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a  b  s  t  r  a  c  t

Maintaining  rainfed  crop  production  particularly  in water-limited  environments  is of great  impor-
tance  for  agricultural  water  management  under  climate  change  (CC).  In  such  conditions,  there  is  a  real
demand  for  finding  some  practical  adaptation  scenarios  to sustain  optimal  crop  production.  This  study
aimed  to investigate  the  impacts  of  CC  on rainfed  wheat  yield,  transpiration  to  total  evapotranspira-
tion  ratio  (T/ET)  and maximum  leaf  area  index  (LAIm)  in  some  semi-arid  areas  in  Iran  over  2071–2100
under  the  current  and shifted  planting  date scenarios.  Consequently,  the  outputs  of  five climate  mod-
els  under  RCP-4.5  and  RCP-8.5  emission  scenarios  downscaled  by  MarkSimGCM  were  used to  run the
CSM-CERES-Wheat  v4.6  model.  Results  revealed  that  crop yield,  T/ET  and  LAIm  will decrease  chiefly  due
to October–November–December  (OND)  and  January–February–March  (JFM)  precipitation  deficit  under
current  sowing  date  at the  most  studied  sites.  Unlike  early  planting,  postponing  sowing  date  from  the
current  to  the  best  date  as an  adaptive  alternative  will  increase  the  received  precipitation  during  two
early  growth  phases  i.e.  germination  to  terminal  spikelet  initiation  (G-TS)  and  terminal  spikelet to  end  of
leaf  growth  and  beginning  of ear  growth  (TS-ELG).  However,  a considerable  change  in  the  precipitation  of
entire  growing  season  and grain  filling  (GF)  stage  due  to  delay  in sowing  date  was  not  projected.  Enhanced
G-TS  rainfall  will  ensure  crop  emergence  and  establishment.  Moreover,  precipitation  increase  at  TS-ELG

phase  in which  the  highest  decrease  of precipitation  was  predicted,  would  enhance  LAIm  and  T/ET. This
can  be  attributed  to the  fact that the  vapor  flux in  the  soil–plant–atmosphere  system  may  shift  in  favor  of
transpiration  loss  through  delaying  planting  date.  Therefore,  by better  matching  crop  development  with
changed  rainfall  distribution,  postponing  sowing  date  can  partially  compensate  the deleterious  impacts
of  CC-induced  drought  on  rainfed  wheat  yield  in the  west  and  northwest  Iran  during  2071–2100.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Agricultural water management for crop production and food
ecurity in water-limited systems is largely influenced by water
carcity and non-water limiting factors such as poor nutrition and
alinity (Rockström et al., 2010; Saadat and Homaee, 2015). In
rid and semi arid regions, water scarcity (Homaee et al., 2002a,d)
nd salinity (Homaee et al., 2002b,c; Homaee and Schmidhalter,
008) are two main important challenges for agricultural water

anagement. Since pre-industrial period, rising atmospheric con-

entration of greenhouse gases and aerosols mainly due to fossil
uel overuse, land use/cover changes and agricultural activities

∗ Corresponding author.
E-mail address: mhomaee@modares.ac.ir (M.  Homaee).

ttp://dx.doi.org/10.1016/j.agwat.2017.03.004
378-3774/© 2017 Elsevier B.V. All rights reserved.
have triggered anthropogenic global warming and climate change
(CC) (IPCC, 2013). Drought exhibited upward trend since 1950 and
was projected to be more severe and widespread in the future
owing to CC (Dai, 2011, 2013). In the eastern Middle East including
the western Iran, meteorological drought would also be more fre-
quent and severe due to declined storm track activity (Evans, 2009).
In other words, the already drought prone regions such as Iran are
likely to be more liable to CC-related drought (Li et al., 2009).

Being highly vulnerable to meteorological drought, rainfed agri-
culture is anticipated to be highly impacted by climatic changes
particularly in arid and semi-arid regions (Falkenmark, 2013). Pro-
ducing wheat (Triticum aestivum L.), as a primary staple food of

billions of people, seems to be highly susceptible to the future
CC under rainfed condition in water-limited regions (Anwar et al.,
2007; Eyshi Rezaie and Bannayan, 2012; Fischer et al., 2002). Con-
sidering increasing trend of environmental and industrial water

dx.doi.org/10.1016/j.agwat.2017.03.004
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2017.03.004&domain=pdf
mailto:mhomaee@modares.ac.ir
dx.doi.org/10.1016/j.agwat.2017.03.004
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llocation (Faures et al., 2007; Molle et al., 2007), recurrent water
tress due to surface and groundwater depletion and projected
ainfall deficit, substantial expansion of irrigated lands may  not be
easible in the future (Rockström et al., 2010). On the other hand,

ore agricultural production is needed to guarantee food security
f rising population. As a result, management of green water stor-
ge (i.e. soil moisture) under rainfed agriculture instead of direct
sing of blue water (or irrigation) appears to be of high importance
ot only to achieve food security in a sustainable way, but also
ot to increase water demand under CC (Rockström et al., 2009;
ockström et al., 2010). In addition, there is a great potential of
ridging yield gap (between achieved and potential yield) under
ainfed condition through field water management particularly
n developing countries (Rockström et al., 2007). Hence, rainfed
griculture will keep playing an important role in meeting food
ecurity and coping with CC-induced water shortage (Rockström
t al., 2007; Rockström et al., 2010).

