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a  b  s  t  r  a  c  t

Climate  change  has significant  influences  on  agricultural  water  management  particularly  in arid and
semi-arid  regions.  Increased  water  scarcity  and  consecutive  droughts  in  these  regions  must  be  extensively
taken  into  considerations  in  any  water  management  scheme  dealing  with  agricultural  production.  This
study was  aimed  to find  out  climate  changes  impacts  on  soil  water  balance  components  and  rainfed
wheat  yield,  phenology  and  failure  across  eight  different  soil  textural  classes  over  2070–2099.  In order  to
project  the  future  conditions,  outputs  of  five  climate  models  under  RCP-4.5  and  RCP-8.5  downscaled  by
MarkSimGCM  were  used  to  drive  the  CSM-CERES-Wheat  v4.6  model.  Results  indicated  that  crop-growing
season  will  be  shorter  by 10.7–21.6  days  under  RCP-4.5  and  25.8–45.5  days  under  RCP-8.5.  Averaged
across  all  investigated  soils,  the  crop  yield  would  decline  in  four  studied  large  areas  mainly  due  to  drought
and  inappropriate  planting  date.  Yield  loss,  averaged  across  all sites,  are likely  to  be  higher  in  finer-texture
soils.  More  frequent  harvest  failure  can  occur  over the  2080s  particularly  in  the  finer-textured  soils  at
most  studied  sites.  Deep  drainage  and  runoff  are  expected  to drop  in  almost  all  soils  due to  rainfall
deficit.  Decline  of evaporation  appears  likely  as a consequence  of  drought,  shorter  growing  period  and
change  of  evapotranspiration  partitioning.  The  crop  model  projected  larger  reduction  in  drainage  and
evaporation  for  coarse  soils  and  in  runoff  for finer-textured  soils.  Higher  transpiration,  averaged  over  all

sites,  in  coarser  soils  can  be  attributed  to considerable  decline  of nitrogen  leaching  and  higher  subsoil
water  content.  Furthermore,  there  would  be an  increase  in soil  water  storage  under  most  soil-climate
simulation  runs  particularly  in heavy-textured  soils.  In general,  soil  texture  as  an  inherent  static  property
highly  conditions  crop-climate  interactions  in  changing  climates.  Furthermore,  rainfed  wheat  production
would  likely  be  more  sustainable  on  coarser  soil  textures  under  climate  changes.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Agricultural productions and food security in water-limited sys-
ems are highly impacted by water scarcity and non-water limiting
actors such as poor nutrition and salinity (Rockström et al., 2010;
aadat and Homaee, 2015). In arid and semi arid regions, both
ater scarcity (Homaee et al., 2002a, 2002d) and salinity (Homaee

t al., 2002b, 2002c; Homaee and Schmidhalter, 2008) are the two
ain important challenges for agricultural water management.
ince pre-industrial period, rising atmospheric concentration of
reenhouse gases and aerosols mainly as a result of fossil fuel
veruse, land use/cover changes and agricultural activities have

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

ttp://dx.doi.org/10.1016/j.agwat.2016.07.025
378-3774/© 2016 Elsevier B.V. All rights reserved.
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 due
to climatic changes, namely decreased precipitation and/or higher
atmospheric evaporative demand (Dai, 2011, 2013). In the eastern
Middle East including west of Iran, meteorological drought would
also be more frequent and severe due to declined storm track activ-
ity (Evans, 2009). In other words, the already drought prone and
water limited regions such as Iran are likely to be more liable to
CC-related drought (Li et al., 2009).

The average rates of reduction in major crop yields linked to
drought disaster will likely be more than 50 and 90% in 2050 and
2100, respectively, over the globe (Li et al., 2009). This drought-

induced yield decrease associated with increased food demand
due to westernization of diet and growing population will likely
result in food insecurity in water-limited developing countries

dx.doi.org/10.1016/j.agwat.2016.07.025
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2016.07.025&domain=pdf
mailto:mhomaee@modares.ac.ir
dx.doi.org/10.1016/j.agwat.2016.07.025
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uch as Iran (Tai et al., 2014). Therefore, it seems that more
nowledge related to planning and managing water resources
nder climate changes is required to avoid harvest failure and

ood shortage in water-controlled environments. Meteorological
rought and global warming would influence the components of
oil water balance through affecting soil water-temperature and
oil water-precipitation feedbacks (Seneviratne et al., 2010). The
athematical expression of root zone water balance can be written

s (Hillel, 1998):

Gains

 ︸︸  ︷
P + I) − (

losses︷  ︸︸  ︷
E + T + D + R)  =

Storage change︷︸︸︷
�S (1)

 =
n∑
i=1

�i ∗ �Zi (2)

here P denotes precipitation, I irrigation (included in irrigated
ands), E soil evaporation, T plant transpiration, D deep downward
rainage (deep percolation or leakage), R surface runoff, �S change

n root zone water storage, � volumetric soil moisture (cm3 cm−3), Z
oil horizons depth and n the number of soil layers. The components
re expressed in terms of volume of water per unit soil area (i.e.
quivalent depth of water) during specific time interval.

Considering heavy dependence of agricultural production
n soil moisture storage particularly under rainfed condition
Bannayan et al., 2011), change of water balance is expected to
reatly impact crop production under CC (Yang et al., 2015; Yang
t al., 2014). Assessing climatic changes impacts on soil water
alance components can therefore shed light on crop-climate inter-
ctions in the future (Eitzinger et al., 2003; Jalota et al., 2014).
oil texture also controls some ecological and hydrological pro-
esses such as water retention, aeration and nutrition availability
Hillel, 1998; Rodríguez-Iturbe and Porporato, 2005). Hence, the
rop response to CC and variability is expected to vary with soil
exture (He et al., 2014). Moreover, different scenarios and features
f future climatic changes appear to influence crop yield differently
epending on soil texture. van Ittersum et al. (2003) predicted an

ncrease and a decline of wheat yield in a sandy soil under drier
decline of precipitation by 25%) and warmer (increase of temper-
ture up to 3 ◦C) scenarios, respectively, in western Australia. On
he contrary, compared with the sandy soil, the inverse changes
ere simulated for yield on a clay soil under above-mentioned

cenarios. As a result, appropriate adaptation strategy may  differ
ith soil types. Ludwig and Asseng (2006) concluded that wheat

roduction on an acid sandy loam soil would likely be less vul-
erable to drier and warmer climatic condition compared with a
lay soil in western Australia. El Chami and Daccache (2015) also
rojected that climatic changes are likely to more negatively influ-
nce rainfed wheat grown on a silty clay loam (heavy-textured) soil
ith respect to that on a sandy loam (lighter-textured) soil in the

ast of England. These findings illustrate that yield response to CC
ill be largely impacted by soil texture. Using virtual soil profiles,

ormann (2012) found that soil texture greatly affects sensitivity
f soil moisture storage changes to global warming. Yang et al.
2014) concluded that crop response to CC markedly varies with
oil type. Yang et al. (2015) also studied the likely climatic changes
ffects on water balance components of 12 soil types under wheat
n southeastern Australia. They used all soils for all surveyed sites to
stablish a broad range of soil types with different available water
apacity. P, E and T were predicted to descend in 2021–2040 as the
rowth period will be shortened, while R and D would less likely be
hanged significantly. Further, they pointed out that spatial analy-

es of yield response to CC can be less uncertain and confounding
f a broad range of soil types (not only a representative soil pro-
le) are considered. The method (i.e. considering different soils for

 site) used by Yang et al. (2014) can be helpful for deepening our
nagement 177 (2016) 248–263 249

understanding of uncertainties associated with spatial variability
of soil physical properties which has been poorly addressed in the
climate change literature.

