions between the components of a soil-plant-
atmosphere system. 
EPIC is able to simulate processes as weather, soil erosion, hydrolog-

ical and nutrient cycling, tillage, crop management and growth/yield.
Crop growth is calculated on a daily base and requires, as weather
inputs, precipitation, maximum and minimum daily temperature, solar
radiation and wind speed as well as numerous crop parameters (mor-

phology, phenology, physiology, etc.). 
The crop growth routine calculates the potential daily photosynthet-

ic production of biomass and this is decreased by stresses caused by
shortages of radiation, water and nutrients, by temperature extremes,
and by inadequate soil aeration. The value of the most severe stress is
used to reduce biomass accumulation, root growth, harvest index and
crop yield.
In this study WinEPIC0509 version 1.0 was used. WinEPIC is a user-

friendly interface for the EPIC crop simulation model and a windows-
based application. It combines many features of the CroPMan (Crop
Production and Management) (Gerik et al., 2003) model, in which sin-
gle or a limited number of comparisons are executed and displayed,
with the possibility to manage multiple runs. WinEPIC was developed
with a focus on research applications for analyses of cultural practices
and cropping systems on production, soil quality, water quality, water
and wind erosion, and profits. 

Climatic data and  scenarios
The simulations were performed for three future 30-year periods:

2011-2040, 2041-2070 and 2071-2100. These daily data were obtained
from climatic projection generated by three general circulation models
(GCM) and by a statistical downscaling process on the study area
(Pizzigalli et al., 2012).
The GCMs used were: the Community Climate System Model Version

3 (CCSM3), the European Centre for Medium-Range Weather
Forecasts - Hamburg model (ECHAM) and the Hadley Centre Coupled
Model, version 3 (HadCM3). CCSM3 is a coupled climate GCM, devel-
oped in USA, with components representing the atmosphere, ocean,
sea ice, and land surface connected by a flux coupler. It was designed
to produce realistic simulations over a wide range of spatial resolu-
tions. This model has been used to obtained simulations of several mil-
lennia and detailed studies of continental-scale dynamics, variability,
and climate change (Collins et al., 2006). The ECHAM GCM was devel-
oped by the Max Planck Institute for Meteorology (Germany) and was
formed by modifying the global forecast models developed at European
Centre for Medium-Range Weather Forecasts - Hamburg. This model
has been created for climate research and its development continued to
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Figure 1. Location of study area.
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the current cycle ECHAM5 (Roeckner et al., 2003). ECHAM is a compre-
hensive general circulation model of the atmosphere. Depending on
the configuration, the model resolves the atmosphere up to 10 hPa
(ECHAM) or up to 0.01 hPa (MAECHAM). Based on ECHAM, more com-
plex interactively coupled model systems have been developed, includ-
ing other components of the climate system a the Ocean-Atmosphere
models. HadCM3 is a coupled atmosphere-ocean GCM, developed at the
Hadley Centre in the United Kingdom that combines two components:
the atmospheric model HadAM3 and the ocean model (which includes
a sea ice model) (Gordon et al., 2000). HadCM3 was one of the major
models used in the IPCC Third Assessment Report in 2001. This model
does not need flux adjustment (additional artificial heat and freshwa-
ter fluxes at the ocean surface) due to the higher ocean resolution, the
good match between the atmospheric and oceanic components and the
improved ocean mixing scheme. 
As emission scenarios, the A2 and the B1 IPCC scenarios were

selected in order to analyze two different possible evolutions of climat-
ic characteristics due to a major or a minor greenhouse gasses emis-
sions respectively.  The A2 scenario describes a very heterogeneous
world characterized by self-reliance and preservation of local identities
with a high population growth, a regionally and per capita economic
development and slower technological change. The B1 describes a con-
vergent world with a low population growth and a rapid change in eco-
nomic structures. The emphasis is on global solutions to economic,
social, and environmental sustainability, including improved equity,
but without additional climate initiatives (Alcamo and Swart, 1998).
For the baseline simulation, a climatic data set, collected in the same
experimental farm and including 55 years from 1951 to 2005, was used
to generate the baseline data by mean of a statistical downscaling
process (Pizzigalli et al., 2012). Daily data of rainfall, maximum and
minimum temperature and global radiation were used as EPIC model
input variables. To calculate the potential evapotranspiration, the
Priestley-Taylor equation was used.