Given the importance of rainfed agriculture under future CC and
rojected rainfed wheat yield loss, adapting wheat cropping system
o a drier and warmer climatic condition seems to be a key measure
n water-limited areas. It is worth mentioning that adopting adap-
ation strategies will be more required for the late 21st century in
hich climatic changes are expected to be stronger (IPCC, 2013).

ince the main limiting factor in dryland agriculture is water defi-
iency, adaptive policies should mainly focus on improving yield
hrough promoting water use efficiency (WUE) rather than using

ore water (Rockström et al., 2010; Stewart and Steiner, 1990;
ang et al., 2015). At the farm level, manipulating cropping cal-
ndar by changing sowing date is one of the adaptive options to
lleviate negative impacts of CC on yield (Turral et al., 2011). Bet-
er soil water condition at early growing season provided through
djusting planting date improves crop WUE  and yield (Turral et al.,
011). Moreover, change in sowing date can shift vapor flux from
vaporation (non-productive water loss) to transpiration (produc-
ive water loss) in the soil–plant–atmosphere system and enhance
reen water use efficiency (Rockström, 2003). In other words, CC-
nduced dry spells can be bridged by shifting planting date (green

ater management) without using anymore blue water. This would
e much more valuable in those courtiers such as Iran which
lready faced water scarcity and have some potential for enhancing

UE  by vapor shift (Rockström et al., 2009).
Hitherto, some studies have been carried out to assess the

mpacts of shifting sowing date on wheat yield under changing cli-
ates (Delécolle et al., 1995; Ghahramani et al., 2015; Rosenzweig,

990; Southworth et al., 2002; Torriani et al., 2007; Tubiello et al.,
002). The results of these studies indicate that shifting planting
ate is a region-specific adaptation. The climatic condition may
lso influence the effectiveness of manipulating sowing date. Weiss
t al. (2003) investigated effects of delaying planting date on win-
er wheat production in two semi-arid and one sub-humid sites
ocated in Nebraska. They concluded that yield loss would decrease
n semi-arid and increase in sub-humid areas due to late planting.
elécolle et al. (1995) also pointed out that the effectiveness of
hanging sowing date highly depends on applied general climate
odel (GCM) and emission scenario. The effectiveness of adjust-

ng sowing date as an adaptation alternative may, therefore, vary
n different regions and also when different GCMs and emission
athways are used. The strategy of shifting planting date should
hus be tested for each specific region using an ensemble average
f multiple GCMs to reduce projection uncertainty.

This study was aimed (i) to find climate change impacts on rain-
ed wheat yield, maximum leaf area index (LAIm) and transpiration

o evapotranspiration ratio (T/ET) during the 2080s (2071–2100)
n the west and northwest of Iran and (ii) to evaluate the influence
f shifting sowing date as an adaptation measure on wheat grain
Fig. 1. The study areas located in the west and northwest of Iran.

yield, T/ET, LAIm and precipitation quantity at five different wheat
phenological stages.

2. Materials and methods

2.1. Study area

Iran has a wide range of climatic conditions mainly due to exis-
tence of the Alborz and the Zagros mountain ranges. Rain producing
air masses predominantly enter from the west and northwest of the
country causing above-average rainfall (300–500 mm annual pre-
cipitation) in the western half of the country owing to the Zagros
mountain chain geographical location. Consequently, a semi-arid
climate mostly dominates in the west and northwest of Iran. The
local map  of the study area is depicted in Fig. 1. The climate of all
studied sites is categorized as semi-arid according to UNEP (1997).
Semi-arid climatic condition as well as fertile plains have made
the western half of Iran an appropriate area for rainfed agriculture.
Around 75% of all rainfed wheat produced in Iran is harvested from
the fields located in the studied regions (Ministry of Agriculture,
2011). Annual average rainfed wheat yield in the studied area is
approximately 900 kg ha−1.

2.2. Data

2.2.1. Climatic data
In this study, MarkSimGCM was employed to downscale coarse-

scale GCMs (General Circulation Models) outputs to a 0.5◦ × 0.5◦

latitude/longitude grid resolution using stochastic downscaling
and climate typing techniques (Jones and Thornton, 2013). Mark-
SimGCM generates rainfall data based on third-Markov stochastic
model and daily temperature (minimum and maximum) as well
as solar radiation data using Richardson (1981) approach. Fur-
ther, MarkSimGCM collects the baseline period climate data
(1961–1990) from the WorldClim database. The model has been
employed to downscale GCMs outputs in different climates over
the globe (Fouial et al., 2016; Liu et al., 2016; Mathukumalli
et al., 2016; Nouri et al., 2016; Shirsath et al., 2017). Nouri

et al. (2016) showed that MarkSimGCM can successfully pro-
duce the required climate data for agrohydrological modeling
over Iran. For our assessment, an ensemble mean of five GCMs
participating in the fifth phase of Coupled Model Intercompar-
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Table 1
The physical properties of soils, averaged over all layers, used in the study.

Soil series Site Sand (%) Silt (%) Clay (%) �s
b,a (%) LLc,a (%) DULd,a (%) OCe (%) �b

f (g cm−3) Ks
a,g (cm h−1)

Osko Tabriz 61.0 24.0 15.0 40 10.7 20.1 0.22 1.49 2.59
Qaratapeh Khoy 20.4 54.5 25.1 48 16.0 31.5 0.36 1.35 0.53
Emam  Kandi Urmia 52.4 21.4 26.2 38 14.7 25.1 0.80 1.45 0.82
Ideloo  Nozheh 25.4 41.1 33.5 47 20.0 33.9 0.23 1.29 0.23
Qeidar  Zanjan 21.2 40.3 38.5 45 16.4 33.4 0.40 1.36 0.59
Kuien  Qazvin 33.2 36.9 29.8 44 18.1 31.0 0.30 1.39 0.50
Serjineh  pain Sanandaj 27.2 34.2 38.6 44 22.4 35.5 0.60 1.37 0.10
Seifabad Khorramabad 14.2 52.0 33.8 47 20.9 37.7 0.50 1.40 0.17
Amleh  Kermanshah 30.4 28.0 41.6 47 26.5 40.6 1.30 1.32 0.12

a Determined based on pedo-transfer functions.
b Saturation.
c Lower limit of water availability.
d Drained upper limit.
e Organic carbon content.
f Soil bulk density.
g Saturated hydraulic conductivity.

Table 2
Genetic parameters of Azar-2 wheat cultivar for the CSM-CERES-Wheat model.