To our knowledge, no research has been carried out to date to
directly assess the CC influences on crop yield and water budget
across a broad range of soil textures. Therefore, this study was
aimed to find the CC impacts on soil water balance components,
and rainfed wheat yield, growing season length and failure during
the 2080s (2070–2099) relative to the baseline (1961–1990) under
RCP-4.5 and RCP-8.5 over eight different textural classes in the west
of Iran.

2. Materials and methods

2.1. Study area

Iran has a wide range of climatic conditions which includes
9 out of 30 climate types based on updated Köppen-Geiger cli-
mate classification (Peel et al., 2007) mainly due to the existence
of the Alborz and the Zagros mountain ranges. Rain producing air
masses predominantly enter from the west and northwest of Iran
and cause above-average rainfall (around 300–500 mm precipita-
tion per year) in the western half of the country owing to the Zagros
mountain chain geographical location (Sadeghi et al., 2002). Conse-
quently, semi-arid Mediterranean climate mostly dominates in the
west and northwest of Iran. According to the results of some works
conducted to analyze trend of precipitation (Tabari and Talaee,
2011b), temperature (Tabari et al., 2011; Tabari and Talaee, 2011a)
and reference crop evapotranspiration (Talaee et al., 2014) during
recent five decades, there was a shift towards drier and warmer
climatic condition in Iran. The study area and location of surveyed
sites are depicted in Fig. 1. Geographic and climatic characteristics
of all stations are also given in Table 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 based on third-Markov stochastic model
and daily temperature (minimum and maximum) as well as solar
radiation using Richardson (1981) approach. The model collects
the baseline period climate data (1961–1990) from the World-
Clim database. In this study, an ensemble mean of five GCMs
participating in the fifth phase of Coupled Model Intercompar-
ison Project (CMIP5) (IPCC, 2013), i.e. BCC-CSM 1.1(m) (Beijing
Climate Center, Climate System Model, version 1.1 (moderate reso-
lution), 2.81◦ × 2.81◦ latitude/longitude) (Wu,  2012), FIO-ESM (First
Institute of Oceanography-Earth System Model, 2.81◦ × 2.81◦ lat-
itude/longitude) (Song et al., 2012), GFDL-ESM2M (Geophysical
Fluid Dynamics Laboratory Earth System Model with MOM, ver-
sion 4 component, 2◦ × 2.5◦ latitude/longitude) (Dunne et al., 2012),
(Institut Pierre-Simon Laplace Coupled Model, version 5A, low res-
olution, 1.87◦ × 3.75◦ latitude/longitude) (Dufresne et al., 2013)
and MIROC-ESM-CHEM (Model for Interdisciplinary Research on
Climate, Earth System Model, Chemistry Coupled, 2.81◦ × 2.81◦ lat-
itude/longitude) (Watanabe et al., 2011) under RCP-4.5 and RCP-8.5
(Representative Concentration Pathways) were used for future cli-

mate condition. It should be noted that combining GCMs  outputs
enhances the skill, reliability and consistency of climate model fore-
casts (Donat et al., 2010; Tebaldi and Knutti, 2007) and reduces the
bias of simulations (Fu et al., 2005). Cantelaube and Terres (2005)
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Fig. 1. Location of the study area at the west and northwest Iran.

Table 1
Some geographic characteristics and aridity index of the studied stations.

WMOa number Station Longitude Latitude Elevation AIb

(◦E) (◦N) m.a.s.l –

40703 Khoy 44◦ 58′ 38◦ 33′ 1103 0.29
40706  Tabriz 46◦ 17′ 38◦ 5′ 1361 0.20
40729 Zanjan 48◦ 29′ 36◦ 41′ 1663 0.26
40731 Qazvin 50◦ 3′ 36◦ 15′ 1279 0.25
40747 Sanandaj 47◦ 0′ 35◦ 20′ 1373 0.36
40766 Kermanshah 47◦ 9′ 34◦ 21′ 1318 0.32
40767 Nozheh 48◦ 43′ 35◦ 12′ 1680 0.23
40782 Khorramabad 48◦ 17′ 33◦ 26′ 1148 0.33

p
o

i
c
(
(
p
F
E

a World Meteorological Organization.
b Aridity index calculated based on (UNEP, 1992).

ointed out that a reliable projection of crop response to CC is
btained by using an ensemble multi-model.

Each GCM includes different models (components) for model-
ng physical processes related to atmoshere, aerosol, atmosphere
hemistry, land surafce, ocean, ocean bio-chemistry and sea ice
Flato et al., 2013). Climate models differ in terms of structure
models), complexity, number of inclueded physical procceses and

atameteres, grid resolution and vertical layers (Flato et al., 2013;
ranks, 2002). Among the used GCMs, BCC-CSM 1.1(m) and FIO-
SM has the higher resolution (number of horizental grid points) for
atmosphere and ocean features, respectively. Furthermore, MIROC-
ESM-CHEM and IPSL-CM5A-LR are high-top atmosphere models
with a fully resolved stratosphere with a model top above the
stratopause (Flato et al., 2013). Flato et al. (2013) and Collins et al.
(2013) have reviewed the CMIP5 GCMs in detail. The RCP-8.5 corre-
sponds to the greatest greenhouse gases emission scenario without
considering any mitigation strategy leading to a radiative forcing of

8.5 W m−2 at the end of the 21 st century (Riahi et al., 2011). Unkike
RCP-8.5, RCP-4.5 assumes imposition of some climate mitigation
policies in both energy usage and land use in order for stablizing
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he radiative forcing at 4.5 W m−2 by 2100 (Thomson et al., 2011).
n this study, the CC impact assesment was, therefore, carried out
nder a mitigated (RCP-4.5) and unmitigated (RCP-8.5) emission
athways.

Considering over 10000 weather stations for calibration world-
ide, the model does not need to be recalibrated for each station

f interest over the globe (Jones and Thornton, 2013). The model
as been successfully employed in east Africa (Muluneh et al.,
014; Thornton et al., 2009), Taiwan (Tseng et al., 2015) and
ast India (Rao et al., 2015), which are all humid and subhumid
egions. In this study, MarkSimGCM performance was  evaluated
y comparing model-generated and recorded data in the baseline
eriod (1961–1990). The required historical data including min-

mum temperature, maximum temperature and precipitation of
ight synoptic stations (Table 1) were obtained from Islamic Repub-
ic of Iran Meteorological Organization (IRIMO).

