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Abstract
The frequency and severity of high temperature and drought extremes are expected to increase under future climate change (CC) and
considerably affect the agricultural sector particularly in water-limited ecosystems. This study was conducted to assess future CC
impacts on rainfed wheat yield, water requirement (CWR), water use efficiency (WUE), precipitation use efficiency (PUE),
reference crop evapotranspiration (ET0), and agricultural rainfall index (ARI) in northeast of Iran. The outputs of five global climate
models (GCMs) under RCP-4.5 and RCP-8.5 during three time periods (i.e., the 2025s, 2055s, and 2085s) downscaled by
MarkSimGCM model were applied. CWR was estimated using the CROPWAT 8.0 model. Further, the CSM-CERES-Wheat
model was employed to simulate rainfed wheat yield, WUE, PUE, and ET0 responses to CC. The results showed that the mean
monthly ET0 and CWR would likely increase under both emission pathways over the studied sites. The mean monthly ARI is also
anticipated to decline in the future indicating a drier climatic condition over northeastern Iran by 2100. Furthermore, CC is highly
likely to decrease rainfed grain yield, WUE, and PUE during the current century. The largest changes in ET0, ARI, CWR, yield,
WUE, and PUE were projected in the late twenty-first century (the 2085s) under RCP-8.5. The CC-induced wheat yield loss will
likely endanger food security in the country. Yield reduction can be partially offset by adopting appropriate adaptation measures.

1 Introduction

Water scarcity is the most limiting factor negatively affecting
agricultural production in water-limited environments
(Rockström et al. 2010). Climate change (CC) as a result of
enhanced greenhouse gas concentrations seems to aggravate
water stress in such areas (IPCC 2013). Large-scale climate
anomaly events such as the El Niño–Southern Oscillation
(ENSO) were projected to be stronger andmore frequent owing
to CC (Cai et al. 2014, 2015). Therefore, ENSO-driven weather

extremes such as drought and high temperatures are anticipated
to be more recurrent and severe across the globe. The Middle
East and North Africa (MENA) is a drought-prone region high-
ly affected by persistent drought spells (Sowers et al. 2011).
Due to reduced storm track activity, droughts are likely to be
more frequent and intensive for the rest of the twenty-first cen-
tury (Evans 2009). Thus, already drought-affected regions such
as Iran will experience more dry episodes in the future (Li et al.
2009; Araghi et al. 2018). Considering the growing population
(at least until 2050), more agricultural outputs are, however,
needed to be produced under climatically undesirable condi-
tions for more people (Rockström et al. 2009).

Iran is located within an arid and semi-arid belt and rela-
tively scant annual precipitation mainly falls from October
through April (Bannayan et al. 2010; Araghi et al. 2015,
2018; Nouri and Homaee 2018). Dry farming in west, north-
west, and northeast Iran is possible owing to above-normal
precipitation and fertile plains in these semi-arid regions
(Bannayan et al. 2011; Nouri et al. 2017a; Paymard et al.
2018). Wheat (Triticum aestivum L.) as the staple food in Iran
is mostly cultivated under rainfed conditions (Iran Ministry of
Agriculture 2015). However, wheat yield and water productiv-
ity in Iran are low due to mismanagement and precipitation
anomalies (Nouri et al. 2017a; Faramarzi et al. 2010). In
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addition, rainfed wheat yield fluctuates greatly over semi-arid
regions causing some adverse socioeconomic impacts
(Bannayan et al. 2010, 2011). Bannayan et al. (2011) attributed
30–50% of rainfed cereal yield variation to precipitation anom-
alies in northeast Iran. In addition, correlation coefficient be-
tween rainfed wheat yield and rainfall amount ranged between
0.3 and 0.72 in west and northwest Iran (Nouri et al. 2017a).
Thus, drought adversely influences rainfed wheat yield, and
drought-caused yield reduction is expected to be larger in the
future. Nouri et al. (2016) reported rainfed wheat yield decrease
over 2071–2099 in the western drylands of Iran particularly for
the heavier-textured soils under Intergovernmental Panel on
Climate Change (IPCC) fifth assessment report (AR5) repre-
sentative concentration pathways (RCPs). A considerable
change in rainfed wheat production ranging from − 28 to
56% during the twenty-first century with respect to the baseline
(1961–1990) period was projected by Bannayan and Eyshi
Rezaei (2014) for northeastern Iran under IPCC AR4 (fourth
assessment report) scenarios.