Genetic coefficients Description Value

P1V Days at optimum vernalizing temperature required for completing vernalization 7
P1D  Photoperiod (pp) response (% reduction in rate/10 h drop in pp) 30
P5  Grain filling (excluding lag) phase duration (◦C d) 510
G1  Kernel number per unit canopy weight at anthesis (#/g) 11
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G2  Standard kernel size under optim
G3  Standard, non-stressed mature til
PHINT  Interval between successive leaf t

son Project (CMIP5) (IPCC, 2013), i.e. BCC-CSM 1.1(m) (Beijing
limate Center, Climate System Model, version 1.1 (moderate reso-

ution), 2.81◦ × 2.81◦ latitude/longitude) (Wu,  2012), FIO-ESM (First
nstitute of Oceanography-Earth System Model, 2.81◦ × 2.81◦ lat-
tude/longitude) (Song et al., 2012), GFDL-ESM2M (Geophysical
luid Dynamics Laboratory Earth System Model with MOM,  ver-
ion 4 component, 2◦ × 2.5◦ latitude/longitude) (Dunne et al., 2012),
Institut Pierre-Simon Laplace Coupled Model, version 5A, low res-
lution, 1.87◦ × 3.75◦ latitude/longitude) (Dufresne et al., 2013)
nd MIROC-ESM-CHEM (Model for Interdisciplinary Research on
limate, Earth System Model, Chemistry Coupled, 2.81◦ × 2.81◦ lat-

tude/longitude) (Watanabe et al., 2011) under RCP-4.5 and RCP-8.5
Representative Concentration Pathways) were used for future cli-

ate condition. RCP-4.5 and RCP-8.5 scenarios represent mitigated
nd unmitigated emission pathways in the future, respectively. In
his study, daily climatic data were synthesized for 30 replicates
different weather years) in the baseline and future time slices.

ore details on the selected GCMs and RCPs are given by Flato
t al. (2013), Collins et al. (2013), Riahi et al. (2011) and Thomson
t al. (2011).

.2.2. Soil data
The soil data required for the CSM-CERES-Wheat (Cropping Sys-

em Model-Crop Environment Resource Synthesis-Wheat) (Jones
t al., 2003) model are the lower limit of water availability to
lants (LL, %), drained upper limit (DUL, %), saturation (�s, %), sat-
rated hydraulic conductivity (Ks, cm h−1) and soil root growth

actor (SRGF) (Ritchie, 1998). Since measuring these parameters
re often tedious and time-consuming, a set of pedo-transfer func-
ions developed by Rawls et al. (1982) and Saxton et al. (1986) are
ncluded in DSSAT v4.6 (Decision Support System for Agrotechnol-

gy Transfer) (Hoogenboom et al., 2014) to predict the required
oil physical properties. The readily available soil characteristics
i.e. particle size distribution, bulk density (�b) and organic carbon
OC)) for the dominant soil series in each location were obtained
nditions (mg) 36
ight (including grain) (g dry weight) 2
earances (◦C d) 57

from soil and land use reports and maps provided by Iran Soil and
Water Research Institute (Table 1).

2.2.3. Crop data
A winter bread wheat cultivar (Azar-2) commonly grown under

rainfed condition in the west of Iran was  considered in this study.
The required data for calibrating and evaluating the CSM-CERES-
Wheat were obtained from a two-years experiment conducted
in three sites located in Azarbayejan-e-Sharghi (Maragheh) (37◦

9′ ◦N, 46◦ 9′ ◦E, 1720 m.a.s.l), Kordestan (35◦ 12′ ◦N, 47◦ 00′
◦E, 1500 m.a.s.l) and Zanjan (36◦ 24′ ◦N, 48◦ 17′  ◦E, 1662 m.a.s.l)
(Feiziasl et al., 2007). The experiments were carried out employ-
ing four nitrogen rates (0, 30, 60 and 90 kg N ha−1), two nitrogen
fertilizer types (Urea and Ammonium nitrate) each with three repli-
cates during two  years (2002–2003 and 2003–2004). In Maragheh
station, two  types of N-fertilizer application including all-autumn
and autumn-spring split were performed. Grain yield, thousand
kernel weight (TKW), days to maturity (DMA) and days to flow-
ering (DFW) were the data used for calibration and evaluation
of the model. The first-year data set including 28 sets of data
was used for calibration. The second-year data including 28 sets
of data was  also considered for model evaluation. The Genotype
Coefficient Calculator (Genecalc) software included in DSSAT v4.6
was used to estimate the genetic coefficients of Azar-2 cultivar as
depicted in Table 2. The planting method (dry seed), planting depth
(5 cm), planting distribution (rows), fertilizer applications (60 kg
urea-N ha−1), row spacing (25 cm)  and plant population at seeding
(350 per m2) were obtained based on several experiments per-
formed in Iranian Dryland Agricultural Research Institute (DARI).
Furthermore, planting dates were considered to be 1 November in
Khorramabad, 15 October in Qazvin and Kermanshah and 7 October
in other stations recommended by DARI (DARI, 2014).
2.3. Modeling

The CSM-CERES-Wheat model included in DSSAT v4.6 was used
in this study to project grain yield, evapotranspiration compo-
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ents and LAI under CC. The CSM-CERES-Wheat is a field-scale,
aily-scale, one dimensional and ecophysiological model which
imulates wheat growth as well as soil moisture and nitrogen
udget and dynamics. The model partitions potential evapotranspi-
ation (ET0) into potential soil evaporation (E0) and potential crop
ranspiration (T0) based on the fraction of solar energy reaching
he soil surface and LAI (Jones et al., 2003). The CSM-CERES-Wheat
alculates soil evaporation in a two-stage process (Ritchie, 1972).
he potential plant transpiration (T0) is also computed based on an
xtinction coefficient (k) and the given LAI values (Ritchie, 1972;
au et al., 2004).