.2.2. Soil data and soil-climate simulation runs
The soil data required to drive the soil water balance module

f the CSM-CERES-Wheat are the lower limit of water availabil-
ty to plants (LL, cm3 cm−3, which is permanent wiling point),
rained upper limit (DUL, cm3 cm−3, which is field capacity), satu-
ation (�s, cm3 cm−3), saturated hydraulic conductivity (Ks, cm h−1)
nd soil root growth factor (SRGF) (Ritchie, 1998). Since measur-
ng these parameters are often tedious and time-consuming, a
et of pedo-transfer functions (developed by Rawls et al. (1982)
nd Saxton et al. (1986)) are included in DSSAT v4.6 to pre-
ict above-mentioned soil physical properties based on some
asy-to-determine soil characteristics. The readily available soil
haracteristics (i.e. soil texture fractions, bulk density (�b) and
rganic carbon (OC)) collected from soil and land-use reports and
aps provided by Iran soil and water research institute for the sites

ocated in study area are given in Table 2.
In this study, eight soils (each representative for the sites listed

n Table 2) mainly under rainfed wheat with different textures
ncluding sandy loam (sl), sandy clay loam (scl), loam (l), silt loam
sil), silty clay loam (sicl), silty clay (sic), clay loam (cl) and clay (c) for
ll sites were used under RCP-4.5 and RCP-8.5 as the soil-climate
imulation runs. In this manner, soil texture roles in agrohydro-
ogical processes under CC can be assessed. Soil profile depth of
ll soils was 120 cm.  It should be noted that this method has been
ecently proposed by Yang et al. (2014) and Yang et al. (2015) for
ddressing CC influences upon soil water budget and crop growth
n a wide range of soil types. Moreover, in this study, sl and scl were
lassified as the coarse-textured soils (with >55% sand), l and sil as
he medium-textured soils and sicl,  sic,  cl and c as the fine-textured
oils (with >30% clay).

.2.3. Crop data
An improved winter bread wheat cultivar (Azar-2) commonly

rown under rainfed condition in west of Iran was  used in this
tudy. The data required to calibrate and evaluate the CSM-CERES-

heat were obtained from a two-years experiment undertaken to
tudy influences of applying different sources and rates of nitrogen
ertilizer on wheat production including both quality and quan-
ity, 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 employing
our nitrogen rates (0, 30, 60 and 90 kg N ha−1), two nitrogen fer-
ilizer types (Urea and Ammonium nitrate) and three replications

uring two years (2002–2003 and 2003–2004). In Azarbayejan-e-
harghi (Maragheh) station, two types of N-fertilizer application
.e. all-autumn and autumn-spring split were carried out. Grain
ield, thousand kernel weight (TKW), days to maturity (DMA) and
nagement 177 (2016) 248–263 251

days to flowering (DFW) were the data used for the model cali-
bration and evaluation. The first-year data set (including 28 sets of
data) was  used for calibration and the second-year data (includ-
ing 28 sets of data) was  considered for model evaluation. The
Genotype Coefficient Calculator (Genecalc) software included in
DSSAT v4.6 (Decision Support System for Agrotechnology Trans-
fer) (Hoogenboom et al., 2014) was used to estimate the genetic
coefficient values of Azar-2 cultivar depicted in Table 3. Planting
method (dry seed), planting depth (5 cm), planting distribution
(rows), fertilizer applications (60 kg urea-N ha−1), planting date (15
October–1 November), row spacing (25 cm) and plant population at
seeding (350 per m2) were obtained based on several experiments
performed in the Iranian DARI (Dryland Agricultural Research Insti-
tute) and in consulting with their researchers.

2.3. Modeling

In this study, the CSM-CERES-Wheat (Cropping System Model-
Crop Environment Resource Synthesis-Wheat) (Jones et al., 2003)
included in DSSAT v4.6 was  used to project soil water balance com-
ponents and wheat yield, failure and phenology under climatic
changes. The CSM-CERES-Wheat is a field-scale, daily-scale, one
dimensional, ecophysiological model which has the ability to sim-
ulate wheat growth as well as soil moisture and nitrogen budget
and dynamics. Soil water balance sub-model of the CSM-CERES-
Wheat is a tipping-bucket model which models water cycle and
dynamics in each homogenous soil layer considering some soil
physical properties introduced in the previous section. Despite not
being a highly input-demanding model, the CSM-CERES-Wheat
has exhibited a good performance in predicting soil water balance
and dynamics particularly in cropped soils (Eitzinger et al., 2004;
He et al., 2014; Kersebaum et al., 2007). Table 4 contains some
climatic/hydrological processes and conditions considered in the
current study.

Three types of harvest failure can be modeled with the CSM-
CERES-Wheat including germination kill, winterkill and inadequate
kernel (Mearns et al., 1997). In the first condition wherein the ade-
quate water needed for germination has not been provided, crop
fails 90 days after onset date. Crops may  also fail to yield due to
exposure to low temperature extremes during wintertime (second
type of harvest failure). The third type of harvest failure occurs
if modeled stem weight is appreciably low leading to less than
100 kernels per m2. The last type seems to be triggered by soil water
deficit during anthesis to beginning of grain fill (Mearns et al., 1997).
In this study, all three above-explained harvest failure types were
considered.

2.4. Quantitative model performance evaluation

The performance of the CSM-CERES-Wheat during the calibra-
tion and evaluation periods was  assessed using three different
statistics i.e. normalized root mean square error (nRMSE), means
bias error (MBE) and refined Willmott’s index (dr). The mathemat-
ical expressions of these statistics are:

MBE = 1/n
n∑
i=1

(Si − Oi) (3)
nRMSE = 100

O

√√√√(
n∑
i=1

(Si − Oi)
2)/n (4)
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Table 2
Some physical properties of soils, averaged over all layers, used in the study.

Soil series Site Tex. sand silt clay OC1 �s
2,* DUL3,* LL4,* �b

5 Ks6,*

% cm3 cm−3 g.cm−3 cm.h−1

Osko Tabriz sl 61.0 24.0 15.0 0.22 0.40 0.20 0.11 1.49 2.59
Gerizeh Sanandaj scl 55.9 19.6 24.5 0.18 0.37 0.24 0.15 1.51 0.97
Nezamabad Qazvin l 42.8 37.0 20.2 0.28 0.44 0.26 0.13 1.40 1.30
Qaratapeh Khoy sil 20.4 54.5 25.1 0.36 0.48 0.32 0.16 1.19 0.53
Seifabad Khorramabad sicl 14.2 52.0 33.8 0.50 0.47 0.38 0.21 1.30 0.17
Qeidar  Zanjan sic 10.8 44.5 44.7 0.38 0.45 0.42 0.26 1.36 0.10
Ideloo  Nozheh cl 25.4 41.1 33.5 0.23 0.47 0.34 0.20 1.29 0.23
Amleh  Kermanshah c 30.4 28.0 41.6 1.30 0.47 0.41 0.26 1.32 0.12

* determined based on pedo-transfer functions.
1 Organic carbon content.
2 Saturation.
3 Drained upper limit.
4 Lower limit of water availability.
5 Soil bulk density.
6 Saturated hydraulic conductivity.

Table 3
Genetic parameters of Azar-2 wheat cultivar.

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
G2  Standard kernel size under optimum conditions (mg) 36
G3  Standard, non-stressed mature tiller weight (including grain) (g dry weight) 2
PHINT Interval between successive leaf tip appearances (◦C d) 57

Table 4
Some climatic/hydrological approaches and conditions used in the study.

