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Abstract

Agricultural sustainability under the warming climate highly depends on limiting the extreme use of the blue water resources
within the irrigated lands, and instead, optimally applying green water resources within the expanded rainfed lands. In this
research, potentials for expanding dry farming under climate change were analyzed in five climatic zones of Iran, based on the
future projections of basic weather data and drought indices under 20 general circulation models (GCMs) and four emission
scenarios, including RCP2.6, RCP4.5, RCP6.5, and RCP8.5. Drought indices included aridity index (Al), expressed as precip-
itation divided by evapotranspiration, and green water deficit (GWD), expressed as precipitation minus mines evapotranspiration.
While annual predictions show a general increase in both precipitation and air temperature over the 2041-2070 period, given
results at the monthly scale well revealed the spatial and temporal non-uniformity in the climate change projections. Such
heterogeneities, together with those presented for different GCMs and RCPs, well indicated the importance of undertaking a
wide range of uncertainties when implementing long-term planning. Based on GWD and Al, the arid and semi-arid regions, the
backbone of the rainfed agriculture in Iran, are the most vulnerable to global warming. In these regions, green water availability
will reduce by 0.8-167.5% especially within the wet seasons, and drought severity will increase by 0.1-33.2% through the
rainfed cropping cycles. On the other hand, future climate may provide new opportunities for expanding dry farming within the
hyper-arid region, which is now the most water-stressed region of the country. In this region, global warming projections show a
positive increase of 0.3—-146.2% in green water availability, and a reduction of 5.1-266.4% in drought severity. However, the
humid region remained as the most suitable region for producing rainfed crops, although being widely allocated to irrigated-rice
production under current condition. Based on the results, achieving sustainable dryland agriculture highly depends on regionally
prioritizing susceptible area for dry farming, since the criteria indices showed an extreme spatial and temporal variability over the
mid twenty-first century.

1 Introduction

While being unavoidable under rapid population growth,
growing irrigated agriculture is a serious threat to water and
food security, especially within the highly water-stressed re-
gions, which consequently results in serious socioeconomic
hazards may be expected as well (Tigkas et al. 2018; Li et al.
2017; Zhang et al. 2017a; Wegren 2011; Zhao and Running
2010). Under such circumstances, developing dry farming
may be considered as a rational solution for alleviating the
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severity of pressure on the limited blue water resources.
Implementing such targets may be of higher importance in
the coming future, since previous researchers reported a de-
creasing trend in the global blue water availability over the dry
seasons under global warming (Tabari et al. 2015). While
improving future irrigated-agriculture has been widely inves-
tigated (e.g., Darzi-Naftchali and Karandish 2017; Karandish
et al. 2017a, b), less attention has been paid to investigate
potentials for expanding dry farming under global warming
aiming at increasing the contribution of green water resources
within the agricultural lands.

Various factors affect regional capability for expanding dry
farming, among which the site-specific green water availabil-
ity may be of priority, since crop water requirement over the
rainfed cropping cycle is fully supplied by green water re-
source. Hence, numerous indices have been developed over
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the past decades for determining site-specific climatic-suit-
ability of a region for rainfed cropping (WMO and GWP
2016), among which two indices are of higher importance:
green water deficit (GWD) and aridity index (Al). GWD,
described as the difference between precipitation and potential
evapotranspiration (Karandish and Mousavi 2018), is a proper
index by which the period of water deficit and water surplus
could be determined (Shifteh Some’e et al. 2013; Tabari and
Aghajanloo 2013; Tabari and Hosseinzadeh Talaee 2013). In
the other word, sustainable water availability may be deter-
mined when GWD is calculated (Milly et al. 2005). Al, de-
fined as precipitation divided by evapotranspiration
(UNESCO 1979), is referred as a proper indicator of drought
especially when agricultural drought is of priority (Keyantash
and Dracup 2002; Paltineanu et al. 2007; Tabari and
Aghajanloo 2013; Wang et al. 2014).