Climatic scenarios simulation
In field experiments (Garofalo et al., 2011), sorghum hay was sub-

jected to four irrigation strategies: restitution of 50, 75, 100 and 125%
of actual evapotranspiration (ETa) and the crop growth data collected
during 2008 and 2009 were used for calibration and validation of the
model. The crop management in EPIC input file was the same of 2008
and 2009 experimental data in order to have conditions closer to the
reality. In the future model applications, the 19 EPIC runs (3 GCM x 2
scenarios x 3 30-year periods + 1 baseline) were performed using a
sorghum management shown in the Table 1. Irrigation was applied
automatically based on soil water deficits, and no limit to seasonal irri-
gation supply was assumed. The following EPIC options were selected
for automatic irrigation: i) minimum single irrigation = 30 mm; ii)
maximum single irrigation = 40 mm; iii) water available deficit for
crop root zone = -30 mm. The harvest time was based on the Growing
Degree Units (GDUs) and, in particular, it occurred when the crop
achieved 1300 GDUs, average value derived from field experiments in
the same location (Garofalo et al., 2011).

The following output variables of the model were analyzed: seasonal
irrigation water applied (IRGA, in mm), crop actual evapotranspiration
(ETa, in mm), biomass yield (YLDF, in kg ha–1) and crop cycle duration
(CCD, in days). Following, water use efficiency (WUE, in kg m–3), irri-
gation water use efficiency (IRRWUE, in kg m–3) and daily crop evapo-
transpiration (DET, in mm d–1) were calculated, where:
WUE = YLDF/ET; 
IRRWUE = YLDF/IRGA; 
DET=ETa/CCD.
The output model simulation were statistically analyzed, using the

GLM procedure of SAS/STAT software (SAS/STAT, 1987), considering all
the sources of variations and their interactions. Finally, to separate
mean values, the Least Significant Difference test was used.  

Results

Climate data analysis
The three GCM showed, for both scenarios, an increase in average

temperatures from May until November preceded by a slight decrease
in the months from January to April. The increase was more evident for
the A2 scenario and for the HadCM3 model, where the average month-
ly temperatures exceeded 30°C in July and August, 5°C higher than in
the baseline. For the B1 scenario, the increase in average temperature
was lower: the maximum monthly average temperatures reached were
about 28°C in July and August for the model HadCM3 and about 27°C
for the other two models. In the winter months (December - February)
the temperatures were very similar.
An increase in the summer-autumn rainfall was also observed, in

particular from July to November, for both scenarios with higher values
in the A2. The ECHAM model showed a different trend comparing the
other models, especially for the B1 scenario, with two peaks in July and
September of about 70 mm while similar values to those of the baseline
scenario occurred in the other months (Figure 2). The percentage dif-
ferences respect to the baseline for monthly averages temperatures
showed that the increase in the summer-autumn months (May to
November) is highest for the third 30-year future period of simulation
with peaks of more than 30%. This was particularly evident in the A2
scenario and for HadCM3 and CCSM3 models. Peaks characterized the
first model in July, August and November and the second model in
November. Low values were achieved with the model ECHAM that was
characterized by an increase of about 30% only in July. For the B1 sce-
nario the increase in average temperatures occurred over the same
months, but to a lower level.  
The GCMs that simulation the highest increase in temperature for

the B1 scenario were the ECHAM model with a monthly percentage dif-
ferences from the baseline about 20% in July and the HadCM3 model
with peaks of more than 20% in July and August (Figure 3).

Model calibration and validation
Calibration and validation were performed on Leaf Area Index (LAI)

and standing live plant biomass (STL) data in two years of experiment.
Calibration was carried out using the 125% irrigation strategy and val-
idation using the 100, 75 e 50% irrigation strategies, for both years. 
Soil data were included in the input model for the characterization

of the study area and crop management data were implemented in
input files, according to actual practices. 
In the model calibration the following parameters were modified to

better fit with experimental data:
- Biomass energy ratio – increasing from 35 to 50 kg ha–l MJ–l m2; 
- Heat Units required for germination – increasing from 100 to 150°C;
- Maximum crop height – increasing from 2 to 5 m;

Article

Table 1.  Crop management of sorghum hay.