The CSM-CERES-Wheat model classifies the wheat growing sea-
on into nine stages including fallow or presowing (stage 7), sowing
o germination (S-G, stage 8), germination to emergence (G-E, stage

), emergence to terminal spikelet initiation (E-TS, stage 1), ter-
inal spikelet to end of leaf growth and beginning of ear growth

TS-ELG, stage 2), end of leaf growth and beginning of ear growth
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to end of pre-anthesis ear growth (ELG-EEG, stage 3), end of pre-
anthesis ear growth to beginning of grain filling (EEG-BGF, stage
4) and grain filling (GF, stage 5) (Ritchie, 1991). Wheat growth
and development primarily occurs within germination to termi-
nal spikelet initiation (G-TS), TS-ELG, ELG-EEG, EEG-BGF and GF
phases (Ritchie, 1991). In this study, the average CO2 concentra-
tions for simulations under RCP-4.5 and RCP-8.5 in 2071–2100 were
considered to be 532 and 802 ppmv, respectively (IPCC, 2013).

2.4. Adaptation option

In order to assess the influence of shifting planting date and
identify the best planting date (BPD) in the 2080s, the sowing date

was changed in a weekly interval from 1 October to 1 December.
It should be noted that more severe climate change projected for
the 2080s would make the adaptive strategies more necessary in
the late 21 century. BPD is the onset date of the growing season in
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e. Error bars represent the standard deviation of the projections).
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Fig. 2. 

hich the highest grain yield would be attained. Advancing sow-
ng date of wheat under rainfed condition to September seems
ot to be a viable and realistic adaptation. Because the rainfall in
eptember is insufficient to guarantee crop establishment in the
tudy area. Planting rainfed wheat later than 1 December may  also

ause a severe terminal drought. Furthermore, sowing too early (in
eptember) or too late (in December) would also restrict cropping
ummer crops in rotation with rainfed wheat. As a result, the con-
01-Oct. 07-Oct. 15 -Oct. 23-O ct. 01 -Nov.* 07-Nov . 15 -Nov. 23-Nov . 01 -Dec.

inued)

sidered sowing date window seems to be logistically reasonable
and applicable.

2.5. Quantitative evaluation of model performance
The performance of the CSM-CERES-Wheat model for calibra-
tion and evaluation periods was assessed using three statistics
including normalized root mean square error (nRMSE), means bias
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Table  3
The obtained statistics for evaluating CSM-CERES-Wheat performance.

Variable Set of data ObservationMeang nRMSEa (%) MBEb,g dr
c (–)

Grain
yield

Calibration 1985.3 14.3 −76.7 0.64
Validation 2476.3 16.4 −107.8 0.55

TKWd Calibration 39.5 7.0 −0.9 0.41
Validation 47.5 10.1 −3.5 0.16

DMAe Calibration 231.5 4.0 3.0 0.49
Validation 244.8 7.6 1.9 0.48

DFWf Calibration 187.4 3.5 2.4 0.68
Validation 203.7 7.9 3.2 0.47

a Normalized root mean square.
b Mean bias error.
c Refined Willmott’s index.
d Total kernel weight.
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rror (MBE) and refined Willmott’s index (dr). The mathematical
xpressions of these statistics are (Nouri et al., 2014):

BE  = 1/n
n∑
i=1

(Si − Oi) (1)

RMSE = 100

O

√√√√(
n∑
i=1

(Si − Oi)
2)/n

)
(2)

r =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 −

{
n∑
i=1

|Pi − Oi|/c
n∑
i=1

|Oi − O|

}
, if

n∑
i=1

|Pi − Oi| ≤ c

n∑
i=1

|Oi − O|{
c

n∑
i=1

|Oi − O|/
n∑
i=1

|Pi − Oi|

}
− 1, if

n∑
i=1

|Pi − Oi| > c

n∑
i=1

|Oi − O|

(3)

where Si is the simulated values, Oi is the observed values, Ō is
ean of the observations, c equals to 2 and n is the number of time

teps.
The normalized root mean square error (nRMSE) is frequently

sed to characterize the differences between the simulated and
ecorded values in the agrohydrology literature (Homaee et al.,
002a; Zarei et al., 2010). The model performance is considered
erfect with nRMSE value less than 10%, good if nRMSE is between
0% and 20%, fair if nRMSE is between 20% and 30% and poor if
RMSE quantity is greater than 30% (Dettori et al., 2011). MBE  is an

ndex quantifying model bias and systematic error and its negative
positive) values indicate model tendency to underestimate (over-
stimate) (Willmott, 1982). dr is a dimensionless relative error or
oodness-of-fit measure varying between −1 and 1 (Willmott et al.,
012). If the simulated values are equivalent to the observations
Si = Oi), the model performance is excellent and the magnitude of
r statistic is one and the quantity of MBE  and nRMSE statistics are
qual to zero.

. Results and discussions

.1. The CSM-CERES-Wheat evaluation

Considering the obtained nRMSE values (10% < nRMSE < 20%),

he CSM-CERES-Wheat provided a good estimate of grain yield
n both calibration and testing periods (Table 3). The simulation
ccuracy of the model was also excellent (nRMSE < 10%) for days to
aturity (DMA) and days to flowering (DFW) during both phases
nd day, respectively.

and for thousand kernel weight (TKW) over the calibration period.
Given MBE  values, the model often tended to underestimate grain
yield (3.8 and 4.3% of the mean of observed value) and TKW (2.2 and
7.3% of the mean of observed value), while overestimate DMA  (1.3
and 0.8% of the mean of observed value) and DFW (1.3 and 1.6% of
the mean of observed value). Furthermore, the close to 0.5 values for
dr illustrated that sum of the error-magnitudes was approximately
one half of the sum of perfect modeled and recorded grain yield,
DMA and DFW deviations (Willmott et al., 2012). In the testing
phase, as the value of absolute error indicated good estimation of
TKW (10% < nRMSE < 20%), low value of dr for TKW can be attributed
to low variation of recorded data (Willmott et al., 2012).