Crop water requirement (CWR) is defined as the water
amount required to meet evapotranspiration loss of a disease-
free crop, growing in a large field under no soil water stress and
achieving potential production in a given growing season
(Jensen and Allen 2016). Calculation of CWR helps planners
in scheduling and allocating irrigation (Todorovic 2005). CWR
can be estimated by multiplying the crop coefficient (Kc) and
reference crop evapotranspiration (ET0) (Allen et al. 1998;
Jensen and Allen 2016). Therefore, CC greatly influences
CWR through changing ET0 (Tabari et al. 2011; Nouri et al.
2017b, c). The CC-induced increment in CWR seems to have
more severe consequences for the agriculture sector in water-
limited environments due chiefly to already depleted water re-
sources and projected rainfall shortage in these fragile ecosys-
tems. Furthermore, a 3.0 °C increase in atmospheric tempera-
ture is likely to be experienced in drylands if the Paris
Agreement aims to limit warming to 1.5 °C relative to pre-
industrial levels will be met (Huang et al. 2017). Therefore,
CC appears to have more adverse impacts on ET0 and CWR
in water-limited regions such as Iran. There are some studies
focused on CWR response to CC under irrigation (blue water)
(Yang et al. 2013; Ashofteh et al. 2015). However, CWRwhich
is fulfilled by soil water (green water storage) has not yet been
well addressed in changing climates over rainfed croplands
vis-à-vis irrigated plains (Luo et al. 2015).

In dryland farming systems, maximizing produced crop per
drop of rain is the major objective (Stewart and Steiner 1990;
Rockström et al. 2002). Putting it differently, enhancing the ratio
of yield per unit of water lost via evapotranspiration or water use
efficiency (WUE) is of high significance for rainfed agriculture
in water-limited areas. Improving rainfed yield by manipulating
vapor shift in favor of transpiration is a robust adaptation option
for dryland farming (Rockström et al. 2010; Nouri et al. 2017d).
WUE is expected to be greatly affected by CC through the

twenty-first century. Guo et al. (2010) projected 9.2–74.9% in-
crease in wheat WUE in the North China Plain during the cur-
rent century. An increment in wheat WUE ranging from 7 to
10% under different scenarios in the twenty-first century was
simulated byMo et al. (2009) over the North China Plain.Wang
et al. (2011) concluded that wheat WUE would likely increase
by 7–33% in wetter regions and decrease by 6–14% in drier
areas of southeast Australia in the future. Yang et al. (2016) also
reported that WUE of rainfed wheat over semi-arid environ-
ments of southeastern Australia will increase by 0.7–1.3
(kg ha−1 mm−1) in 2021–2040. WUE rise was majorly ascribed
to higher efficiency of crop growth under CO2 fertilization.
However, increase ofWUE and yield seems unlikely under drier
scenarios in water-limited regions. Another useful indicator for
assessing the yield production efficiency under rainfed condition
is precipitating use efficiency (PUE) defined as yield produced
per unit of precipitation received (Peterson and Westfall 2004;
Wang et al. 2016). This study was aimed to assess the impact of
CC on rainfed wheat yield, CWR, WUE, PUE, ET0, and
drought trend over the period of 2011–2040 (2025s), 2041–
2070 (2055s), and 2071–2099 (2085s) with respect to the base-
line period (1961–1990) in northeastern Iran.

2 Materials and methods

2.1 Study area and climatic data

This study focused on Khorasan Province located in northeast
Iran. Five locations including Birjand, Bojnourd, Mashhad,
Sabzevar, and Torbat-h lying between 32° and 37° N latitudes
and 57° and 59° E longitudes were investigated (Fig. 1 and
Table 1). In general, these locations have arid (Birjand and
Sabzevar) and semi-arid (Bojnourd, Mashhad, and Torbat-h)
climates. Moreover, Bojnourd is the wettest site and Birjand is
the most arid station among these sites (Table 1).

MarkSimGCM model downscaling the large-scale global
circulation model (GCM) outputs to a 0.5° × 0.5° latitude/
longitude grid resolution was used. The model downscales
the GCM data based on climate typing techniques and stochas-
tic downscaling (Jones and Thornton 2013, 2015). Precipitation
series are synthesized by applying third-Markov stochastic
model. Furthermore, the generation of daily minimum and
maximum temperatures and solar radiation data occurs on the
basis of the approach proposed by Richardson (1981). The
baseline period data (1961–1990) in MarkSimGCM are gath-
ered from the WorldClim database (Jones and Thornton 2013).
The WorldClim (http://www.worldclim.org) provides the
representative baseline (current) climate conditions (i.e.,
1961–1990) (Jones and Thornton 2013). It uses historical data
retrieved from some datasets covering a large number of sta-
tions over the globe. It also applies the thin plate smoothing
method with a fixed lapse rate by the ANUSPLIN program.
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Further details on the algorithm are described by Hutchinson
(1997). The simulation outputs of five CMIP5 (fifth phase of
Coupled Model Intercomparison Project) GCMs, i.e., BCC-
CSM 1.1(m), FIO-ESM, GFDL-ESM2M, IPSL-CM5A-LR,