Managements Date Amounts

Plowing 28th April 
Harrowing 28th April
Fertilization 29th April 400 kg ha–1 of diammonium phosphate

(72 of N and164 kg ha–1 of P2O5)
Sowing 1st May 23 plants m–2

Irrigation Automatic Automatic 
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Figure 2. Monthly average (of the three 30-year future periods and 55 years of baseline data) temperatures and rainfall of A2 and B1
future climatic scenarios. Comparison among the three general circulation models and generated baseline climatic data. 

Figure 3. Percentage differences from the baseline of average monthly temperatures for the three 30-year periods generated by simula-
tion and for the three different GCMs.
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- Maximum LAI – increasing from 5 to 8 m2 m–2;
The calibration and validation results are showed in Table 2. The cali-

bration-validation activities and results allowed, with a reasonable accura-
cy, to go to the application of the EPIC model in this simulation case-study.

Climatic scenarios simulation results
The results showed common trends to all three GCMs used: reduc-

tion in future scenarios (A2 and B1) respect to the baseline of sorghum
biomass yield, reduction of crop cycle duration, increase of irrigation
use efficiency and daily crop ETa (Table 3). In general, larger differ-
ences than the baseline scenario were obtained with the A2 and pro-
gressively for the three simulation 30-y periods. Biomass yield
decreased up to 35%, crop cycle duration decreased up to 16% and
IRRWUE increased up to 22 % (Table 4). Seasonal evapotranspiration
and irrigation volumes decreased in the future for the shortness of crop
cycle but at the same time higher values of irrigation water use effi-
ciency were obtained (up to 22%). This is true for all models and, on
average, higher values were observed for B1 scenario than for the A2.

Article

Table 3. Average values and mean comparison test (LSD test, different letters for each main source of variation, indicate significant dif-
ference at P>0.05) of sorghum hay simulated by EPIC model in baseline and future climatic scenarios, general climatic models and in
the three 30-year future climatic periods. 

Biomass yield Irrigation volume Cycle duration Seasonal ETa WUE IRRWUE Daily ETa
(kg ha–1) (mm) (d) (mm) (kg m–3) (kg m–3) (mm)

Scenario
Baseline 15831 A 441 A 121 A 814 A 1.95 A 3.61 B 6.74 B

A2 13303 C 330 C 106 B 774 C 1.71 C 4.21 A 7.33 A

B1 14440 B 347 B 107 B 788 B 1.83 B 4.06 A 7.36 A

GCM
CCSM3 14035 AB 340 107 780 1.80 A 4.19 7.33
ECHAM 14128 A 340 108 782 1.81 A 4.21 7.24
HadCM3 13452 B 339 105 781 1.72 B 4.01 7.47

Period
I 15276 A 366 A 112 A 797 A 1.92 A 4.22 A 7.14 B
II 14049 B 343 B 106 B 786 B 1.79 B 4.15 AB 7.45 A
III 12288 C 307 C 102 C 761 C 1.61 C 4.05 B 7.45 A

ETa, actual evapotranspiration; WUE, water use efficiency; IRRWUE, irrigation water use efficiency;  GCM, General Circulation Model.

Table 2. Statistical indices to assess simulation efficiency during
the calibration and validation of EPIC model. 

Calibration

VAR LAI_08 STL_08 LAI_09 STL_09
DIFF (%) 5.04 -14.49 -5.58 -12.14
RRMSE 20.29 19.23 28.76 28.14
EF 0.31 0.82 0.40 0.74
CMR -0.05 0.14 0.06 0.12

Validation

VAR LAI STL
DIFF (%) 17.70 8.84
RRMSE 31.44 30.77
EF 0.24 0.68
CMR -0.18 -0.09
VAR, variable; DIFF, percentage difference (simulated - observed); RRMSE, relative root mean square
error;  EF, modeling efficiency; CMR, coefficient of residual mass.