Both Al and GWD may vary by space and time. Over the
past decades, a significant temporal variation in GWD and Al
indices has been reported in different regions of the world
(Salark and Mahmood-Agha 2017; Zhao et al., 2017; Zhang
et al. 2017b; Moral et al. 2016; Muhire and Ahmed 2016;
Ashraf et al. 2014; Ahani et al. 2013; Shifteh Some’e et al.
2013; Liu et al. 2013). Being highly depended on the climate
variability (Liu et al. 2017; Gebremedhin et al. 2017; Zhang
et al. 2017b; Dong et al. 2013), temporal variations of Al and
GWD may be of higher importance over the future periods,
since a pronounced change in the climate variables has been
reported by the IPCC (IPCC 2013). In 2007, IPCC reported
that globally, earths’ surface temperature experienced a 1 °C
increase over the last twentieth century, and will experience a
1.1-6.4 °C more increase over the twenty-first century. Hence,
it is an essential to first anticipate the projected Al, and GWD
under global warming when implementing the long-term
plans for expanding rainfed areas is considered.

Despite of a serious focus on estimating global warming pro-
jections into basic weather data such as precipitation and cardinal
temperatures (e.g., Karandish et al. 2017a; Karandish and
Mousavi 2018; Trnka et al. 2004), less attention has been paid
to predict the projected Al and GWD in the future periods. A few
researchers investigated the long-term effects of climate change
on Al and GWD in different parts of the world over the twenty-
first century, mainly based on the given results for a few GCMs
and emission scenarios (Liu et al. 2017; Gebremedhin et al.
2017; Zhang et al. 2017b; Karandish and Mousavi 2018; Dong
et al. 2013). They generally believe that there is a large spatial
and temporal heterogeneities in climate change projections.
Hence, the main focus of this research is to find out the dry
farming suitability in different climatic regions of a highly
water-stressed country under climate change. In this regard, his-
torical variation and climate change projections of the basic
weather data, as well as Al and GWD, are analyzed within five
climatic regions of Iran, and then, the rainfed cropping suitability
are quantitatively assessed over the mid twenty-first century.
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2 Methods and data
2.1 Study area and data collection

Iran, the second large country in the Middle East, is clas-
sified as a highly water-stressed country in the world.
Results of De-Martine classification method reveal that
Iran consists of five climatic zones: hyper arid, arid,
semi-arid, humid, and dry sub-humid regions (Karandish
and Mousavi 2018; Karandish et al. 2017a). With a focus
on the contribution of different provinces to national pro-
duction and their climatic properties, we selected five
provinces of Sistan and Baluchestan (located within the
hyper arid region), Khuzestan (located within the arid re-
gion), West-Azarbaijan (located within the semi-arid re-
gion), Mazandaran (located within the humid region), and
Golestan (located within the dry sub-humid region)
(Fig. 1). These provinces face serious water quality and
quantity challenges (Karandish and Hoekstra 2017) and
are mostly the backbone of Iran’s agriculture.

Over the base period of 1975-2005, daily weather
data were collected in 13 synoptic stations located with-
in five selected provinces (IRIMO 2017). Besides, the
agricultural data, differentiated by the irrigated or
rainfed farming, and including cropping pattern,
cropping calendar, harvested area, crop yield, and all
other data related to field management practices were
collected from Iran’s Ministry of Agricultural Jihad
(IMAJ 2017).

2.2 Projections of climate change

Based on the 5th report of IPCC, the projections of
climate variables in the future periods were obtained.
These projections were then downscaled under four
Representative Concentration Pathways (RCPs),
RCP2.6 (low), RCP4.5 (intermediate), RCP6.5 (high),
and RCP8.5 (very high greenhouse gas concentrations
scenario), over the period 2041-2070. The projections
of global warming into essential weather data (including
air temperature, precipitation, solar net radiation, wind
speed, atmosphere pressure, and relative humidity) were
then generated for 20 general circulation models
(GCMs), described in Table 1.