and MIROC-ESM-CHEM for RCP-4.5 and RCP-8.5, were
an ensemble to provide the future climatic conditions. The de-
tails of these five GCMs are presented in Table 2. RCP-4.5 is a
midrange climate change scenario assuming that some land-
and energy-related mitigations would be undertaken to make
the radiative forcing stable at 4.5 W m−2 by 2100 (Thomson
et al. 2011). RCP-8.5 which stands for a radiative forcing of 8.
5 W m−2 by the end of the current century, however, conveys a
business-as-usual condition without any mitigation policy
(Riahi et al. 2011). For each time period (future and past),
30 years of daily climate data (as the replicates) were projected.
Furthermore, the performance of MarkSimGCM was statisti-
cally evaluated by comparing recorded and model-generated
data over the baseline period (1961–1990). The recorded daily
maximum (Tmax) and minimum (Tmin) temperatures (°C),

Fig. 1 The location of
investigated sites

Table 1 Geographic characteristics, climate classification, and soil
texture of the studied sites over the 1961–1990

Location LAT (dd) LON (dd) Altitude (m) Climate Soil texture

Bojnourd 37.28 57.19 1091 Semi-arid Loam

Birjand 32.52 59.12 1491 Arid Loam

Mashhad 36.16 59.38 999 Semi-arid Clay loam

Torbat-h 35.16 59.13 1450 Semi-arid Sandy loam

Sabzevar 36.12 57.43 977 Arid Loam
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rainfall (mm day−1), and solar radiation (MJ m−2day−1) were
obtained from Iran Meteorological Organization (IRIMO) for
the period 1961–1990.

2.2 Agricultural rainfall index

Agricultural rainfall index (ARI) was employed to investigate
the drought severity and persistence over the studied areas.
ARI represents a reliable indicator for monthly water balance
and is employed to quantify agricultural droughts (Ghazalli
and Nieuwolt 1982; Nieuwolt 1989; Sayari et al. 2013). ARI
is computed as follows:

ARI ¼ P
ET0

� �
� 100 ð1Þ

where P is monthly precipitation.
The values of < 40 for ARI indicate drought occurrence in a

given month. When 40 <ARI < 200, the condition is favorable
for vegetation and agricultural production. ARI above 200 dem-
onstrates a wet month (Nieuwolt 1989; Sayari et al. 2013).

2.3 Modeling

The rainfed wheat yield, ET0, WUE, and PUE changes were
projected using the Cropping System Model-Crop
Environment Resource Synthesis-Wheat (CSM-CERES-
Wheat). The CSM-CERES-Wheat is a computerized model in-
cluded in the Decision Support System for Agrotechnology
Transfer (DSSAT v4.7) software package widely employed to
simulate wheat yield and phenology (Jones et al. 2003;
Hoogenboom et al. 2017). The inputs required to parametrize
the model include plant genetic coefficients, field and manage-
ment details, soil physical and chemical properties, and climatic
variables (Bannayan et al. 2016; Paymard et al. 2018).

The genetic coefficients of Sardari cultivar (a winter bread
wheat cultivar commonly grown under rainfed condition in
northeast Iran) already calibrated and validated by Eyshi
Rezaie and Bannayan (2012) and Bannayan et al. (2014) were

used to run the CSM-CERES-Wheat. In general, the CSM-
CERES-Wheat showed good performance in simulation wheat
growth stages in northeast Iran (Eyshi Rezaie and Bannayan
2012; Bannayan et al. 2014). Moreover, the management-
related parameters such as planting method, planting depth,
planting distribution, fertilizer applications, row spacing, and
plant population at seeding were those considered by Eyshi
Rezaie and Bannayan (2012) and Bannayan et al. (2014).