Table 4. Percentage differences (Future – Baseline) of EPIC simulation of future climatic scenarios respect to the baseline of sorghum hay.

GCM Biomass Seasonal irrigation Seasonal ET Crop cycle duration IRRWUE WUE Daily ETa
Scenario_ yield amount
Period

CCSM3
A2_I -5.3 -20.2 -2.2 -8.6 19.4 -3.1 7.0
A2_II -13.5 -20.7 -5.3 -15.3 10.2 -8.5 11.8
A2_III -28.3 -32.9 -8.3 -16.4 7.8 -21.7 9.7
B1_I -5.9 -21.3 -2.2 -8.6 20.6 -3.7 7.0
B1_II -8.4 -23.9 -3.9 -11.3 21.2 -4.6 8.4
B1_III -6.6 -19.5 -2.7 -10.6 17.4 -4.0 8.9

ECHAM
A2_I -1.2 -14.4 -1.5 -5.8 15.8 0.4 4.6
A2_II -11.4 -26.9 -4.3 -8.6 22.0 -7.4 4.8
A2_III -11.4 -26.9 -4.3 -16.4 22.0 -7.4 14.6
B1_I -0.4 -14.1 -2.4 -5.6 16.9 2.1 3.5
B1_II -6.5 -18.0 -0.9 -10.4 15.1 -5.6 10.6
B1_III -16.3 -29.7 -5.9 -16.4 20.2 -10.9 12.6

HadCM3
A2_I -4.8 -16.2 -2.0 -8.4 14.2 -2.8 7.0
A2_II -16.0 -23.2 -3.0 -16.3 9.9 -13.2 15.9
A2_III -34.5 -36.6 -8.8 -16.4 4.2 -28.1 9.1
B1_I -3.4 -14.9 -2.3 -8.7 13.9 -1.1 7.0
B1_II -11.7 -20.4 -2.9 -13.8 11.6 -9.0 12.6
B1_III -19.7 -28.8 -5.0 -16.4 13.3 -15.4 13.7

GCM, General Circulation Model; ET, evapotranspiration; IRRWUE, irrigation water use efficiency; WUE, water use efficiency.
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While the seasonal ET decreased, the crop daily evapotranspiration
increased in the future respect to the baseline, of about 10%, without
evident differences among the scenarios. The highest values were
reached in the second and third 30-year future period, with values up
to 15.9% (Table 4). The water use efficiency decreased in the future
scenarios and was similar to the baseline in the first 30-year future
period, while in the others simulation periods a slight decrease was
observed for all GCMs used.  Biomass yield for sorghum hay was nega-
tively influenced by the increase of temperature. The EPIC model, in
fact, simulated crop growth based on the calculation of the heat units
needed to achieve the plant maturity. This was given by the summation
of thermal units greater than the base temperature that is the temper-
ature at which the plant growth starts and that, according to the EPIC
model, is equal to 10°C for sorghum hay. Consequently, higher temper-
atures led to a faster maturation of the crop and to a smaller biomass
yields. The reduction of biomass yield and the shortness of crop cycle
length as consequences of climate change impacts for sorghum were
predicted in other studies. 
Tingem et al. (2008) compared the results obtained simulating cur-

rent (from 2010 to 2039) and future (from 2070 to 2099) yields for sev-
eral crops in Cameroon such as sorghum. Climatic data were derived
using two atmosphere-ocean general circulation models, the GISS
(Hansen et al., 1988) and the HadCM3 models for the A2 and B2 sce-
narios. Sorghum yields was expected to decrease up to 39.9% under
GISS 2080 A2 scenarios.
Several studies were performed in Italy in order to investigate cli-

mate change impact on crops using future climatic data and crop
growth model and analogous results were showed as for sorghum, as
for different crops. Rinaldi et al. (2009) compared three simulation
crop models EPIC, DSSAT (Jones et al., 2003) and CropSyst (Stockle et
al., 2003) in order to evaluate climate change effects on durum wheat.
The simulation results indicated for each model a decrease of cycle
length between 14-19 days and a reduction of grain yield between 0.25
and 0.61 t ha–1. Another application (Tubiello et al., 2000) was per-
formed utilizing the CropSyst model to investigate the potential effects
of future climate change, corresponding to a doubling of atmospheric
CO2 from 350 to 700 ppm, on crop yield at two Italian locations (Modena
and Foggia). In Foggia a 2-year sunflower-wheat-fallow rotation, and a