Process and condition approach

Potential evapotranspiration Priestley and Taylor (1972) equation (with modified adiabatic coefficient, �)
Potential evapotranspiration partitioning Ritchie (1972) method
Actual evapotranspiration Ritchie (1972) algorithm (reducing potential evaporation and transpiration based on soil water depletion rate)
Root  water uptake The limiting approach in the soil-plant-atmosphere system (Ritchie, 1981, 1998)
Runoff Modified USDA-Soil Conservation Service curve number method (Williams et al., 1984)
Climatic variables Precipitation, solar radiation, Tmin and Tmax generated and downscaled by MarkSimGCM
Drainage Suleiman and Ritchie (2004) vertical drainage model (with modified drainage coefficient, C)

ended
undw

 date

d

w
o

u
r
2
v
i
g
m
i
e
m
s
m
o

Soil  moisture evaporation and redistribution (Ritchie et al., 2009) ext
Lower boundary condition Free drainage and no gro
Simulation start date 30 days prior to planting

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|

(5)

here Si is the simulated values, Oi is the observed values, Ō is mean
f the observations, c equals to 2 and n is the number of time steps.

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). The model performance is considered perfect with nRMSE
alue less than 10%, good if nRMSE is between 10% and 20%, fair
f nRMSE is between 20% and 30% and poor if nRMSE quantity is
reater than 30% (Dettori et al., 2011). MBE  is an index quantifying
odel bias and systematic error and its negative (positive) values

ndicate model tendency to underestimate (overestimate) (Palosuo
t al., 2011). dr is a dimensionless relative error or goodness-of-fit

easure varying between −1 and 1(Willmott et al., 2012). If the

imulated values are equivalent to the observations (Si = Oi), the
odel performance is excellent and the magnitude of dr statistic is

ne and the quantity of MBE  and nRMSE statistics are equal to zero.
 two-stage model based on diffusion theory
ater effect

3. Results and discussions

3.1. Models evaluation

3.1.1. MarkSimGCM
The results listed in Tables 5–7 show that MarkSimGCM ade-

quately well synthesized Tmin, Tmax and precipitation time series
for the baseline period (1961–1990). Despite the significant differ-
ences between modeled and observed Tmin at Nozheh and Tabriz
(Table 5), and Tmax at Zanjan site during some seasons (Table 6),
MarkSimGCM performed acceptably well in generating Tmin and
Tmax time series over 1961–1990. The model slightly tended to
overestimate rainfall amount on seasonal and annual scales for the
majority of the study sites (Table 7). In addition, it seems that in case
of predicting summertime precipitation, model performance was
poor compared with that in other seasons. Overall, the model seems
to be capable of adequately simulating growing season climatic
variables required to run the CSM-CERES-Wheat.
3.1.2. The CSM-CERES-Wheat
The CSM-CERES-Wheat showed a good estimate of grain yield

considering nRMSE values (between 10 and 20%) in both calibration
and testing period (Table 8). Further, the simulation accuracy of the
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Table  5
Comparison of modeled (Mod.) with recorded (Rec.) seasonal and annual average Tmin data over 1961–1990.

Site Variable Winter (DJFa) Spring (MAMb) Summer (JJAc) Autumn (SONd) Annual

Rec. Mod. Rec. Mod. Rec. Mod. Rec. Mod. Rec. Mod.

Khoy Mean −5.1 −4.1 5.0 4.6 14.6 15.8* 5.6 5.8 5.0 5.6
Variance 9.4 11.8 1.6 1.8 1.6 0.7 1.9 1.8 2.0 1.3

Tabriz Mean −4.8 −4.5 6.0 4.8* 18.0 15.9* 8.2 8.0 6.8 6.1*

Variance 5.3 6.1 4.8 6.9 0.7 0.7 0.6 0.8 0.6 0.3

Zanjan Mean −6.4 −5.9 3.4 3.0 13.4 12.9 5.3 5.4 3.9 3.8
Variance 8.1 10.0 1.0 1.0 1.0 0.8 0.7 0.9 1.0 1.3

Nozheh Mean −5.1 −4.1 5.0 5.6 14.6 15.8* 5.6 6.7* 5.0 6.1*

Variance 9.4 10.8 1.6 0.8 1.6 0.7 1.9 0.8 2.0 0.3

Qazvin Mean −3.2 −2.8 6.2 6.1 16.4 16.3 7.9 7.9 6.8 6.9
Variance 5.2 2.3 1.2 0.8 1.3 0.6 1.5 1.8 1.1 1.4

Khorramabad Mean 1.0 1.1 8.2 8.2 17.8 18.4 9.8 10.2 9.2 9.5
Variance 3.3 4.6 2.7 1.7 4.1 4.5 3.5 4.7 2.8 3.2

Sanandaj Mean −4.7 −4.5 4.3 4.3 15.2 15.0 5.8 5.7 5.1 5.2
Variance 6.1 7.2 1.2 1.0 1.3 0.7 1.1 0.9 1.5 1.3

Kermanshah Mean −2.8 −2.9 4.9 5.1 14.4 14.4 6.3 5.9 5.7 5.7
Variance 3.2 3.9 0.9 0.9 1.0 0.7 1.2 0.9 0.7 0.6

* Significant difference at the level of 95%.
a December-January-February.
b May-April-March.
c June-July-August.
d September-October-November.

Table 6
Comparison of modeled (Mod.) with recorded (Rec.) seasonal and annual average Tmax data over 1961–1990.

Site Variable Winter (DJFa) Spring (MAMb) Summer (JJAc) Autumn (SONd) Annual

Rec. Mod. Rec. Mod. Rec. Mod. Rec. Mod. Rec. Mod.

Khoy Mean 4.0 4.8 17.6 17.8 31.2 31.7 20.4 20.5 18.3 18.8
Variance 7.5 8.6 2.3 1.8 1.8 1.5 1.4 0.5 1.5 1.2

Tabriz Mean 2.9 2.2 16.5 16.2 31.3 30.7 20.1 19.7 17.8 17.2
Variance 1.0 1.6 1.3 0.9 1.1 0.6 1.2 0.7 0.8 0.7

Zanjan Mean 3.9 5.1* 16.7 15.9* 30.9 30.3 20.3 20.6 18.0 18.0
Variance 6.9 8.5 1.5 0.9 0.8 0.5 1.4 0.6 0.9 0.6

Nozheh Mean 4.0 4.8 17.6 17.8 31.2 31.7 20.4 20.5 18.3 18.8
Variance 7.5 7.6 2.3 1.8 1.8 1.5 1.4 1.5 1.5 1.2

Qazvin Mean 8.9 8.4 19.8 19.8 34.1 33.8 23.1 23.4 21.5 21.4
Variance 8.3 6.5 2.2 1.9 0.6 0.4 2.1 1.5 1.5 1.2

Khorramabad Mean 12.4 12.4 23.0 22.1 38.2 38.4 27.5 27.7 25.3 25.2
Variance 3.2 3.1 1.7 2.8 1.0 1.3 1.3 1.4 1.0 1.1

Sanandaj Mean 6.7 6.1 19.2 18.3 35.1 34.5 23.7 22.4 21.2 20.3
Variance 6.6 10.4 1.5 0.9 0.8 0.5 0.9 0.5 0.8 0.9

