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Abstract
Approximation of climate change effects on crop production could be biased depending upon the uncertainties in 
climate change scenarios, study location and methods of crop yield prediction. We evaluated the impact of climate 
change on wheat yield reduction percentage by determination of adjusted evapotranspiration. Climate projections of 
general circulation models (HadCM3) under three scenarios (SRA1B, SRES-A2 and SRES-B1) were employed in 
this study for different time periods (baseline (1961–1990), 2010–2039, 2040–2069, and 2070–2099) for Mashhad 
location. Statistical downscaling method was employed for developing quantitative relationship between large 
scale atmospheric variables (predictors) and local variables (observes). From the viewpoint of climatology, such 
parameters were also generated by a LARS-WG5 stochastic weather generator. The results showed that climate 
model had acceptable accuracy in prediction of climatic variables, especially maximum temperature. B1 scenario 
showed the highest rainfall amount, adjusted evapotranspiration and the lowest values of maximum temperature 
in contrast to other scenarios. In addition, A2 scenario showed the highest values of maximum and minimum 
temperatures and the lowest values of adjusted evapotranspiration in all study periods. Maximum wheat yield 
reduction was obtained under A2 scenario (57%) for the third time period (2070–2099) in comparison with the 
baseline. Nevertheless, B1 scenario showed minimum change in wheat yield for all time periods. In conclusion, 
wheat yield reduction process in Mashhad location is extremely related to climate scenario. 
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Introduction 
Wheat (Triticum aestivum L.) is counted among 

the “big three” cereal crops, with over 600 million tons 
annual harvest. The total world harvest in 2007 was about 
607 million tons compared with 652 million tons of rice 
and 785 million tons of maize (Shewry, 2009). Currently, 
about 95% of the wheat grown worldwide is bread wheat, 
and most of the remaining 5% being durum wheat (FAO 
statistics, 2008). 

Climate change highly impacts agricultural pro-
duction quantity and quality (Samadi et al., 2011). Cli-
mate change and global warming process will probably 
have direct impact on tropical and temperate regions and 
any other areas where high temperature or inadequate 
rain often limits crop productivity (Morison, Morecroft, 
2006). Based on the projections of general circulation 
models (GCMs), the global average temperature is ex-
pected to increase between 2°C and 4.5°C during the 
current century (IPCC, 2007). The main constraint in 
assessing risk from climate change is the lack of long-
term weather data and man’s inability to predict the fu-
ture weather (Abraha, Savage, 2006); however, various 
useful tools are being constantly developed (Bannayan, 
Hoogenboom, 2008). 

Atmospheric GCMs are in use for seasonal fore-
casting by projecting a full set of meteorological variables 
at a sub-daily time step (Ines, Hansen, 2006). All general 
circulation models, which are rooted in physical princip-
les, are assumed to be permanent. They often differ in the 
simplifying assumptions (e.g., regression functions) and 
parameterization methods employed to make them com-
putationally efficient (Arnell et al., 2004). GCMs contain 
significant uncertainties and there are different models 
and scenarios such as, A2 and B2 for predicting future 
climate in different situations (Wilby et al., 1999). 

Stochastic downscaling approaches typically in-
volve modifying the parameters of conventional weather 
generators such as WGEN or LARS-WG. Climate change 
scenarios are generated stochastically using revised para-
meter sets scaled in direct proportion to the corresponding 
parameter changes in a GCM. The main advantage of the 
technique is that it can exactly reproduce many observed 
climate statistics and has been widely used, particularly for 
agricultural impact assessment (Samadi et al., 2011). 

The A2 scenario is one of the most extreme sce-
narios, with carbon emission rising from about 10 Gt at 
present to over 25 Gt in 2100 (medium to high carbon 
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emission) (Prudhomme et al., 2010). This scenario de-
scribes the maximum potential impact of future climate 
on specific dynamics. The B2 scenario is more optimistic 
(low to medium carbon emission) counterpoint (Hewit-
son, Crane, 1996). GCM projections can be used to pro-
vide weather data for future-oriented crop simulations 
(Reddy, Pachepsky, 2000). 