Article
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Figure 4. EPIC output from simulations using CCSM3 model climatic data. Values were plotted and showed for the three 30-year peri-
ods and compared to the baseline simulation.
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2-year wheat-fallow-spring sorghum rotation were simulated. Results
showed average decrease of crop yields from 10-40%. Ventrella et al.
(2009) developed a study where future climatic data, derived by the
HadCM3 model and referred to the A2 e B2 IPCC scenarios, were used
as input data for the SWAP model (van Dam et al., 1997). For sorghum
the minimum yield decrease were calculated between 10% (B2 sce-
nario) and 20% (A2 scenario) and the reduction of crop cycle was 20%,
in accordance with the EPIC model output of this case-study.
Previous studies demonstrated that the temperature affected crop

yield, by controlling the biomass accumulation and the duration of
growth conditioning the photosynthesis (Vu et al., 1997; Fuhrer, 2003).
At temperatures above the optimum, Rubisco, the enzyme responsible
for CO2 assimilation, is less active (Holiday et al., 1992), thus resulting
in a net loss of carbon assimilation. However, the optimum tempera-
ture for photosynthesis is higher in C4 plants as compared to C3 plants
(Rosenberg et al., 1983; Taiz and Zeiger, 1991) and these effects are
less evident. For sorghum, the mean optimum temperature range is 21-
35°C for seed germination, 26-34°C for vegetative growth and develop-
ment, and 25-28°C for reproductive growth (Maiti, 1996). For EPIC

model the optimum temperature, default set, for sorghum growth is
27.5°C.

CCSM3 model
CCSM3 resulted the GCM that best highlights the differences

between the climatic scenarios A2 and B1, in particular for production
and duration of crop cycle. In the third future 30-year period, where the
gap from the baseline was more accentuated, biomass dry matter yield
was, on average, equal to 11343 kg ha–1 for A2 scenario and 14778 kg
ha–1 for B1 scenario with a difference of about 3435 kg ha–1 (Figure
4a). The irrigation volumes and the evapotranspiration results lower in
the future than in the baseline. The decrease in irrigation amount was
comparable for the three future periods of simulation and for the two
scenarios (about 20%), while the ET decreased progressively in the
future for the A2 scenario up to -8% (maximum decrease, third 30-year
period) but not for the B1 scenario where the decrease in second and
third future period was similar (Figure 4 b,c). The decrease in sorghum
crop cycle length was progressive with the A2 scenario but not for B1

Article

Figure 5. EPIC output from simulations using ECHAM model climatic data. Values were plotted and showed for the three 30-year peri-
ods and compared to the baseline simulation.
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that, in the third 30-year, was as long as in the second (on average 107
days for 2041-2070 and 108 for 2071-2100) (Figure 4d). The increase
respect to the baseline of IRRWUE was more evident in the first 30-year
than in the next simulation periods and for the A2 scenario (0.70 kg
m–3 for first 30-year, 0.37 and 0.28 kg m–3 for the others two periods,
respectively) but not for B1 scenario where the increase was compara-
ble (0.74 – 0.77 – 0.63 kg m–3 for the three periods) (Figure 4e). 
The same observations are possible for WUE that decreased less

markedly in the scenario B1 than in the A2 (from 0.07 to 0.08 kg m–3

and from 0.06 to 0.42 kg m–3 respectively) (Figure 4f).