3.2. Future changes in climate

Averaged across all sites, an increase of 2.3 and 4.8 ◦C in annual
Tmin and 2.9 and 5.6 ◦C in annual Tmax was projected under RCP-
4.5 and RCP-8.5, respectively (Tables 4 and 5). On monthly scale,
increase of average Tmin (◦C) would likely range from 1.7 (in March)
to 3.3 (in September) for RCP-4.5 and from 3.8 (in January) to 6.3 (in
March) for RCP-8.5. Furthermore, the average Tmax increment (◦C)
will likely be in range of 2.2 (in March) to 3.8 (in September) under
RCP-4.5 and 4.6 (in January) to 6.5 (in September) under RCP-8.5.
The average annual precipitation reduction is expected to be 8.3
and 12.3% under RCP-4.5 and 8.5, respectively, in the 2080s with
respect to the baseline. Mean dry spell length will be increased by
10.0 and 11.7%, averaged across all stations, for RCP-4.5 and 8.5,
respectively. The average increase of OND, JFM and AMJ  mean dry
spell length was, respectively, 5.3, 9.2 and 12.0% under RCP-4.5 and
5.0, 17.1 and 35.4% under RCP-8.5. Consequently, it is anticipated
that the west and northwest regions of Iran would receive lower
precipitation and most likely experience more and longer droughts
(Tables 4 and 5).

3.3. The CC-induced changes in grain yield, T/ET and LAIm under
current planting date

Wheat yield under the current planting date (CPD) is likely to be
reduced in all stations for both RCPs except in Zanjan under RCP-
4.5 (Fig. 2). The highest reduction of wheat yield was projected
in Qazvin (17.8%) under RCP-4.5 and Khoy (42.3%) under RCP-8.5
in the 2080s relative to the baseline. A decline in transpiration to
total evapotranspiration (T/ET) was  projected in all scenarios and

stations expect for Tabriz under RCP-4.5 and Zanjan for both RCPs
under CPD (Fig. 2). An average decrease of 2.9 and 11.9% in T/ET
was modeled under RCP-4.5 and 8.5, respectively. Moreover, LAIm
will decrease in all cases under CPD except for Urmia under RCP-
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Table 4
Average change of monthly, annual and seasonal (OND, JFM and AMJ) Tmin (◦C), Tmax (◦C), precipitation (%) and mean dry spell length (DSL) (%) in the 2080s (ensemble average)
relative to the baseline period under RCP-4.5.

Station Variable Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. ONDa JFMb AMJc Annual

Khoy �Tmin 2.2 2.1 2.0 2.1 2.0 2.6 3.1 3.4 3.4 2.6 2.0 2.0 2.2 2.1 2.2 2.5
�Tmax 2.6 2.8 2.4 2.9 2.9 3.5 3.8 3.9 4.0 3.0 2.4 2.3 2.5 2.6 3.1 3.0
�P  −5.9 −34.5 −14.8 −20.5 4.4 −18.8 −30.6 −15.2 8.1 2.0 −16.6 −33.9 −13.9 −19.2 −7.6 −12.4
�DSL  15.9 −3.4 11.7 13.1 −1.8 30.8 32.8 −0.7 2.9 −3.1 2.5 11.0 4.1 7.9 17.1 11.7

Urmia �Tmin 2.4 2.0 1.9 2.0 2.2 2.8 3.2 3.3 3.5 2.7 1.9 2.1 2.2 2.0 2.3 2.5
�Tmax 2.6 2.7 2.2 2.8 3.1 3.7 3.7 3.8 4.1 3.1 2.5 2.5 2.7 2.5 3.2 3.1
�P −12.0 −5.5 0.4  10.3 −12.7 −16.5 −51.0 −22.0 49.3 4.4 −4.1 −13.5 −4.5 −4.9 −3.4 −4.1
�DSL  −4.0 −3.1 4.0 33.7 −3.1 0.0 17.8 −2.3 −1.8 10.9 4.5 10.7 9.0 −1.2 6.6 7.5

Tabriz �Tmin 2.0 1.9 1.8 2.0 2.2 2.7 3.0 3.2 3.3 2.6 1.8 2.0 2.1 1.9 2.3 2.4
�Tmax 2.4 2.7 2.2 2.7 2.9 3.5 3.5 3.8 3.8 3.0 2.4 2.3 2.6 2.4 3.0 2.9
�P  −15.5 −9.1 5.2 −2.5 −3.2 −57.4 −51.6 −16.5 −20.7 17.8 −27.5 −9.2 −4.6 −4.5 −13.2 −9.4
�DSL  19.5 24.9 7.9 17.3 −15.3 7.8 24.6 4.2 −12.0 −15.1 13.0 5.6 1.4 17.8 4.4 6.7

Zanjan �Tmin 1.6 1.5 1.6 2.0 2.2 2.4 2.6 2.9 3.2 2.4 2.0 1.7 2.0 1.6 2.2 2.2
�Tmax 2.1 2.2 2.0 2.8 2.8 3.0 3.1 3.2 3.6 2.8 2.3 2.4 2.5 2.1 2.9 2.7
�P  1.3 16.7 0.6 −30.2 −1.7 −36.0 −36.6 −27.3 −58.6 −5.3 −7.2 −2.9 −4.6 5.7 −16.8 −6.7
�DSL 3.9  7.5 −3.0 −7.0 16.5 29.8 24.7 2.1 29.0 −13.3 3.7 16.7 −0.2 2.8 18.8 11.3

Nozheh �Tmin 1.7 1.7 1.6 2.0 2.4 2.7 2.7 3.0 3.3 2.6 2.0 2.0 2.2 1.6 2.4 2.3
�Tmax 2.4 2.5 2.2 3.0 3.3 3.2 3.3 3.2 3.8 3.1 2.4 2.6 2.7 2.4 3.2 2.9
�P  −17.6 −14.5 −14.5 9.0 −20.3 7.7 −45.9 339.4 113.0 −7.0 10.7 −7.8 −0.3 −15.5 −5.6 −7.4
�DSL  19.5 13.0 15.1 13.3 20.8 1.0 11.9 −24.6 −17.6 4.1 8.1 18.0 9.4 16.0 6.8 12.9