Evapotranspiration is one of the major appa-
ratus of the hydrologic cycle and its precise estimation 
is of paramount importance for many studies such as 
hydrologic water balance, irrigation system plans and 
management, crop yield simulation, and water resources 
planning and management (Archana, Shrivastava, 2010). 
Using crop coefficient for crop evapotranspiration (ETc) 
calculation was introduced by Doorenbos and Pruitt 
(1977), whereby the impact of the climate on crop wa-
ter supplies is given by the reference evapotranspiration 
(ETo) and the effect of the specific crop characteristics by 
the crop coefficient (Kc). 

The Kc is the ratio of the crop ET to the refer-
ence ET and represents the integration of the effects of a 
series of characteristics that discriminate the crop from 
reference grass (Miranda et al., 2006). The FAO56-PM 
model, which fits in thermodynamic and aerodynamic 
aspects, has been established to be a moderately accu-
rate method in both humid and arid climates (Yin et al., 
2008). Crop evapotranspiration showed direct correlation 
with various crops’ production (Ko, Piccinni, 2009). 

The main objective of this study was to evalu-
ate wheat yield reduction under climate change process 
by calculating wheat evapotranspiration with two differ-
ent general circulation models (IPCM4 and HadCM3) 
under three different scenarios (A1B, A2 and B1) in the 
northeast of Iran. We hypothesize that wheat yield will be 
reduced under climate change due to more evapotranspi-
ration in response to increasing temperature. 

Materials and methods  
Study area. The study was conducted at Mash-

had plain in 2011. Mashhad plain, covering 16500 km2, is 
located in the northeast of Iran, Khorasan province. This 
region is located between 35°40′ and 36°3′ north latitude 
and 58°2′ and 60°8′ east longitude. The climate regime 
of this plain is cold and arid. Mean annual temperature is 
13.6°C and the average annual precipitation is 220 mm 
(IMO, 2009). In the mountainous part of Khorasan pro-
vince, the annual precipitation exceeds 230 mm with the 
record of 324 mm at the highest location. 

Data sets. Daily climate data, including maxi-
mum and minimum temperature (ºC) and precipitation 
(mm), were obtained for the period of 1961–1990 from 
Mashhad meteorological station. Two GCMs and three 
scenarios were employed in this research. The GCM 
models included the Institute of Pierre Simon Laplace 
(IPCM4) and United Kingdom Met Office Hadley Cent-
re (HadCM3) (Mitchell et al., 1995) and scenarios were 
SRA1B, SRES-A2 and SRES-B1. 

LARS-WG is a stochastic weather generator 
based on the series approach (Semenov, Brooks, 1999). 
LARS-WG produces synthetic daily time series of maxi-
mum and minimum temperature, precipitation and solar 
radiation. LARS-WG applies observed daily weather 

data for a given site to compute a set of parameters for 
probability distributions of weather variables as well as 
correlations between them (Semenov, Brooks, 1999). In 
this study, this model was used to produce daily climate 
variables as one stochastic set of data for a growing sea-
son for each projection period which is required for ETo 
calculation. Climatic data including maximum and mini-
mum temperature and precipitation of Khorasan province 
were generated for four projection periods (1961–1990 
(baseline), 2010–2039, 2040–2069, and 2070–2099). 

Climate model validation. Several criteria were 
calculated to quantify the difference between simulated 
and observed data. The root mean-squared error (RMSE) 
is computed to measure the coincidence between mea-
sured and simulated values for baseline of climatic model 
as follows: 

	 			 
	                                                                       (1), 

where P and O are simulated and observed data, 
respectively, in addition Ō is the mean of observed data 
and n is the number of observations. 