ECHAM model
The ECHAM model showed, in part, different results for the A2 and

B1 scenario evolution compared to the other GCMs. For this model
maximum decrease in production occurred with the B1 scenario in the
third 30-year period where a negative difference of 2581 kg ha–1 respect
to the baseline was estimated. In addition, for ECHAM model, there was
no evident difference in production between the second and third peri-

od for the A2 scenario and this is also true for seasonal irrigation vol-
umes and evapotranspiration, both influencing the IRRWUE and WUE
values. Instead, for B1 scenario a gradual decrease was observed up to
values lower than those calculated for the A2 scenario and showing an
opposite trend compared to the other models (Figure 5 a,e,f). The high-
est value of IRRWUE was obtained with ECHAM model for the A2 sce-
nario in the second and third period (4.40 kg m–3 with an increase of
0.79 kg m–3) (Figure 5c).  The irrigation volumes decreased from the
baseline and progressively in the future simulation periods up to -30%
but for the A2 scenario the decrease was equal for second and third
future 30-year periods (-27%) while for the B1 scenario the highest
decrease was calculated for the third 30 year. The ET decrease from the
baseline for both scenarios but for A2 scenario the decrease was equal
for the second and third future periods (-4%) while for the B1 scenario
the highest decrease occurred in the third period where a decrease of
-6% was calculated and the lowest decrease in comparison to the base-
line occurred in the second 30-year period (-1%). The duration of crop
cycle decreased progressively in the three simulated periods and for
both scenarios (from 7 to 20 days) (Figure 5d).
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Figure 6. EPIC output from simulations using HadCM3 model climatic data. Values were plotted and showed for the three 30-year peri-
ods and compared to the baseline simulation.
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Figure 7. Differences between monthly average temperatures (Tave) and sorghum hay base temperature (TB) for A2 scenario.
Comparison between  the three GCM analyzed and the three future simulated periods.

Figure 8. Differences between monthly average temperatures and sorghum hay base temperature (TB) for B1 scenario. Comparison
between  the three GCM analyzed and the three future simulated periods.
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HadCM3 model
HadCM3 showed the lowest values of biomass yield (10,343 kg ha–1).

This was simulated in the third 30-year period of the A2 scenario and
obtaining a difference from the baseline equal to 5467 kg ha–1. The
simulation biomass yield highlights the tendency to decrease over
future time for both scenarios (Figure 6a). The irrigation amount sim-
ilarly showed a decrease respect to the baseline and progressively for
the three future periods of simulation up to -37% for the A2 scenario
and for the third future period, this was the highest decrease value for
the three analyzed models. the ET also decreased than progressively
with the future climatic data and always in the third future period and
for the A2 scenario a maximum decrease of -9% was simulated (Figure
6 b,c).  The duration of crop cycle decreased progressively in the three
simulated periods but the reduction was more evident in the second
and third 30-year period, with differences of 20 days for A2 scenario for
both second and third 30-year and 17 and 20 days for B1 scenario, while
for first 30-year period a difference of about 10 days was simulated
(Figure 6d). The largest decreases in the duration of the crop cycle,
compared to the other GCMs, was due to the highest temperatures sim-
ulated by HadCM3 model, that shortened the crop cycle because the
sorghum harvest was scheduled at reaching of specific Heat Units
value (1300°C d). The irrigation volumes and the evapotranspiration
decreased progressively in the time for both climatic scenarios because
these variables are related to crop cycle length. The increase in
IRRWUE was more evident in the first 30-year, especially for A2 sce-
nario while for B1 scenario there was a substantial parity (4.11, 4.03
and 4.09 kg m–3 in the three periods). For WUE the model simulated a
slight decrease over time especially in A2 scenario (Figure 6 e,f).

A2 scenario
The A2 scenario was characterized by the heaviest climate change

impact for sorghum hay due, in particular, to the increase in tempera-
tures of the summer months, causing a reduction in biomass yield
(Figure 7a). 
Subtracting the sorghum hay base temperature (TB) to the monthly

average temperatures (Tave), the months when the crop can, as regard
as GCMs and the periods, accumulate heat units (HU) were shown.
CCSM3 and HadCM3 models produced a higher accumulation of HU for
sorghum hay than ECHAM model in the first and second period of
future simulation, in particular on July and August. The difference
between Tave and TB was maximum for HadCM3 model, on July in the
first future period of simulation (17.2°C) (Figure 7b), on August in sec-
ond period (19.9°C) (Figure 7c) and on July in the third period
(23.3°C) (Figure 7d). For the same months, the minimum values were
obtained with ECHAM model in first and second period (16.3°C and
18.0°C) (Figure 7 b,c) and with CCSM3 model for third period (21.9°C)
(Figure 7d).
The main effects of this extreme climatic scenario on sorghum hay

can be observed in a reduction of seasonal ET, irrigation volume and
WUE, and an increase of IRRWUE (Table 3).