There are two alternatives, i.e., the Penman–Monteith FAO-
56 (PMF-56) equation (Allen et al. 1998) and the Priestley-
Taylor (PT) model (Priestley and Taylor 1972), available in the
CSM-CERES-Wheat to calculate ET0. Since MarkSimGCM
does not provide wind speed data needed to compute ET0 based
on PMF-56 equation, the PT model was applied for ET0 estima-
tion. PT is a simplified and shortened form of Penman’s (1948)
ET0 model considering a lumped coefficient to account for the
aerodynamic features of ET0 (Pereira 2004). The mathematical
expression of PT equation is:

ET0 ¼ α
Δ

Δþ γ

� �
Rn−G
λ

� �
ð2Þ

where α is the model coefficient mostly considered to be 1.26,
ET0 is the reference evapotranspiration (mmday−1),Δ represents
the slope of the saturation vapor pressure–temperature relation-
ship (kPa °C−1) at the mean temperature point, γ is the local
psychrometric constant (kPa °C−1), Rn denotes the net radiation
(MJ m−2 day−1), G is the soil heat flux (MJ m−2 day−1), and λ is
the latent heat of vaporization (MJ kg−1).

WUE and PUE are calculated by:

WUE ¼ Y
ETc

ð3Þ

PUE ¼ Y
P

ð4Þ

where Y is crop yield (kg ha−1), ETc is crop evapotranspiration
(mm), and P is precipitation (mm) during the growing season.

CWR or actual crop evapotranspiration (ETc) under standard
condition was computed using CROPWAT 8.0. The software is

Table 2 The used global climate models and their grid resolution

Model name Model acronym Grid resolution Reference

Latitude Longitude

Beijing Climate Center BCC-CSM 1.1(m) 2.81o 2.81o Wu (2012)

First Institute of Oceanography-Earth System Model FIO-ESM 2.81o 2.81o Song et al. (2012)

Geophysical Fluid Dynamics Laboratory Earth System Model with MOM,
version 4 component

GFDL-ESM2M 2.00o 2.50o Dunne et al. (2012)

Institute Pierre-Simon Laplace Coupled Model, version 5A, low resolution IPSL-CM5A-LR 1.87o 3.75o Dufresne et al. (2013)

Model for Interdisciplinary Research on Climate, Earth System Model,
Chemistry Coupled

MIROC-ESM-CHEM 2.81o 2.81o Watanabe et al. (2011)
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designed to estimate CWR and irrigation demand for a wide
range of climates and crops (FAO 2009; Luo et al. 2015).
Furthermore, the program allows the development of irrigation
schedules for different management conditions and the calcula-
tion of a water supply scheme for varying crop patterns (FAO
2009). The calculations considered in CROPWAT 8.0 are based
on the procedures proposed byAllen et al. (1998) andDoorenbos
andKassam (1979). TheCROPWAT8.0 computes CWRor ETc
using a two-step model introduced by Allen et al. (1998):

ETc ¼ Kc� ET0 ð5Þ
where Kc is the crop coefficient at different growth stages.

In this study, ET0 series already computed by the PT meth-
od was used as input data for the CROPWAT 8.0 software. In
addition to ET0 and climatic data, the model requires some
crop (e.g., sowing and harvesting dates, the length and Kc of
different growing phases, rooting depth, and yield response
fraction) and soil data. Wheat planting and harvesting data

Table 4 Comparison of modeled (Mod.) with recorded (Rec.) seasonal and annual average Tmin data over 1961–1990

Location Variable Wintera Springb Summerc Autumnd Annual

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

Bojnourd Mean − 2.88 − 3.75 6.22 6.50 16.49 16.90 6.95 6.24 6.74 6.52

Variance 1.84 1.36 0.37 1.97 1.09 0.60 0.33 2.50 0.17 0.39

Birjand Mean − 1.27 − 0.95 9.27 9.75 18.17 18.22 7.17 7.32 8.38 8.59

Variance 1.70 0.98 1.36 1.15 1.38 0.54 1.71 1.41 0.91 0.28

Mashhad Mean − 3.59 − 3.01 7.34 6.94 16.26 15.86 5.72 5.77 6.47 6.43

Variance 5.44 1.08 0.81 1.34 2.05 0.71 1.83 1.55 1.30 0.33

Torbat-h Mean − 3.24 − 3.07 7.53 7.25 17.68 16.98 6.47 5.93 7.16 6.83*

Variance 3.55 1.08 0.74 1.36 0.67 0.68 1.02 1.55 0.48 0.33

Sabzevar Mean − 1.14 − 1.87 9.90 9.02 20.97 19.85* 9.49 9.20 9.86 9.09*

Variance 3.36 1.00 1.19 1.21 2.65 0.54 2.55 1.36 1.24 0.29

a December–January–February
bMarch–April–May
c June–July–August
d September–October–November

*Significant difference at the level of 95%

Table 3 Comparison of modeled (Mod.) with recorded (Rec.) seasonal and annual average Tmax data over 1961–1990