Kermanshah Mean 8.4 9.0 19.9 18.8* 36.1 35.5 24.8 24.2 22.3 21.9
Variance 4.8 4.1 1.1 0.9 0.7 1.0 0.9 0.5 0.6 0.1

* Significant difference at the level of 95%.
a December-January-February.
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b May-April-March.
c June-July-August.
d September-October-November.

odel was excellent (nRMSE < 10%) for days to maturity (DMA) and
ays to flowering (DFW) during both phases and for thousand ker-
el weight (TKW) over the calibration period. Given MBE  values,
he model often tended to underestimate grain yield and TKW and
verestimate DMA  and DFW. Furthermore, quantities of close to
.5 for dr illustrated that sum of the error-magnitudes was approx-

mately one half of the sum of perfect modeled and recorded grain
ield, DMA  and DFW deviations (Willmott et al., 2012). In the test-

ng phase, as the value of absolute error indicated good estimation
f TKW (10% < nRMSE < 20%), low value of dr for TKW can be due to

ow variation of recorded data (Willmott et al., 2012).
3.2. Future changes in climate

The NDJ (November-December-January, sowing to terminal
spikelet initiation) and MAM  (March-April-May, beginning of ear
growth to end of grain filling) are the most critical periods for win-
ter crop development in the study area (Table 9). Any changes in
climatic variables during these periods can therefore greatly impact
wheat yield. 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 were projected under
RCP-4.5 and RCP-8.5, respectively (Table 9). In addition, tempera-
ture increment will be larger during MAM  compared with that in
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Table 7
Comparison of simulated (Mod.) with recorded (Rec.) seasonal and annual average precipitation data over 1961–1990.

Site Variable Winter (DJFa) Spring (MAMb) Summer (JJAc) Autumn (SONd) Annual

Rec. Mod. Rec. Mod. Rec. Mod. Rec. Mod. Rec. Mod.

Khoy Mean 67.2 71.2 144.2 144.6 41.2 28.4 63.9 66.7 316.2 310.9
Variance 436.0 323.2 2443.9 2963.2 898.2 421.8 1732.4 2051.9 7478.0 7741.5

Tabriz  Mean 77.7 83.2 138.7 151.3 26.1 32.0 64.4 79.4 306.5 345.9
Variance 1076.6 1473.6 3892.1 4290.5 482.7 595.6 1659.8 2343.0 8106.3 8561.8

Zanjan  Mean 94.6 126.3* 148.1 160.3 15.1 7.5* 58.2 55.5 316.0 349.6
Variance 739.9 2299.4 2509.8 2100.3 155.2 94.7 1293.2 1661.0 7142.4 7782.7

Nozheh  Mean 67.2 71.2 144.2 144.6 41.2 28.4 63.9 66.7 316.2 310.9
Variance 436.0 1323.2 2443.9 2963.2 898.2 421.8 1732.4 2051.9 7478.0 7817.3

Qazvin  Mean 130.9 105.3 128.6 168.4 8.7 11.1 49.0 60.9 317.3 344.7
Variance 1702.6 2085.0 2320.9 2743.1 59.7 135.6 1466.5 2020.1 8014.4 7098.8

Khorramabad Mean 242.1 231.7 188.8 184.2 0.6 9.7* 77.7 94.3 509.2 519.9
Variance 5318.6 5135.9 6077.1 4977.5 1.3 12.4 2289.3 2518.8 14297.4 15641.1

Sanandaj Mean 199.4 215.3 199.9 230.2 2.9 12.8* 86.2 82.5 488.4 540.4
Variance 3588.6 4116.2 4391.2 5639.6 22.3 42.9 2884.3 1903.9 14818.5 12006.0

Kermanshah Mean 202.0 210.5 189.3 202.5 1.0 14.5* 84.5 88.3 477.6 515.8
Variance 3242.5 3916.8 7246.9 7859.7 4.6 23.4 2832.0 2623.9 15156.5 14782.7

* Significant difference at the level of 95%.
a December-January-February.
b May-April-March.
c June-July-August.
d September-October-November.

Table 8
The obtained statistics for evaluating the CSM-CERES-Wheat performance.

Variable Set of data nRMSEa (%) MBEb,* dr
c (−)

Grain
yield

Calibration 14.3 −76.7 0.64
Validation 16.4 −170.8 0.55

TKWd Calibration 7.0 −0.9 0.41
Validation 10.1 −3.5 0. 16

DMAe Calibration 4.0 3.0 0.49
Validation 7.6 1.9 0.48

DFWf Calibration 3.5 2.4 0.68
Validation 7.9 3.2 0.47

* MBE  units for Grain yield, TKW, DMA  and DFW are kg, g, day and day, respectively.
a Normalized root mean square.
b Mean bias error.
c Refined Willmott’s index.
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d Total kernel weight.
e Days to maturity.
f Days to flowering.

DJ at most of the stations. The west and northwest parts of Iran
ould receive lower precipitation and probably experience more

roughts and low rainfall years (Table 9). The early growing sea-
on (NDJ) precipitation was projected to decrease by >15% in Khoy,
abriz, Qazvin and Khorramabad under both RCPs. These results are
onsistent with those already reported by Evans (2009), Chenoweth
t al. (2011) and Lelieveld et al. (2012) who predicted a serious rain-
all shortage in northwest and west Iran through the 21 st century.
urthermore, similar results have also been projected for future cli-
atic condition of northeastern Iran by Bannayan and Eyshi Rezaei

2014) and Eyshi Rezaie and Bannayan (2012).

.3. Projection of crop related variables

.3.1. Length of growing season
Wheat growing season length would presumably be curtailed in
he future with respect to the baseline period (1961–1990) (Fig. 2a)
s a consequence of temperature rise (Table 9). Averaged over all
oils, decrease of growing season length (day) ranged from 10.2 (in
azvin) to 24.4 (in Tabriz) under RCP-4.5 and from 15.3 (in Nozheh)
to 43.3 (in Kermanshah) under RCP-8.5. Influencing grain filling
duration and photosynthetic processes, curtailed growing season
length would affect wheat production in terms of both quality and
quantity (Hatfield et al., 2011).

3.3.2. Wheat grain yield
Wheat yield is likely to increase in Sanandaj, Nozheh and Ker-

manshah (under RCP-4.5) and decrease in Khoy, Tabriz, Zanjan
(under RCP-4.5), Khorramabad and Qazvin under most of the soil-
climate simulation runs (Fig. 2b). Averaged across all soils, change
in yield (kg ha−1) would be +304.9 and +381.8 in Sanandaj, +93.0
and +78.4 in Nozheh, −139.6 and −362.7 in Khoy, −96.8 and −168.3
in Tabriz, +312.6 and −58.0 in Kermanshah, −54.0 and +57.2 in
Zanjan, −12.7 and −80.4 in Qazvin, and −227.6 and −314.7 in
Khorramabad under RCP-4.5 and RCP-8.5, respectively (Fig. 2b).

The greatest yield loss was  projected in Khorramabad and Khoy
under RCP-4.5 and RCP-8.5, respectively. Therefore, Khorramabad
and Khoy appear to be the most sensitive sites to CC in the last 30-yr
of the 21 st century.
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Table  9
Average of annual, NDJ (November-December-January) and MAM (March-April-May) Tmin, Tmax and precipitation (P) (ensemble average of the GCMs) during 1961–1990 and
changes of the variables (Tmin, Tmax (�C◦) and P (� %)) in the 2080 s relative to the baseline period under the RCPs.