Qazvin �Tmin 1.5 1.6 1.7 2.1 2.3 2.4 2.5 2.7 2.9 2.2 1.8 1.6 1.8 1.6 2.3 2.1
�Tmax 2.1 2.4 2.1 2.9 3.0 3.0 3.1 3.1 3.3 2.5 2.1 2.1 2.2 2.2 2.9 2.6
�P  −27.8 −11.2 −11.4 −15.7 −29.9 −41.7 −0.8 −87.8 4.7 34.7 −5.1 −21.6 −4.6 −14.8 −21.9 −14.4
�DSL  18.1 −4.6 −25.3 −7.5 12.1 17.1 −4.3 8.7 7.3 −7.7 0.8 −3.3 −3.6 −2.9 11.5 −1.6

Sanandaj �Tmin 1.8 1.7 1.8 2.3 2.6 2.9 2.9 2.9 3.3 2.6 1.9 1.9 2.1 1.7 2.6 2.4
�Tmax 2.5 2.6 2.4 3.2 3.4 3.6 3.5 3.2 3.7 2.8 2.2 2.4 2.5 2.5 3.4 3.0
�P −4.1 0.6  −10.1 −7.4 −22.4 −42.1 20.0 −70.3 −11.1 24.7 15.9 −11.7 6.3 −4.7 −15.9 −5.8
�DSL  5.0 11.6 13.5 8.0 18.8 22.0 −3.1 −7.6 −0.3 −1.3 5.9 13.4 5.1 10.1 18.8 10.3

Kermanshah �Tmin 1.8 1.5 1.6 2.2 2.5 2.7 2.8 3.0 3.5 2.8 2.0 1.9 2.2 1.6 2.4 2.4
�Tmax 2.6 2.4 2.2 3.0 3.2 3.3 3.3 3.2 3.8 3.1 2.6 2.7 2.8 2.4 3.2 2.9
�P  0.2 −30.5 −9.5 −22.9 −18.0 −22.5 246.9 11.1 56.5 41.4 −6.9 −9.8 −2.6 −12.8 −20.6 −11.1
�DSL  0.1 5.9 6.2 2.1 17.3 5.1 −3.7 −1.9 −0.9 1.0 8.7 5.9 4.2 4.2 6.9 5.4

Khorramabad �Tmin 1.8 1.7 1.6 2.3 2.6 2.6 2.7 2.9 3.4 2.9 2.2 2.0 2.4 1.7 2.5 2.4
�Tmax 2.7 2.4 2.1 3.0 2.9 3.1 3.2 3.1 3.8 3.1 2.7 2.6 2.8 2.4 3.0 2.9
�P  −4.8 −1.1 −6.2 16.0 −6.5 29.5 422.0 −35.7 −39.4 26.1 −16.0 −15.0 −10.3 −4.2 7.1 −3.7
�DSL  46.8 27.6 14.2 25.3 24.5 11.7 −16.5 6.0 6.7 1.0 28.0 40.5 18.1 28.4 16.9 26.0
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.5 (Fig. 2). Averaged across all locations, a decline of 11 and 24.5%
n LAIm was projected under RCP-4.5 and RCP-8.5, respectively.
he largest decrease in T/ET and LAIm was predicted for Khorram-
bad site (Fig. 2). The rainfall deficit during the growing season
Tables 4 and 5) is expected to result in decreased LAIm (above-
round and leaf biomass), T (T/ET) and grain yield. In some sites
uch as Sanandaj, Tabriz and Urmia for RCP-4.5 and Zanjan under
CP-8.5, crop yield would be declined by 4% ≥ in the 2080s relative
o the baseline (Fig. 2). An increase or a slight decrease of rainfall
5% >) in the OND and JFM seasons in addition to CO2 fertilization
an account for negligible crop yield loss in these cases, despite an
ver 13% reduction in the AMJ  rainfall in some cases. This implies
hat precipitation received during the OND and JFM seasons are of
reat importance to maintain rainfed wheat yield under CC in the
tudied area.

.4. Impacts of shift in sowing date upon yield, T/ET and LAIm

Planting wheat earlier than CPD is expected to decrease yield
n all sites located in the studied area (Fig. 2). Unlike advancing

owing date, rainfed wheat yield can be increased through late
lanting (Fig. 2). A 2-week delay of seeding may  promote grain
ield (kg ha−1) by 177.0 in Khoy, 219.6 in Urmia, 167.1 in Qazvin,
20.8 in Nozheh, 93.3 in Sanandaj and 173.5 in Kermanshah for
RCP-4.5 (Fig. 2a, c, i, k, m and o). Furthermore, sowing 4 weeks later
than CPD is expected to enhance wheat yield by 181.9 (kg ha−1)
under RCP-4.5 in Khorramabad during the 2080s (Fig. 2q). Increas-
ing yield through delaying planting date in Tabriz and Zanjan under
RCP-4.5 seems to be unlikely (Fig. 2e and g). Under RCP-8.5, delay-
ing sowing date by 3 weeks can increase wheat yield (kg ha−1) by
388.8 in Khoy, 370.5 in Urmia, 448.1 in Nozheh, 323.5 in Sanandaj
and 234.0 in Kermanshah (Fig. 2b, d, l, n and p). In addition, a 2-
week delay in planting appears to increase yield (kg ha−1) by 61.3
in Tabriz and 230.5 in Zanjan under RCP-8.5 in the last decades of
21st century (Fig. 2f and h). A 5-week delay of sowing date will
improve crop yield by 166.1 kg ha−1 in Qazvin for RCP-8.5 (Fig. 2j).
Overall, shifting from CPD to BPD would enhance yield by 176.2 and
252.9 kg ha−1, averaged across all sites, for RCP-4.5 and RCP-8.5,
respectively, in 2071–2100.

Averaged across all sites, shifting from CPD to BPD will increase
T/ET ratio (mm  mm−1) by 0.024 and 0.038 and LAIm (m2 m−2) by
0.58 and 0.70 for RCP-4.5 and 8.5, respectively (Fig. 2). The great-
est increment of T/ET (mm  mm−1) caused by shifting from CPD to
BPD was 0.040 and 0.079 for RCP-4.5 and RCP-8.5, respectively, at

Nozheh followed by 0.039 under RCP-4.5 in Urmia and 0.050 under
RCP-8.5 in Zanjan. The greatest LAIm enhancement (m2 m−2) due to
shifting from CPD to BPD was 0.84 and 1.10 for RCP-4.5 and RCP-8.5,
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Table  5
Average change of monthly, annual and seasonal (OND, JFM and AMJ) Tmin (◦C), Tmax (◦C), precipitation (%) and mean dry spell length (DSL) (%) in the 2080s (ensemble average)
relative to the baseline period under RCP-8.5.