Location Variable Wintera Springb Summerc Autumnd Annual

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

Bojnourd Mean 7.22 7.04 18.93 19.58 31.57 31.74 21.38 20.84 19.83 19.85

Variance 3.99 1.15 2.35 1.36 0.90 0.61 1.89 1.30 0.56 0.42

Birjand Mean 12.48 13.18 24.68 24.66 34.99 35.07 25.92 25.98 24.57 24.75

Variance 3.78 1.10 1.78 1.01 1.10 0.43 0.85 0.88 0.79 0.25

Mashhad Mean 8.30 8.18 20.58 20.36 33.22 32.31* 22.24 21.72 21.14 20.64*

Variance 7.42 1.15 1.63 1.34 0.75 0.59 1.69 1.01 0.86 0.33

Torbat-h Mean 8.45 9.22 21.40 20.67 33.18 33.08 23.29 22.73 21.63 21.43

Variance 5.03 1.18 2.27 1.31 1.38 0.53 1.39 0.96 1.03 0.30

Sabzevar Mean 10.15 10.44 23.90 22.98 36.26 35.72* 25.39 24.79 23.98 23.49

Variance 6.28 1.19 1.50 1.25 1.02 0.50 1.52 0.99 0.72 0.31

a December–January–February
bMarch–April–May
c June–July–August
d September–October–November

*Significant difference at the level of 95%
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were collected from local farmers and agriculture organization
of the surveyed locations. The planting and harvesting dates,
respectively, for wheat were considered to be 12 October and
14 May for Bojnourd, 17 November and 3 June for Birjand,
and also 30 October and 23 May for Mashhad, Sabzevar, and
Torbat-h. Moreover, the length and Kc for each wheat
growing stage were obtained from Doorenbos and Kassam
(1979) and Allen et al. (1998).

The standard Kc values of initial (Kcini), mid- (Kcmid), and
late (Kcend) growing season stages were set to be 0.40, 1.15,
and 0.25 for winter wheat, respectively (Allen et al. 1998).
Kcmid and Kcend (if the value of Kcend is more than 0.45 in
FAO tables) should be corrected according to local climate
information. Therefore, Kcmid value was corrected using the
following:

Kcmid ¼ Kcmid Tabð Þ

þ 0:04 u2−2ð Þ−0:004 RHmin−45ð Þ½ � h=3ð Þ0:3 ð6Þ

where Kcmid(Tab) is the Kcmid taken from FAO tables (Allen
et al. 1998), u2 is the mean value for daily wind speed at 2 m

height over grass during the mid-season growth stage (m s−1),
RHmin denotes mean value for daily minimum relative humid-
ity during the mid-season growth stage (%), and h represents
mean plant height during the mid-season stage (m).

The value of RHmin for the sites was also computed as
follows:

RHmin ¼ e0 Tminð Þ
e0 Tmaxð Þ � 100 ð7Þ

e0 Tminð Þ ¼ 0:6108exp
17:27Tmin

Tmin þ 237:3

� �
ð8Þ

e0 Tmaxð Þ ¼ 0:6108exp
17:27Tmax

Tmax þ 237:3

� �
ð9Þ

where e0(Tmin) and e0(Tmax) are saturation vapor pressure at
minimum and maximum daily air temperatures (kPa),
respectively.

3 Results and discussions

3.1 Evaluation of the climate model

The precise projection of climatic parameters such as pre-
cipitation and temperature for the baseline period shows
the accuracy of downscaling methods in climate change
assessments (Viglizzo et al. 1997). The results listed in
Tables 3, 4, and 5 show that MarkSimGCM adequately
well synthesized Tmin, Tmax, and precipitation time series
for the baseline period (1961–1990). Despite the

Table 5 Comparison of modeled (Mod.) with recorded (Rec.) seasonal and annual average precipitation data over 1961–1990

Location Variable Wintera Springb Summerc Autumnd Annual

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

Bojnourd Mean 92.21 71.27 106.92 148.98 25.84 23.59 45.07 40.56 270.04 284.40

Variance 1288.47 2363.04 2745.46 4209.83 839.67 503.76 611.71 682.27 6779.60 7610.87

Birjand Mean 83.37 80.03 73.68 72.70 0.61 0.75 11.02 15..31 168.69 168.79

Variance 1348.10 2821.69 1108.73 1363.77 1.75 1.90 122.17 188.08 2829.49 6924.06

Mashhad Mean 96.34 94.89 126.32 153.06 4.59 13.56* 28.49 43.60 255.73 305.11

Variance 1916.88 2590.80 2936.99 6506.15 32.29 404.04 555.18 1939.24 5132.10 16,952.52