Site Baseline (1961–1990)

Tmin (C◦) Tmax (C◦) P (mm)

Ann. NDJ MAM  Ann. NDJ MAM  Ann. NDJ MAM

Khoy 5.6 −2.3 4.6 18.8 7.1 17.8 310.9 76.9 144.6
Tabriz 6.1 −3.1 4.8 17.2 5.9 16.2 345.9 94.5 151.2
Zanjan 3.8 −5.0 3.0 18.0 6.1 15.9 349.6 105.6 160.3
Nozheh 6.1 −3.6 5.6 18.8 6.9 17.8 310.8 80.9 144.6
Qazvin 6.9 −0.9 6.1 21.4 10.6 19.8 344.7 107.3 168.4
Khorramabad 9.5 2.5 8.2 25.2 14.4 22.1 519.9 230.3 184.2
Sanandaj 5.2 −3.0 4.3 20.3 9.6 18.3 540.4 204.9 230.1
Kermanshah 5.7 −1.4 5.1 21.9 10.6 18.9 515.8 209.9 202.5

2080s  (RCP-4.5)
Khoy 2.45 2.0 2.0 3.0 2.4 2.7 −12.4 −16.9 −7.6
Tabriz 2.4 1.9 2.0 2.9 2.3 2.6 −10.4 −18.3 −0.3
Zanjan 2.2 1.8 1.9 2.7 2.3 2.5 −6.7 −16.6 −5.6
Nozheh 2.3 1.9 2.0 2.9 2.5 2.8 −7.4 −0.6 −9.0
Qazvin 2.1 2.0 1.6 2.6 2.1 2.7 −14.4 −16.8 −17.6
Khorramabad 2.4 2.0 2.1 2.9 2.7 2.7 −3.7 −26.6 −4.8
Sanandaj 2.4 1.8 2.2 3.0 2.4 3.0 −7.4 −2.3 −7.5
Kermanshah 2.3 1.9 2.1 2.9 2.6 2.8 −11.1 −4.8 −16.1

2080s  (RCP-8.5)
Khoy 4.9 4.2 4.0 5.8 5.1 5.3 −24.1 −39.8 −23.6
Tabriz 4.7 3.9 4.1 5.6 4.7 5.3 −11.6 −19.9 0.7
Zanjan 4.5 3.7 4.0 5.3 4.5 5.2 −7.4 −2.9 −10.1
Nozheh 4.8 4.0 4.4 5.6 4.9 5.6 −2.5 −1.9 −2.2
Qazvin 4.4 3.6 4.0 5.2 4.4 5.1 −8.7 −15.8 −10.2
Khorramabad 5.2 4.4 4.8 5.7 5.2 5.6 −9.3 −24.1 −8.1
Sanandaj 5.0 4.1 4.5 5.7 5.1 5.6 −13.0 −5.8 −12.4
Kermanshah 5.1 4.4 4.5 5.8 5.4 5.5 −15.6 −23.1 −15.4

Fig. 2. Absolute changes in wheat growth period (�GP) (day), yield (�Y) (kg ha−1) and failure probability (�FP) (%) under RCP-4.5 and RCP-8.5 over eight classes of soil
texture in the 2080s with respect to the baseline period.
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ig. 3. The box plots of grain yield changes (kg ha−1) along eight soil textures and s
5th  percentiles, the lines within the boxes mark the median and the inner and out

The NDJ rainfall shortage (>15%) seems to be the main cause
f wheat yield loss in Khoy, Khorramabad, Tabriz, Qazvin, Ker-
anshah (under RCP-8.5) and Zanjan (under RCP-4.5) (Table 9). In

horramabad, as the warmest and most sensitive region under RCP-
.5, decreased rainfall and temperature rise are likely to result in a
igher harvest loss. As in some locations such as Khorramabad and
abriz wherein yield loss would be highly likely, the MAM  rainfall
ill not considerably decrease but the early season rainfall (NDJ) in

he future, the MAM  precipitation appears not to be of same impor-
ance as the early season precipitation (NDJ). In some sites such as
anandaj and Nozheh, as a severe early season drought is not antic-
pated, crop yield was modeled to increase, averaged over all soils,
ue to temperature rise and CO2 enrichment.

The projected wheat yield varies greatly over the soils and sites
Fig. 3). The interquartile ranges (IQR) of yield changes, averaged
ver all soils, were 805.2 and 891.9, 877.6 and 978.1, 642.5 and
94.0, 695.3 and 915.0, 744.6 and 1393.6, 672.0 and 654.8, 741.5
nd 766.8, and 490.1 and 782.3 kg ha−1 for Khoy, Tabriz, Sanandaj,
ermanshah, Zanjan, Qazvin, Nozheh and Khorramabad under RCP-
.5 and RCP-8.5, respectively.

We  considered two sites i.e. Khoy (a northern site) and Kerman-
hah (a wetter southern site) to better explain the impacts of CC on
heat yield across all eight textures under RCP-8.5. The changes in

rain yield were −158.3, −165.2, −302.9, −413.8, −519.6, −485.8,
405.8 and −450.1 (kg ha−1) in Khoy and +480.5, +413.9, +74.2,
80.9, −408.2, −310.6, −303.5 and −322.7 (kg ha−1) in Kerman-

hah under RCP-8.5 for sl, scl,  l, sil,  sicl,  sic,  cl and c, respectively.
or sl and scl,  an increase of grain yield in Kermanshah and a lower
ecrease of yield in Khoy was projected. A higher reduction in grain
ield is expected to occur in both sites in the heavier-textured soils
i.e. sicl,  sic,  cl and c). Thus, it appears that CC will cause a greater
ield loss in the heavier-textured soils (i.e. sic,  sicl,  cl and c) than
n the light-textured soils (i.e. sl and scl). In other stations, similar
esults were obtained (Fig. 2b). Averaged over all sites, the model
rojected the highest enhancement (kg ha−1) of wheat yield in sl

y 224.7 and 208.0 under RCP-4.5 and RCP-8.5, respectively. The
reatest yield loss, averaged across all sites, were 132.2 and 240.6
kg ha−1) predicted in sicl under RCP-4.5 and RCP-8.5, respectively.
xcept in Khorramabad and Khoy (under RCP-8.5), there was a pro-
 the 2080s relative to the baseline period (boxes boundaries indicate the 25th and
ces represent the lowest and highest values, respectively).

jection of increase in sl and scl.  Accordingly, wheat cropped over the
sandy soils seems to be less sensitive to CC.

The IQR values, averaged over all sites, ranged between 653.0
(for sl) and 767.3 (for sicl) under RCP-4.5 and 801.1 (for scl)  and
1080.4 (for c) kg ha−1 under RCP-8.5. In general, there is a larger
variation of yield change over the clay soils compared with sandy
soils (Fig. 3).