Station Variable Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. ONDa JFMb AMJc Annual

Khoy �Tmin 4.3 4.4 4.0 4.0 4.1 5.1 6.2 6.5 6.4 5.4 4.2 4.2 4.6 4.2 4.4 4.9
�Tmax 4.9 5.6 5.1 5.4 5.4 6.8 7.1 7.0 6.8 5.8 5.3 5.1 5.3 5.2 5.8 5.8
�P  −40.7 −25.8 −34.8 −46.6 −3.0 −69.4 −52.6 39.8 76.4 0.2 −26.1 −59.6 −24.5 −33.4 −27.8 −24.1
�DSL  52.6 1.9 −1.0 11.6 −21.2 95.4 55.3 −12.1 −24.3 −22.4 −6.7 60.7 15.3 16.2 39.9 9.8

Urmia �Tmin 4.5 4.2 3.9 4.0 4.5 5.4 6.3 6.5 6.7 5.6 4.3 4.3 4.7 4.2 4.7 5.0
�Tmax 5.0 5.4 5.0 5.3 5.8 6.8 7.1 6.9 6.9 6.0 5.3 5.4 5.5 5.1 6.0 5.9
�P −31.1 −7.8 −13.5 −34.0 −19.7 −63.8 −62.1 39.1 89.8 −9.6 −8.3 −47.1 −20.4 −16.4 −32.3 −20.4
�DSL  14.7 2.1 19.0 19.0 −21.0 36.4 37.9 1.6 −34.2 −11.6 −18.2 25.4 1.4 12.2 17.5 11.4

Tabriz �Tmin 3.9 4.1 3.9 4.0 4.4 5.4 6.1 6.2 6.1 5.1 4.0 4.0 4.3 3.9 4.6 4.8
�Tmax 4.5 5.3 5.1 5.5 5.4 6.9 6.9 6.7 6.5 5.4 4.8 5.0 5.0 5.0 5.9 5.7
�P  −28.9 −27.2 −21.3 −31.8 43.7 −94.0 −33.0 44.3 2.2 4.8 −3.5 −31.6 −7.3 −25.0 −8.7 −11.7
�DSL  26.2 36.1 3.8 20.4 −33.6 134.9 42.7 −19.2 −25.6 −22.9 9.3 31.1 8.5 22.7 63.7 7.3

Zanjan �Tmin 3.3 3.5 3.7 3.9 4.5 5.0 5.4 5.8 5.7 5.0 4.2 3.6 4.2 3.5 4.5 4.5
�Tmax 4.1 4.7 4.8 5.4 5.4 6.0 6.3 6.0 6.1 5.1 4.7 4.8 4.9 4.5 5.6 5.3
�P  −9.9 9.1 0.2 −50.9 11.7 −94.7 −66.2 565.6 73.8 40.8 −13.6 −15.6 −4.3 0.2 −22.7 −7.5
�DSL 24.3  42.9 15.0 7.5 12.4 72.6 72.6 −37.8 −14.7 −16.1 3.2 51.1 7.5 27.0 46.8 15.5

Nozheh �Tmin 3.6 3.9 3.9 4.3 5.0 5.6 5.7 6.1 6.1 5.4 4.5 4.0 4.6 3.8 4.9 4.8
�Tmax 4.5 5.2 5.2 5.7 5.8 6.4 6.4 6.2 6.4 5.7 5.0 5.2 5.3 4.9 6.0 5.7
�P  −8.4 −18.8 −4.1 −22.2 18.0 −91.9 95.9 1079. 55.2 31.5 13.7 −23.8 0.6 −9.9 −5.5 −2.5
�DSL  11.1 19.6 12.6 20.3 7.0 59.3 7.6 −45.5 −19.7 −7.2 4.7 19.5 4.1 14.3 42.9 9.9

Qazvin �Tmin 3.1 3.5 3.6 3.8 4.4 4.9 5.3 5.7 5.6 4.9 4.1 3.6 4.2 3.4 4.4 4.4
�Tmax 4.0 4.6 4.7 5.1 5.6 5.8 6.0 6.1 6.0 5.2 4.6 4.6 4.8 4.4 5.5 5.2
�P  −9.1 −31.0 −4.5 −6.9 −27.8 −74.8 10.5 21.0 141.0 83.5 −11.4 −25.1 −0.1 −14.0 −17.1 −8.7
�DSL  21.5 11.6 −11.2 5.0 21.2 29.7 −9.6 −16.5 −21.8 −8.8 −1.0 −4.5 −5.0 7.9 23.3 2.4

Sanandaj �Tmin 3.8 3.9 4.0 4.5 5.1 5.7 5.9 6.2 6.5 5.6 4.6 4.1 4.8 3.9 5.1 5.0
�Tmax 4.7 5.2 5.2 5.8 6.0 6.6 6.5 6.3 6.5 5.6 5.3 5.3 5.4 5.0 6.1 5.8
�P −20.3 −32.0 −3.8 −30.2  −2.8 −89.8 288.0 148.7 280.5 61.8 −1.6 −35.6 −5.3 −18.3 −21.1 −13.0
�DSL  −1.0 6.4 2.8 8.9 0.1 56.6 −11.7 −35.3 −34.3 −21.8 9.4 3.5 −6.6 2.8 37.4 12.9

Kermanshah �Tmin 3.8 3.8 4.0 4.5 5.1 5.5 5.7 6.2 6.8 5.9 5.0 4.3 5.1 3.9 5.1 5.1
�Tmax 5.0 5.0 5.0 5.6 6.0 6.2 6.3 6.4 6.7 6.0 5.6 5.6 5.7 5.0 5.9 5.8
�P  −29.3 −12.0 −21.6 −15.0 −7.4 −27.6 96.6 9.6 5.8 50.2 −6.7 −34.8 −11.2 −21.2 −12.2 −15.6
�DSL  45.4 15.6 9.6 10.1 19.7 24.3 −8.6 −11.9 −17.5 −4.3 15.8 28.4 10.2 22.9 20.5 17.2