Yield reduction factor. Yield reduction factor was 
obtained by the following equation (Allen et al., 1998):

 
						          
 				                

(2),
 

where Ya, Ym, Ky, ETcadj and ETc are actual 
yield of the crop (kg ha-1), maximum yield in absence 
of environmental or water stresses, yield response factor, 
potential crop evapotranspiration and actual crop eva-
potranspiration, respectively. 

Crop evapotranspiration under soil water stress 
conditions (ETcadj). The ETcadj (mm d

-1) was estimated as 
(Allen et al., 1998): 

					                 (3). 

ETcadj values calculated for growth season of 
wheat according to common sowing date (early October) 
and growing season length (180 days) of this region. 

Water stress coefficient (Ks). The effects of soil 
water stress on crop ET are described by reducing the 
value for the crop coefficient. This is accomplished by 
multiplying the crop coefficient (Kc) by the water stress 
coefficient (Ks). The water stress coefficient (Ks) was de-
termined as (Allen et al., 1998): 

		
		                                                          

(4),
 

where Ks,i = 1 when Dr,i is smaller than or equal 
to readily available water (RAWi), otherwise Ks < 1. For 
a given day, total available water (TAWi) is determined 
from the daily crop rooting depth (Zr,i), field capacity 
(FC) and permanent wilting point (PWP) for soil at the 
rooting depth. The RAWi is then expressed as pTAWi, 
where p is the soil depletion factor that represents the 
fraction of TAWi that can be depleted from the root zone 
before water-stress occurs. 

Crop coefficient (Kc). Crop development takes 
place in four stages as initial stage, crop development 
stage, mid season stage and late season stage. The length 
of each development stage was determined from local in-
formation and the length of growing period of crop was 
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considered based on farmers’ practice in the study area 
(Gontia, Tiwari, 2009). Monthly crop coefficient (Kc) 
was estimated using the guidelines given in irrigation 
and drainage paper FAO-56 (Allen et al., 1998) for wheat 
crop depending upon the stage of growth and adjusting 
by the following equations: 

	

                  
(5), 

				     	             
(6), 

where Kcmid(tab) and Kcend(tab) are the tabulated va-
lues for Kcmid and Kcend respectively in Table 12 of FAO-
56 (Allen et al. 1998). RHmin is the mean value for daily 
minimum relative humidity during the midseason growth 
stage (%), for 20% ≤ RHmin ≤ 80%, and h is mean plant 
height during the mid-season stage (m) for 0.1 m < h < 
10 m (Gontia, Tiwari, 2009). 

Reference evapotranspiration (ETo). Potential 
evapotranspiration for each day was calculated using the 
FAO (Food and Agricultural Organization of the United 
Nations) modified form the Penman-Monteith equation 
(Allen et al., 1998): 

	
	

					                   				              
  (7), 

where ETo is reference evapotranspiration (mm 
day-1), Δ is slope of the vapour pressure curve, Rn is net 
radiation at the surface (MJ m-2d-1), G is soil heat flux den-
sity (MJ m-2d-1), g is psychrometric constant, T is mean 
daily air temperature at 2 m height, u2 is wind speed at 
2 m height, es is the saturated vapour pressure and ea is the 
actual vapour pressure (kPa). Daily values of total solar 
radiation at the earth’s surface (Rs) were estimated using 
the procedure of Hargreaves and Samani (1982) and as 
subsequently modified by Allen (1997). Extraterrestrial 
solar radiation (Ra) (MJ m-2d-1) was first calculated at the 
top of the earth’s atmosphere for each study day based on 
latitude, longitude, and the solar constant (Allen, 1997). 
Then, Rs was calculated using the following equation: 

	

					                
(8), 

where Alt is the altitude (m) and KRs is an 
empirical coefficient set at 0.16 (Hargreaves, Samani, 
1982). Clear-sky solar radiation (Rso) was calculated by 
the following equation (Allen et al., 1998): 

                
(9),

 
where z is the station elevation above sea level 

(m). 
In addition, net shortwave radiation (Rns) was 

obtained by the following formula (Allen et al., 1998): 

	 		            (10), 
in which α is the albedo or canopy reflection 

coefficient, which is 0.23 for the hypothetical grass 
reference crop. 