3.3.3. Wheat failure
The results (Fig. 2c) revealed that harvest failure would be

more frequent in most of the sites as a result of meteorological
drought and inappropriate sowing date in 2070–2099. More fre-
quent below-normal rainfall years will enhance the probability of
first and third types of harvest failure. Furthermore, averaged across
all soil textures, the change range of harvest failure probability (%)
was from 0 (in Sanandaj and Kermanshah) to 5.2 (in Khorramabad
and Tabriz, Zanjan) under RCP-4.5 and 0.86 (in Nozheh) to 18.5
(in Khoy) under RCP-8.5. Averaged across all sites, harvest fail-
ure is anticipated to change (%) between 0.0 (in sl) and +5.6 (in
c) under RCP-4.5 and +1.7 (in sl) and +9.5 (in sic and c) under RCP-
8.5. Regarding the substantial contribution of heavy-textured soils
in the western half of Iran towards producing rainfed agricultural
production, serious attention should be paid in adopting appropri-
ate adaptive measures to avoid crop failure in such soils. It should
be noted that in Khoy and Khorramabad, as the most sensitive sites,
crop failure probability would significantly enhance in the late 21st
century.

3.4. Projection of the soil water balance components

3.4.1. Precipitation
In general, a decline in growing season precipitation, as the pri-

mary driver of the hydrological cycle, was foreseen under most
of the soil-climate simulation runs by 2100 over the study area

(Fig. 4a). Precipitation, averaged over all soils, was  predicted to
change (mm  d−1) in the range of −0.16 (in Khoy) to −0.02 (in
Sanandaj) under RCP-4.5 and −0.44 (in Khoy) to +0.024 (in Nozheh)
under RCP-8.5. The largest IQR of precipitation change was found
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Fig. 4. Daily absolute changes in precipitation (�P) (mm d−1), deep drainage (�D) (mm d−1), evaporation (�E) (mm d−1), transpiration (�T) (mm d−1), maximum LAI
(�LAImax)  (m2 m−2), potential evapotranspiration (�ET0) mm d−1), runoff (�R) (mm  d−1), soil water storage (�S) (mm d−1) and N-leaching (�N-leaching) (Kg ha−1 d−1)
during  wheat-growing season under RCP-4.5 and RCP-8.5 over eight classes of soil texture in the 2080s with respect to the baseline period.
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or Khorramabad (1.2 mm d−1) under RCP-4.5 and Kermanshah
1.1 mm d−1) under RCP-8.5 (Fig. 5a and b).

.4.2. Deep drainage and N-leaching
In case of deep drainage (D), the model projected percolation

oss decreases mainly due to rainfall shortage (Fig. 4b). Averaged
ver all sites, sl showed the greatest reductions of deep drainage (by
.060 and 0.15 mm d−1 under RCP-4.5 and RCP-8.5, respectively)
s drainage is a significant portion of the light-textured soils water
udget (Asseng et al., 2000). Spatially, larger decreases in drainage,
veraged over all soils, are anticipated for Kermanshah by 0.083
nd 0.16, Khorramabad by 0.01 and 0.19 and Sanandaj by 0.045 and

.23 mm d−1 under RCP-4.5 and RCP-8.5, respectively, since perco-

ation is of major importance in the above 450 mm rainfall regions
Asseng et al., 2000). Rainfall deficit would therefore yield a larger
ecline in deep percolation in the wetter locations and sandier soils.

ig. 5. The box plots of changes in precipitation (�P), drainage (�D), evaporation (�E)
oil  textures and sites under RCP-4.5 and RCP-8.5 in the 2080 s relative to the baseline pe
oxes  mark the median and the inner and outer fences represent the lowest and highest 
nagement 177 (2016) 248–263

In addition, averaged across all sites, IQR of �D changed in range
of 0.30 (for sl) to 0.03 (for sicl) under RCP-4.5 and 0.25 (for sl)
to 0.039 (for sicl) mm d−1 under RCP-8.5 (Fig. 5c and d). Varia-
tion of drainage change (Fig. 5c and d) was more prominent in the
coarse-textured soils (i.e. sl and scl)  and wetter sites (i.e. Sanandaj,
Khorramabad and Kermanshah).

As can be seen from Fig. 4h, the greatest decrease in N-
leaching, averaged over all sites, was simulated in sl (0.015 and
0.032 kg ha−1 d−1 for RCP-4.5 and RCP-8.5) followed by scl (0.014
and 0.029 for RCP-4.5 and RCP-8.5). In addition, the highest decline
of N-leaching (kg ha−1 d−1), averaged over all soils, was 0.021 at
Kermanshah followed by 0.019 at Sanandaj under RCP-4.5 and
0.052 at Sanandaj followed by 0.032 at Kermanshah under RCP-
8.5. In those stations with higher precipitation, the higher reduction

in N-leaching is, therefore, expected to occur. Decline of nitrogen
leaching beyond the root zone due to decreased vertical percola-

, transpiration (�T), runoff (�R) and soil water storage (�S) mm d−1) along eight
riod (boxes boundaries indicate the 25th and 75th percentiles, the lines within the
values, respectively).
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ion can benefit crop growth particularly in coarse-texture soils
van Ittersum et al., 2003).

.4.3. Evapotranspiration
There will be a reduction of soil evaporation (E) ranging from

0.008 (in Qazvin) to −0.103 (in Sanandaj) under RCP-4.5 and from
0.019 (in Qazvin) to −0.260 (in Sanandaj) mm d−1 under RCP-
.5 averaged across all soils in the 2080s (Fig. 4c). Reduction of
vaporation can be due to the shortened length of growth season,
hanged evapotranspiration partitioning and CC-induced soil water
eficit over the study area.

Averaged over all soils, transpiration (T) was  predicted to be
educed in Tabriz, Khoy, Khorramabad and Qazvin, and enhanced
n Zanjan, Kermanshah (under RCP-4.5), Nozheh and Sanandaj
Fig. 4d). The rise of crop transpiration loss can be related to

ncreased root (Tubiello et al., 1995) and above-ground (maximum
eaf area index (LAImax), Fig. 4e) (Ferretti et al., 2003) biomass as a
onsequence of insignificant changes of NDJ rainfall, CO2 fertiliza-
ion and higher nutrient availability due to reduced deep drainage.
inued)

However, decreased T in some sites such as Khoy, Khorramabad
and Qazvin can be explained by drought (particularly during NDJ
period) and inappropriate planting date. Considering the close rela-
tionship existing between T and crop yield, it is not surprising that
changes of T are comparable to those of wheat yield (Fig. 2b).