Torbat-h Mean 137.63 108.46 101.04 129.20 2.96 7.55 16.86 22.50 258.49 267.71

Variance 3471.26 2943.37 1643.14 1752.39 22.15 186.10 258.10 829.04 5902.79 12,459.84

Sabzevar Mean 89.81 83.13 76.65 85.97 3.70 12.42* 18.61 29.85 188.77 198.94

Variance 1499.60 2522.11 1566.08 1403.28 57.02 278.62 304.06 1220.71 3703.29 6066.01

a December–January–February
bMarch–April–May
c June–July–August
d September–October–November

*Significant difference at the level of 95%

Fig. 2 The monthly ET0 series for the baseline period (1961–1990)
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Table 6 Baseline climate characteristics for monthly maximum temperature, minimum temperature, precipitation, and solar radiation (1961–1990)

Location January February March April May June July August September October November December

Maximum temperature (°C)

Bojnourd 5.6 8.6 12.5 20.2 26.0 30.9 33.7 33.5 28.5 21.4 12.5 6.9

Birjand 11.8 14.1 19.1 24.4 30.5 35.0 36.1 35.2 32.1 26.9 18.8 13.6

Mashhad 7.0 8.3 12.9 19.9 25.9 31.1 32.6 32.2 28.0 21.6 15.5 9.2

Torbat-h 7.5 9.9 14.3 19.7 26.5 31.7 33.1 32.9 29.1 23.3 15.8 10.2

Sabzevar 8.9 11.9 16.2 22.8 28.9 34.2 36.7 36.2 31.5 24.8 16.4 10.4

Minimum temperature (°C)

Bojnourd −4.4 −3.0 1.1 6.2 12.1 15.5 18.2 16.9 12.1 6.3 0.2 −3.7
Birjand −0.9 0.7 5.6 9.5 14.7 18.0 20.2 17.9 13.0 7.8 2.1 −1.3
Mashhad −4.8 −2.3 1.2 6.8 12.7 15.5 16.9 15.1 10.8 5.5 0.9 −1.8
Torbat-h −4.2 −2.0 1.9 6.5 11.4 15.4 17.9 16.4 11.3 5.9 0.5 −2.9
Sabzevar −2.7 −0.7 3.8 8.2 14.1 18.1 20.7 18.2 13.8 8.3 2.4 −2.1

Rainfall (mm)

Bojnourd 28.9 25.1 52.5 56.1 40.2 10.6 9.1 3.8 8.1 12.3 20.1 17.2

Birjand 35.2 19.6 24.8 14.7 17.3 4.9 0.1 1.4 2.4 4.9 22.8 20.0

Mashhad 33.6 38.5 65.3 43.1 44.5 7.8 5.2 0.4 5.7 17.1 20.7 22.6

Torbat-h 49.9 30.8 52.9 45.7 40.5 6.1 1.0 0.3 0.4 5.4 16.6 27.6

Sabzevar 37.2 22.5 40.2 32.8 41.9 6.4 5.8 0.1 1.5 11.4 16.8 23.3

Radiation (MJ m−2 day−1)

Bojnourd 5.4 6.6 9.0 14.8 19.7 24.2 25.8 24.7 20.4 15.1 9.7 6.3

Birjand 7.5 8.2 12.9 16.5 22.3 25.3 25.9 25.1 21.5 17.3 12.3 8.9

Mashhad 6.4 6.6 9.5 13.1 19.5 24.5 25.6 24.5 20.5 15.5 10.6 7.6

Torbat-h 6.3 7.5 10.8 13.8 20.8 24.5 25.1 24.7 20.8 16.2 11.2 8.1

Sabzevar 6.0 7.7 11.1 15.4 21.4 25.1 26.5 25.1 20.8 16.0 10.7 7.3

Fig. 3 The future monthly ET0

under both emission pathways (a
RCP-4.5 and b RCP-8.5)
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significant differences between modeled and observed
Tmax and precipitation in Mashhad and Sabzevar and also
Tmin in Sabzevar during summer (Tables 3, 4, and 5),
MarkSimGCM performed acceptably well in generating
Tmin, Tmax, and precipitation over 1961–1990.

3.2 Reference evapotranspiration

The mean monthly ET0 series for the baseline period are shown
in Fig. 2. The lowest mean monthly ET0 was often obtained in
January, while the greatest mean monthly ET0 was found in July
(Fig. 2). Over our study area, the lowest and highest Tmin and
Tmax were mostly observed in January and July, respectively
(Table 6). In addition, maximum and minimum solar radiation
values were, respectively, in July and January (Table 6). In gen-
eral, the highest mean monthly ET0 in July can be accounted for
by the hot and dry summer in this month (Chowdhury et al.
2016). Wang et al. (2007) also stated that the changes in ET0
valueswere greater inwinter and summermonths comparedwith
those in autumn and springmonths. Moreover, Birjand (the most
arid site) and Bojnourd (the wettest location) with 1200.31 and

991.05mmalso showed the highest and lowestmean annual ET0
values, respectively, among all sites in the baseline period.