Net longwave radiation (Rnl) which is the rate of 
longwave energy emission is proportional to the absolute 
temperature of the surface raised to the fourth power, cal-
culated as follows (Allen et al., 1998): 

          

(11),
 

where σ is Stefan-Boltzmann constant (4.903 × 
10-9 MJ K-4 m-2d-1) and finally, net radiation at the surface 
(Rn) obtained by differences between Rns and Rnl. 

Vapour pressure deficit (es – ea). Calculation of 
VPD was based on estimates of the differences between 
the average daily saturated water vapour pressure (es) and 
the actual water vapour pressure (ea). Estimation of actu-
al vapour pressure (ea) can be obtained by assuming that 
dewpoint temperature (Tdew) is near the daily minimum 
temperature (Tmin) using the following equation (Allen et 
al., 1998): 

	          
(12).

 
Saturated water vapour pressure (es) was calcu-

lated according to saturation vapour pressure at minimum 
and maximum temperature (Allen et al., 1998): 

	 	           
(13),

 

	 	           
(14), 

	 		            
(15).

 

Results and discussion 
Climate model. The accurate estimation of 

weather variables such as temperature and precipitation 
in baseline time period might indicate correctness of 
downscaling models in climate change studies (Viglizzo 
et al., 1997). Climate downscaling model illustrated ut-
most accuracy projection (RMSE = 1.7%) in maximum 
temperature simulation in comparison with baseline (Fig. 
1 b). However, minimum temperature simulation showed 
more than 15% (RMSE = 19%) difference between simu-
lated and observed values (Fig. 1 a). Precipitation simu-
lation precision (RMSE = 11%) was less than maximum 
temperature (Fig. 1 c). Bannayan et al. (2011) reported 
that minimum temperature of Mashhad showed high 
fluctuation and sharply increased during the last 40 years 
(1960–2000). It can be concluded that unbalanced trend 
of minimum temperature is the main reason of climate 
poorer accuracy in prediction of this climatic variable 
compared to maximum temperature and precipitation. 
Kousari and Asadi Zarch (2011) showed a significantly 
increasing trend in the annually minimum and mean tem-
peratures. 

Climatic variables. The results showed that A1B 
scenario indicated the highest annual precipitation rate 
across all study scenarios for 2010–2039 (382 mm) and 
2070–2099 (343 mm) time periods (Fig. 2). However, 
the highest amount of annual precipitation was obtained 
under B1 scenario (377 mm) for 2040–2069 time period 
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(Fig. 2). As expected, A1B and A2 scenarios showed the 
highest values of maximum and minimum temperatures 
in all time periods in contrast to B1 scenario (Figs 3 and 
4). Prudhomme et al. (2010) reported that mean annual 
warming under A1B and A2 scenarios was higher than 
under B1 scenario in future climate change conditions. 

B1 scenario showed the lowest values of maxi-
mum and minimum temperatures (average) across all study 
scenarios and time periods especially in growth period of 
wheat except minimum temperature average for 2070–
2099 time period in Mashhad location (Figs 3 and 4). B1 
scenario is a highly positive scenario; however, popula-
tion growth is the same as for A1 (pessimistic scenario). 

On the other hand, development rate will get a much more 
environmentally sustainable projection with global-scale 
assistance and instruction (Arnell, 2004). Also, clean and 
efficient technologies are established. The emphasis is on 
global solutions to achieving economic, social and envi-
ronmental sustainability (Arnell et al., 2004). 