B1 scenario
In the B1 scenario, generally, biomass yield decreasing was less evi-

dent than in A2 scenario, due to a lower increase of average tempera-
tures in the three future periods (Figure 8a).
The differences between average temperatures and base tempera-

ture for B1 scenario in the first future three-decade periods were
greater for CCSM3 and HadCM3 models and on July and August. The
maximum difference was calculated on July for CCSM3 model (17.2°C)
and, in the same month, the minimum difference was calculated for
ECHAM model (16.3°C) (Figure 8b). In the second and third 30-year

period of simulation a greater accumulation of HU for sorghum hay
occurred with HadCM3 model, while the CCSM3 model was character-
ized by lower differences. The maximum values in the second and third
future period of simulation occurred on August for HadCM3 model
(19.2 and 20.2°C, respectively) and the minimum values, in the same
months, were 17.6 and 17.3°C for CCSM3 (Figure 8 c,d).

Discussion and conclusions

The EPIC model was used to simulate sorghum hay crop in Southern
Italy, using data of climate projections of three different GCMs and con-
sidering two IPCC scenarios to evaluate climate change impacts on
yields and ecosystem processes. The daily climatic data, obtained by a
statistical downscaling process, were implemented as input data for the
model. Three future periods of three decades were selected for every
GCM and for each scenario and they were compared to a dataset of a
55-year baseline period. This simulation case-study indicates that, for
sorghum hay, possible consequences of future climatic conditions are:
decrease of biomass productions and of crop cycle duration, lower sea-
sonal irrigation consumption due to a shorter cycle and an increasing
of daily evapotranspiration and irrigation water use efficiency.
These effects were highlighted by all three GCMs used and, in gen-

eral, were more pronounced in the A2 than in the B1 scenario and for
the third future 30-year simulated period. In the A2 scenario a decrease
up to 5 t ha–1 was obtained for yield and up to 20 days for crop duration
in the last future period. The ECHAM model, compared to the other two
models, produced climatic data characterized by lower differences in
average temperatures between the two IPCC scenarios analyzed and
this was reflected in the EPIC model output especially for biomass yield
and crop cycle duration.
It is possible to explain the decline of biomass production with the

reduction of crop cycle length that may depend on the fact that, increas-
ing average temperatures in the future, the heat units required to
attain the maturity were quickly accumulated. Temperatures also influ-
enced the duration of growth through a faster accumulation of growing
degree days resulting in the reduction of phenophase duration, hence
yield (Attri and Rathore, 2003). Rainfall is another major factor which
influenced the crop yield, more in rainfed conditions In these simula-
tions, the effect of increased temperature in the summer months
assumed a greater importance than rainfall because an automatically
irrigated crop without water stress was simulated. The increase of CO2

concentration and its fertilizer effect were not taken into account in
this study due to lack of input data, necessary for calculating the ET by
mean of the Penman-Monteith model. However, this fertilizer effect is
negligible for sorghum, being a C4 photosynthetic class species.
Previous studies on the effect of carbon dioxide fertilization have
reported no significant yield increase in sorghum (von Caemmerer and
Furbank, 2003) or a decrease or not change for sorghum (Downing et
al., 2000; Thomson et al., 2005).  
The study of impacts on crops in relation to climate change and the

choice of possible strategies for adaptation, should take into account
other factors such as the development of pests and pathogens, but in
this work their combined effects were assumed to be fully controlled.
Different adaptation strategies can be suggested for sorghum hay in
the future: cultivation at higher latitudes, an advance of crop sowing
date and the choice of longer cycle cultivar.
The EPIC model was useful to model crop growth in relation to cli-

mate change. It can be considered a good tool for decision support at
farm level to test crop management strategies and at global scale to
evaluate crop response to climate change. 
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