The mean monthly ET0 values will increase in the 2025s,
2055s, and 2085s relative to the baseline period under RCP-
4.5 and RCP-8.5 over the investigated stations (Fig. 3). The
highest mean monthly ET0 rise was projected for the late
twenty-first century (the 2085s). The average increases in
mean monthly ET0 for RCP-4.5 and RCP-8.5 were 3.6 and
4% over the 2025s, 6.3 and 8.8% in the 2055s, and also 7
and 16.7% during the 2085s, respectively. In general, the
mean monthly ET0 values in January will increase from
5.88 to 13.46% under RCP-4.5 and 10.71 to 20.93% under
RCP-8.5 in the 2085s over our study area. The increment in
July will also be from 5.93 to 6.88% and 12.95 to 15.33%
under RCP-4.5 and RCP-8.5 in the 2085s at all study loca-
tions, respectively. Therefore, the projected change in mean
monthly ET0 was more noticeable under RCP-8.5 vis-à-vis
under RCP-4.5. Rodríguez Díaz et al. (2007) projected

Fig. 5 The future monthly ARI
under both emission pathways (a
RCP-4.5 and b RCP-8.5)

Table 7 The modified Kc values for different growth phases of winter
wheat

Location Initial Mid-
season

Late season

Bojnourd 0.4 1.19 0.25

Birjand 0.4 1.21 0.25

Mashhad 0.4 1.16 0.25

Torbat-h 0.4 1.17 0.25

Sabzevar 0.4 1.21 0.25
Fig. 4 The monthly ARI series for the baseline period (1961–1990)
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around 8% increase in ET0 over Spain in the mid-twenty-
first century.

3.3 Agricultural rainfall index

The frequency and persistence of dry spells over the surveyed
sites for 1961–1990 (baseline period) were determined using
the mean monthly ARI (Fig. 4). Each month with the ARI
value less than 40 was considered as dry. Accordingly, the
frequency of dry months was calculated to be about 59.17,
79.72, 60, 66.11, and 61.67% for Bojnourd, Birjand,
Mashhad, Sabzevar, and Torbat-h in 1961–1990, respectively.
The highest mean monthly ARI value was found in January,
while the lowest was often obtained in August which can be
attributed to high ET0 and the lowest precipitation in August
(Fig. 4).Moreover, the greatest and lowest meanmonthly ARI
values (272.94 and 0.05) were also obtained for Torbat-h and
Birjand, respectively. The longest dry spell was observed from
April to November in Birjand and from May to November at
other areas in the baseline period (Fig. 4). A prolonged dry
spell is likely to hamper crop development creating a need for

supplemental irrigation in dryland farming systems (Sayari
et al. 2013; Nouri et al. 2017a, d).

Except for Bojnourd during the 2025s, the mean monthly
ARI would likely decrease under all scenarios and time slices
over the studied regions (Fig. 5). The mean monthly ARI
reduction was greater for RCP-8.5 indicating more intense
and long-lasting droughts under this pathway (Fig. 5).
Across all sites, the mean monthly ARI values were projected
to decline from − 18.81 to − 82.59 under RCP-4.5 and − 31.62
to − 104.56 under RCP-8.5 during the 2085s. Furthermore, the
highest and lowest mean monthly ARI changes are, respec-
tively, expected in Sabzevar (− 18.81) and Bojnourd (−
104.56) (Fig. 5). Sayari et al. (2013) also projected a higher
drought frequency due to global warming in northeastern Iran.

3.4 Crop water requirement

The corrected Kcmid, according to the regional climatic con-
ditions, is shown in Table 7. The minimum mean monthly
CWR was found in October for all areas as rainfed wheat is
in its initial stage of growth in this month (Fig. 6). The mean
monthly CWR was also lower in December with respect to
that in November due to the lower solar radiation and crop
evapotranspiration as well as higher precipitation in this
month (Fig. 6). In general, Kc increment during the wheat
growing period can lead to greater CWR. With regard to the
results, wheat mostly showed the highest water requirement in
May because of higher temperature and solar radiation and
lower rainfall during this month (Fig. 6). It is noteworthy that
the mean monthly CWR in June decreased as wheat is at the
final phase of growth and the rate of crop physiological

Fig. 7 The future monthly CWR
under both emission pathways (a
RCP-4.5 and b RCP-8.5)

Fig. 6 The monthly CWR series for the baseline period (1961–1990)
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processes such as respiration and photosynthesis is low in this
month (Fig. 6). In general, among all studied regions, the
highest and lowest meanmonthly CWR inMay were obtained
in Birjand and Bojnourd, respectively.Moreover, on an annual
scale, the highest and lowest average CWR were found in
Birjand (567.32 mm) and Bojnourd (384.49 mm),
respectively.