Khorramabad �Tmin 3.8 4.1 4.1 4.9 5.4 5.6 5.8 6.1 6.6 5.9 5.1 4.4 5.1 4.0 5.3 5.1
�Tmax 5.0 5.2 5.1 5.8 6.0 6.2 6.3 6.1 6.3 5.7 5.5 5.3 5.5 5.0 6.0 5.7
�P  −15.3 −19.8 9.0 0.2 13.3 −35.2 1.7 −66.3 −0.1 1.6 −21.9 −23.2 −19.5 −9.1 3.9 −9.6
�DSL  44.6 28.3 13.7 25.5 26.8 26.9 −11.8 −12.2 −30.7 −15.4 31.6 35.7 9.4 27.8 26.6 18.6
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espectively, at Nozheh followed by 0.76 and 1.05 under RCP-4.5
nd RCP-8.5, respectively, in Khoy.

The entire growing season precipitation (GSP) change due to
hift in planting date within the considered sowing window is
nlikely to be considerable (Fig. 3). However, as given in Fig. 3,
recipitation change at different phenological stages is significant
hen the seeding date was changed. In the most stations, the G-TS

ainfall was projected to be linearly increased when the planting
ate was changed from 1 October to BPD. The G-TS rainfall change

s likely to be plateaued as the sowing date was shifted later than
PD. Precipitation change at TS-ELG phase exhibits an increasing-
ecreasing trend within the considered sowing window peaking in
PD (Fig. 3). Averaged across all sites, shifting from CPD to BPD will

ncrease rainfall amount (mm)  at TS-ELG phase by 39.2 and 14.9
nd within G-TS phase by 12.5 and 27.3 for RCP-4.5 and RCP-8.5,
espectively. At most scenarios and locations, rainfall received over
LG-EEG, EEG-BGF and GF stages was predicted to decrease when
he seeding date was shifted in weekly interval from the beginning
o the end of the considered window. The average precipitation is
nticipated to decline (mm)  during ELG-EEG by 21.4 and 17.6, EEG-

GF by 11.1 and 13.9 and GF by 12.3 and 7.2 under RCP-4.5 and
CP-8.5, respectively, due to shifting from CPD to BPD. Increase

n the G-TS rainfall as a consequence of shift in sowing date to
PD will ensure the adequate crop emergence and establishment.
Further, germination kill (a type of crop failure simulated by the
model owing to early growing season drought) would be avoided
due to the G-TS precipitation increase. An enhancement in the TS-
ELG rainfall seems to have positive influences on leaf growth (LAI)
and above-ground biomass. It should be noted that LAI is in its max-
imum value by the end of TS-ELG stage. Increase of LAI as a result
of postponing planting date to BPD will shift vapor flux from E to
T in the soil-plant-atmosphere system, enhancing T/ET and conse-
quently the produced yield (Ferretti et al., 2003; Rockström, 2003;
Rockström and Falkenmark, 2000). This is crucially important in
dryland agriculture in which yield improvement through increas-
ing WUE  and transpiration share in total water use (ET) is greatly
desired (Rockström et al., 2010; Stewart and Steiner, 1990; Yang
et al., 2015). Further, leaf growth of wheat (a C3 plant) will be more
stimulated by CO2 fertilization under wetter soil condition during
TS-ELG. At the most cases, the greatest precipitation decrease was
projected in TS-ELG phase under CPD (Fig. 3). Therefore, the rainfall
deficit within the period of TS-ELG can be considered as the most
limiting factor for rainfed wheat production in the 2080s. It seems
that an increase in the TS-ELG rainfall can remarkably improve

rainfed wheat transpiration and yield under CC. In the most sites,
the trend of changes in wheat yield and the TS-ELG precipitation
was similar when the sowing date was changed within the con-
sidered planting window (Fig. 3). Furthermore, harvest loss would
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ncrease when the planting date was shifted later than BPD. This
an be explained by a considerable decrease of precipitation at TS-
LG, ELG-EEG, EEG-BGF and GF phases in the most studied stations
Fig. 3).

In the most cases, decline of precipitation during productive
eriod particularly grain filling (a drought-sensitive stage) under
PD is not expected to be significant during the 2080s (Fig. 3).

 serious wheat yield loss due to terminal drought seems not,
herefore, to be occurred. In addition, a major increase in above-
round biomass through vapor shift may  result in a small increase
f ET (total water use) in low-yielding regions (such as our study
rea) due to the trade-off existing between E and T (Asseng
t al., 2001). Consequently, increase of biomass during pre-anthesis
tages appears not to cause late season drought and harvest loss

Anderson, 1992; Asseng et al., 2001). Moreover, translocation of
re-anthesis carbohydrate to grain can prevent appreciable yield

oss (Anderson, 1992; Dodig et al., 2015; Fischer, 1979).
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4. Conclusions

The impacts of climate change on rainfed wheat yield, transpi-
ration to total evapotranspiration ratio (T/ET) and maximum leaf
area index (LAIm) over a range of sowing dates under RCP-4.5 and
RCP-8.5 during 2071–2100 were investigated. In the most studied
sites, yield, LAIm and T/ET are expected to decrease under the cur-
rent planting date (CPD). In the most investigated areas, autumn
and winter droughts can account for reduction of yield, LAIm and
T/ET. Precipitation at two early stages i.e. germination to termi-
nal spikelet initiation (G-TS) and terminal spikelet to end of leaf
growth and beginning of ear phases (TS-ELG) will increase when
sowing was  delayed from the current to the best date. Enhanced
G-TS rainfall would benefit crop establishment and decrease the

probability of crop failure during early growing season. Precipi-
tation increment during TS-ELG would also lead to increased LAI
and T/ET. Moreover, a great decline of rainfall at grain filling stage
(GF) and entire growing season is not anticipated due to delay-
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