Averaged across all sites, evaporation decline (mm  d−1) ranged
from 0.027 (in sic)  to 0.072 (in sl) under RCP-4.5 and from 0.07
(in sic)  to 0.14 (in sl) under RCP-8.5. In addition, the range of pro-
jected changes of transpiration (mm  d−1), averaged across all sites,
was from −0.033 (in sic)  to +0.094 (in sl) under RCP-4.5 and from
−0.097 (in sic)  to +0.126 (in sl) under RCP-8.5. As a result, one can
express that changes in E and T have a great sensitivity to soil tex-
ture. In coarse-textured soils, rainfall mainly infiltrates deeper into
soil due to their high infiltration rate and near-saturated hydraulic
conductivity avoiding high level of soil moisture evaporation loss

(Fernandez-Illescas et al., 2001). However, less rain water infil-
trates to deeper horizons in heavier-texture soils particularly in
water-limited regions which may  raise the risk of terminal drought
(Lane et al., 1998; Ludwig and Asseng, 2006). Furthermore, lower
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Fig. 5. 

ater retention capacity and desorptivity of light-texture soils limit
he upward evaporation flux from underlying layers to the evap-
rating surface by capillary forces resulting in more deeply stored
ranspirable water (Hillel, 1998; Ritchie, 1972). In contrast, a con-
iderable quantity of water retained in the topsoil nonproductively
vaporates from the exposed surface of those soils having appre-
iable amount of clay (>30%) (Lane et al., 1998). Thus, the results
xhibited less reduction in evaporation loss in the fine-textured
oils than the coarser-textured ones (i.e. sl and scl)  (Fig. 4c). Fur-
hermore, more frequent harvest failure can be another explanation
or a higher reduction of transpiration in the finer-textured soils.
t should be noted that a lower transpiration to evaporation ratio
uring the growing season is expected when crop fails. In addition,

 larger decline of deep drainage projected in the sandier soils (e.g.
l and scl)  (Fig. 4b) would cause a greater reduction of N-leaching

oss in such soils (Fig. 4h). Diminished N-leaching (Fig. 4h), hence,
ppears likely to result in higher root nitrogen uptake, LAI (Fig. 4e)
nd transpiration in sl and scl (Fig. 4d), whereas nitrate does not
ignificantly leach downward from the root zone of heavy-textured
inued)

soils in water-limited regions (Fig. 4h). As a consequence, one can
conclude that wheat growing on the coarse-textured soils (e.g. sl
and scl)  would likely benefit from elevated CO2 and temperature
due to less water stress and more nutrient availability in most of
the sites (Fig. 2b).

Averaged over all sites, the IQR of �E  was in range of 0.14 (for sl)
to 0.20 (for sic)  under RCP-4.5 and 0.17 (for sl) to 0.25 (for c) mm d−1

under RCP-8.5 (Fig. 5e and f). Moreover, the IQR of �T changed from
0.27 (for scl)  to 0.31 (for c) under RCP-4.5 and 0.34 (for scl)  to 0.45
(for sic)  mm d−1 under RCP-8.5 (Fig. 5g and h). With regard to these
results, it can be concluded that the finer-textured soils (i.e. sicl,  sic,
cl and c) showed a greater variation in changes of evaporation and
transpiration with respect to the coarse-textured soils.

Although annual reference evapotranspiration (ET0) is most
likely to increase as a result of higher air temperature in the 2080s

(Table 9), curtailed growth period would reduce ET0 in the range
of 0.034 (in Khorramabad) to 0.11 (in Sanandaj) under RCP-4.5
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nd 0.048 (in Khorramabad) to 0.20 (in Sanandaj) mm d−1 under
CP-8.5 averaged over all soils (Fig. 4f).

.4.4. Runoff
Less water would run off in response to temperature rise

nd rainfall reduction (Zhang and Nearing, 2005) over the 2080s
Fig. 4g) particularly in those sites such as Kermanshah and Sanan-
aj which receive over 450 mm  of precipitation (in the baseline).
veraged across all soils, the largest declines in runoff were 0.08
nd 0.12 mm d−1 at Kermanshah under RCP 4.5 and 8.5, respec-
ively. Surface runoff changes, averaged over the sites, ranged from
0.025 (in sl) to −0.061 (in c) under RCP-4.5 and from −0.034 (in

l) to −0.098 (in c) mm d−1 under RCP-8.5. Since runoff is a major
omponent of finer-texture soils water balance, CC would cause a
arger decrease of surface runoff in the fine-texture soils than in the
oarse-texture ones during the growing season.

The box plots of changes in runoff for eight soils and sites in
he 2080s relative to the baseline are depicted in Fig. 5i and j. The
ighest IQR values of �R  were 0.29 and 0.28 mm d−1 for c under
CP-4.5 and RCP-8.5, respectively. There was a larger variation of
R (Fig. 5i and j) in the heavier-textured soils and wetter sites (i.e.

anandaj, Khorramabad and Kermanshah).

.4.5. Soil water storage changes
More water would be stored in soil profiles under most of the

oil-climate simulation runs over the growing period (Fig. 4i). Off-
etting reductions of E, D and R as well as shortened growth period
eem to be likely causes of such increments in �S. The highest
nhancement (mm  d−1) of �S,  averaged over all stations, was  pre-
icted in sicl (by 0.032 under RCP-4.5 and 0.127 under RCP-8.5).

n addition, a decrease in �S, averaged across all locations, was
rojected for sl (0.05 mm d−1) and scl (0.03 mm d−1) under RCP-4.5.

As a greater amount of water was projected to be withdrawn by
rop root in the light-texture soils (i.e. sl and scl),  a decrease (for
CP-4.5) or a slighter increase (for RCP-8.5) of �S  is anticipated in
uch soils.

Furthermore, there was a significant variation in projected
hanges of �S  (Fig. 5k and l). The greatest IQR of �S  was  simu-
ated for l (0.19 mm d−1) and sil (0.26 mm d−1) under RCP-4.5 and
CP-8.5, respectively.

In conclusion, the results illustrated sensitivity of changes in
ield and water balance components to soil texture under chang-
ng climate. The inherent uncertainties in this study arising from
CMs outputs, greenhouse gas emission pathways, applied down-

caling technique and agrohydrological modeling should be taken
nto account by planners. It is worth noting that considering the
aily change of components can partly, but not completely, reduce
he effect of curtailed crop-growing season.

. Conclusions

Our results indicate that yield loss, averaged over all soil tex-
ures, appears likely in Khorramabad, Khoy, Tabriz and Qazvin
egions under both RCPs mainly due to NDJ rainfall shortage. Crop
ield, averaged across all locations, is projected to decrease higher
n the finer-textured soils. There would be a decline in runoff and
rainage as a result of rainfall shortage during 2070–2099. Soil
vaporation would likely decrease by 2100 due to soil water deficit,
hortened growing season and changed ET partitioning. A higher
ecline of evaporation is anticipated in the coarser soils. Averaged
ver all soils, wheat would transpire less water at Tabriz, Khoy,

horramabad and Qazvin regions as the consequence of drought

particularly during NDJ) and inappropriate sowing date. However,
ncreased transpiration in some sites such as Nozheh and Sanandaj
an be due to insignificant changes of NDJ rainfall, elevated CO2
nagement 177 (2016) 248–263 261

and more nitrogen availability resulted from decreased percola-
tion. Averaged across all stations, higher increase of transpiration
in sandy loam and sandy clay loam textures can be attributed to the
larger amount of deeply stored water and the remarkable decline
of N-leaching in such soils. The root zone water storage is predicted
to increase under most of the soil-climate simulation runs particu-
larly in the heavy-textured soils. The increment of root zone water
storage seems to be smaller in the coarse-textured soils as a larger
root water withdrawal is projected in such soils. Overall, dimin-
ished N-leaching in combination with higher deeply stored water in
sandy loam and sandy clay loam textures would favor crop growth
under CC. Meanwhile, we  have shown that crop water budget and
yield changes have a great sensitivity to soil texture under climatic
changes. Taking soil physical variability into account can therefore
result in more reliable projections and robust adaptation policy.
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