The mean monthly CWR is anticipated to increase over the
twenty-first century relative to the baseline period in the stud-
ied sites (Fig. 7). The highest mean monthly CWR increment
was projected in the 2085s for RCP-8.5. The mean monthly
CWR increase would be due mainly to global air temperature
warming. It should be noted that 1 °C increase of temperature
is likely to enhance CWR by 2.9% in water-limited regions
(Chowdhury et al. 2016). Enhanced CWR imposes a consid-
erable stress on the non-renewable groundwater resources in
arid regions (Chowdhury et al. 2016). The highest and lowest
changes in mean monthly CWR were, respectively, modeled
in Sabzevar (26.24%) under RCP-8.5 and in Bojnourd
(5.91%) under RCP-4.5 in the 2085s. Chowdhury et al.
(2016) also reported an increment in CWR ranging from 5.3
to 9.6% under CC in an arid region located in the Middle East
over 2011–2050.

3.5 Projection of future changes in wheat yield, WUE,
and PUE

The rainfed wheat yield, WUE, and PUE were projected to
decrease under both emission scenarios and future time pe-
riods relative to the baseline for all studied areas (Fig. 8). The
ranges of simulated wheat yield, WUE, and PUE among all
sites were from 840 to 87 kg ha−1, 3.9 to 1 kg ha−1 mm−1, and
also 4.5 to 1.2 kg ha−1 mm−1 under RCP-4.5 and RCP-8.5 in
the 2025s and 2085s in Bojnourd and Birjand, respectively. In
general, grain yield, WUE, and PUE will be more negatively
affected by CC under RCP-8.5. In addition, a greater decrease
of PUE, WUE, and yield is highly likely during the late
twenty-first century (Fig. 8). These results are in agreement
with those reported by Kattge and Knorr (2007), Asseng et al.
(2011), Xiao and Tao (2014), and Paymard et al. (2018).
Among all sites, the highest reduction of yield (34.55–
78.83%), WUE (30.76–61.54%), and PUE (34.01–76.19%)
is anticipated in Birjand (the most arid station). Moreover,
the lowest decline in yield (12.59–39.75%), WUE (9.30–
30.23%), and PUE (10.25–35.89%) was simulated for
Bojnourd (the wettest site) under the emission pathways
(Fig. 8). The PUE values were lower than WUE values in
the future. This is due to the fact that ETc is only one of the
loss components of the hydrological cycle. According to Eqs.
3 and 4, a lower quantity of PUE is hence expected with
respect to WUE (Wang et al. 2016). Overall, PUE seems to
be better suited for elucidating the association between pre-
cipitation and final yield.

4 Conclusions

The results reveal that the least and greatest mean monthly
ET0 were, respectively, determined in January and July in
the baseline period over the studied regions. A positive trend
in mean monthly ET0 is anticipated through the current cen-
tury. A larger increase of mean monthly ET0 was projected in
the 2085s and under RCP-8.5. The longest dry spell was de-
termined from April to November in Birjand and fromMay to
November at other study locations in the baseline period.
Furthermore, the mean monthly ARI will likely decrease un-
der both emission pathways with respect to the baseline period
over the studied locations. The minimum and maximummean

Fig. 8 Rainfed wheat yield,WUE, and PUE in the baseline period (1961–
1990) and future
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monthly CWR were found in October and May during the
period of 1961–1990, respectively. Further, the mean monthly
CWR will rise over the twenty-first century due to CC. The
greatest mean monthly CWR increment was projected for the
2085s under RCP-8.5 scenario. Wheat grain yield, WUE, and
PUE would likely decrease under both emission pathways
over the investigated regions. The highest and smallest reduc-
tions in rainfed wheat yield, WUE, and PUE were, respective-
ly, simulated for Birjand (the most arid site) and Bojnourd (the
wettest location) in the future. Rainfed cereal production
seems therefore to be adversely impacted by CC in northeast-
ern Iran. Adopting appropriate adaptive strategies such as
changing cropping patterns, applying fertilizer, increasing
plant density, using appropriate cultivars, and sowing date
appears to be of great importance to reduce climate change’s
negative effects and avoid national food insecurity.
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