Adjusted evapotranspiration (ETcadj) and yield 
redaction percentage. According to the adjusted eva-
potranspiration calculation results, B1 scenario (161 mm 
as cumulative ETcadj) showed the highest average values 
of ETcadj for all time periods across all performed sce-
narios (Fig. 5). There was no significant difference be-
tween A1B and A2 scenarios in ETcadj values (less than 4 
mm) across all study periods (Fig. 5). Second time period 
(2040–2069) indicated the highest cumulative values of 
ETcadj (156 mm) across different time periods (Fig. 5). 
ET values have direct relationship with temperature, spe-
cifically with the maximum temperature (Galleguillos 
et al., 2011). Moreover, evaporation from crop surface 
decreased due to the increasing rate of stomata closure 
under higher temperature conditions (Mu et al., 2011). 
Therefore, ETcadj values are significantly lower under A2 
and A1B scenarios. 

The highest wheat yield reduction percentage 
compared to baseline was gained under the A2 scenario 
across 2040–2069 (38%) and 2070–2099 (57%) time peri-
ods (Fig. 6). However, B2 scenario showed less than 10% 
yield loss in all studied time periods. In addition, A1B indi-
cated more than 10% yield reduction (12%) in 2040–2069 
time periods (Fig. 6). Yield reduction of wheat was simu-
lated under future climate change in Iran to range from 
22% to 32% for year 2050 (Koocheki, Kamali, 2010). 
They reported that reduction of wheat yield occurred due 
to increasing evapotranspiration. Some reports confirmed 
direct and positive correlation between ETcadj and different 
crops’ production (Novick et al., 2009). 

It seems that the main reason of lower wheat 
yield reduction under B1 scenario in comparison with 
baseline was higher values of ETcadj in that scenario. 
There were no considerable differences in ETcadj values 
between A2 and A1B scenarios in 2070–2099 time pe-
riods. However, ETcadj values were extremely low (44 
mm) during the reproductive phase (120–180 days) of 
wheat under A2 scenario for that time period compared 
to other scenarios. Increasing of temperature led to the 
increase of development rate of crop and decrease of 
growth period (Bannayan et al., 2011) which resulted in 
yield reduction. Consequently, higher yield reduction of 
wheat in A2 scenario resulted from higher temperature 
and short growth period in this scenario. On the other 
hand, increasing of temperature in A1B scenario was 
higher than in A2 scenario but ETcadj values under A2 
scenario were lower during the reproductive phase than 
in A1B scenario, therefore, in essence, yield reduction 
in A2 scenario was the highest due to high temperature 
and low ETcadj especially in reproductive phase. Our re-
sults showed that wheat yield will be reduced by 6% to 
57% in future climate change compared to baseline and 
it will affect rural population since wheat is an economi-
cally strategic crop for farmers. Therefore, attention to 
management approach for decreasing adverse effects of 
changing climate is necessary which will result in higher 
sustainability in rural areas. 

Figure 1. Comparison of simulated and observed clima-
tic parameters for Mashhad plain 
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Figure 2. Precipitation fluctuations under A1B, A2 and B1 scenarios for different time periods (T1 = 2010–2039, 
T2 = 2040–2069 and T3 = 2070–2099) 

Figure 3. Maximum temperature fluctuations under A1B, A2 and B1 scenarios in different time periods (T1 = 2010–
2039, T2 = 2040–2069 and T3 = 2070–2099) 
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Figure 4. Minimum temperature fluctuations under A1B, A2 and B1 scenarios in different time periods (T1 = 2010–
2039, T2 = 2040–2069 and T3 = 2070–2099) 

Figure 5. ETcadj fluctuations during growth period of wheat under A1B, A2 and B1 scenarios in different time periods 
(T1 = 2010–2039, T2 = 2040–2069 and T3 = 2070–2099) 
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Note. Avearge wheat yield for baseline was considered 3900 
kg ha-1. 

Figure 6. Yield reduction percentage of wheat under 
A1B, A2 and B1 scenarios in different time periods (T1 
= 2010–2039, T2 = 2040–2069 and T3 = 2070–2099) for 
Mashhad plain compared to baseline (1961–1990) 

Conclusions 
1. The results showed that LARS-WG gene-

rated climatic parameters with high accuracy for baseline 
period and we used it for simulation of climate condi-
tions in the future. 

2. Based on the values of RMSE, maximum tem-
perature was estimated more accurately as compared to the 
estimation of minimum temperature and precipitation. 

3. B1 scenario showed the most optimistic situ-
ation for future climate due to the highest values of pre-
cipitation and lowest values of maximum temperatures in 
all study periods. 

4. Wheat yield was reduced under all climate 
change scenarios and times, and this yield reduction was 
different based on various scenarios. 

5. As observed, B1 scenario showed the lowest 
average yield reduction percentage compared to other 
scenarios across the time periods because the averages of 
maximum and minimum temperatures were lower in B1 
scenario in comparison with A2 and A1B scenarios. 

6. A2 scenario indicated the highest decrease in 
wheat yield for all study periods, especially for 2070–
2099 time period, and also the critical phase of wheat 
growing season due to higher evapotranspiration and 
average of maximum temperature occurred under these 
conditions. 

7. Wheat yield reduction trend is tremendously 
related to population growth and changing sustainable 
technologies. Generally, reduction of wheat yield was 
approximated under climate change in future which 
will affect economic and social issues in Mashhad loca-
tion, where most farmers are smallholders and the local 
economy highly dependents on cultivation of wheat. As 
a result, management approaches such as shifting plant-
ing date, applying appropriate irrigation and using ap-
propriate varieties are needed to reduce adverse effects 
of climate change. Based on the above mentioned and 
the highest yield reduction of wheat under A2 scenario, it 
could be concluded that A2 scenario will remarkably af-
fect farmers’ lives in terms of economic and social issues 
as compared with other scenarios. This will in turn lead 

to the increase of migration of rural population towards 
urban areas or to non-agriculture livelihood opportuni-
ties and it can be expected that B1 scenario will have a 
smaller effect on these issues. 
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Santrauka 
Klimato kaitos įtakos augalininkystei nustatymas gali būti tendencingas, priklausomai nuo klimato pokyčių scenarijų, 
tyrimų vietos ir augalų derliaus prognozavimo metodų neapibrėžtumo. Tyrimo metu vertinta klimato kaitos įtaka 
derliaus sumažėjimo procentui, nustatant pakoreguotą evapotranspiraciją. Taikytos bendrų cirkuliacijos modelių 
(HadCM3) klimato projekcijos pagal tris scenarijus (SRA1B, SRES-A2 ir SRES-B1) Mashhad vietovėje įvairiais 
laikotarpiais (pradinis taškas – 1961–1990 m.): 2010–2039, 2040–2069 ir 2070–2099 m. Kuriant kiekybinį ryšį 
tarp didelio mastelio atmosferos kintamųjų ir vietinių kintamųjų, taikytas statistinis downscaling metodas. Dienos 
klimatologiniai parametrai buvo kuriami naudojant tikimybinį (stochastinį) oro generatorių LARS-WG 5. Rezultatai 
parodė, kad klimato modelis pakankamai tiksliai prognozavo klimato kintamuosius, ypač maksimalią temperatūrą. 
Skirtingai nei kiti scenarijai, B1 scenarijus parodė didžiausią kritulių kiekį, pakoreguotą evapotranspiraciją ir 
mažiausias maksimalios temperatūros vertes. A2 scenarijus visais tyrimų laikotarpiais pademonstravo didžiausias 
maksimalios bei minimalios temperatūros vertes ir mažiausias pakoreguotos evapotranspiracijos vertes. Pagal A2 
scenarijų kviečių derlius maksimaliai (57 %) sumažėjo 2070–2099 m. laikotarpiu, lyginant su pradiniu tašku. B1 
scenarijus parodė minimalų kviečių derliaus pokytį visais laikotarpiais. Nustatyta, kad kviečių derliaus mažėjimo 
procesas Mashhad vietovėje yra labai glaudžiai susijęs su klimato kaitos scenarijumi. 

Reikšminiai žodžiai: bendrasis cirkuliacijos modelis, evapotranspiracija, klimato kaitos scenarijai, kviečiai. 