The change factors method, introduced by Jones
et al. (1997), which is widely used by the other re-
searchers (Darzi-Naftchali and Karandish 2017; Trzaska
and Schnarr 2014), was applied to statistically down-
scale the selected climate variables in 13 selected syn-
optic stations. The relation between current climate data
and future GCMs projections, called change factor, was
calculated by Egs. 1 and 2 for all climatic parameter
(Jones et al. 1997), except for air temperature, for
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Fig. 1 The location of the selected provinces within Iran (a), and the zoom out of the selected provinces and synoptic stations by individual (b)

Table 1 Global climate models (Source: Chiyuan, et al. (2014))

Model Source

ACCESS 1.0 Common Wealth Scientific and Industrial Research
Organization and Bureau of Meteorology, Australia

BCC-CSM1.1 Beijing Climate Center, China Meteorological
Administration, China

BNU-ESM Beijing Normal University, China

CanESM Canadian Center for Climate Modeling and
Analysis, Canada

CCSM4 National Center for Atmospheric Research
(NCAR), USA

CESM1.0-BGC National Center for Atmospheric Research
(NCAR), USA

CISRO-MK3 Australian Common Wealth Scientific and
Industrial Research Organization

GFDL-ESM2G  Geophysical Fluid Dynamic Laboratory, USA

GFDL-ESM2M  Geophysical Fluid Dynamic Laboratory, USA

HadGEM2-CC  Met office Hadley Center, UK

HadGEM2-ES  Met office Hadley Center, UK

inmem4 Institute of Numerical Mathematics, Russian

IPSL-CL5A-LR
IPSL-CL5A-MR
MIROC

MIROC-ESM

MPI-ESM-LR

MPI-ESM-MR

MRI-CGCM3
Nor-ESM1-M

Academy of Sciences
Institute Pierre-Simon Laplace, France
Institute Pierre-Simon Laplace, France

Japan Agency for Marin-Earth Science and
Technology, Atmosphere and Ocean Research
Institute (University of Tokyo Japan)

Japan Agency for Marin-Earth Science and
Technology, Atmosphere and Ocean Research
Institute (University of Tokyo Japan)

Max Plank Institute for Meteorology (MPI-M),
Germany

Max Plank Institute for Meteorology (MPI-M),
Germany

Meteorological Research Institute of Japan

Norwegian Climate Center, Norway

which the Eqgs. 3 and 4 was applied (Trzaska and
Schnarr 2014), as in the following:

1_3 ut,i

AP, = _GCMVf ‘, (1)
PGCM,base,[

AT; = (TGCM,fut,i_TGCM,base,i) (2)

where, AP; is the dimensionless monthly change factor for the
considered climatic data (p), P fur.i and PGem pase,i are, re-
spectively, the monthly average future simulated and the his-
torical values of the considered climatic data over the period,
AT is the dimensionless monthly change factor for air temper-
ature, and Toemfur; and TG pases are, respectively, the
monthly average future simulated and the historical values
of the air temperature over the period. These change factors
were calculated at the monthly time scale (i = 1-12).

2.3 Aridity index and green water deficit

Over the base and the future periods, FAO-Penmann Monteith
Equation was applied to calculate daily potential evapotrans-
piration as in the following (Allen et al. 1998):

900
0.408(R,—G = U s"€a
(R,-6)+1 (s ) * Uz x (eced)

ETo =
0 A+ (1 +0.34U5)

(3)

where, A is the slope of the vapor pressure curve (kPa 'C™),
R, is the net radiation at the crop surface (MJ m 2 dayfl ),y is
the psychrometric constant (kPa °C™"), T is the average air
temperature (°C), U, is the average wind speed (m s ) at
2 m height, G is the soil heat flux density (MJ m > day ), e;
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is the saturation vapor pressure (kPa), and e, is the actual
vapor pressure (kPa).

Thereafter, monthly aridity index (AI) and monthly green
water deficit (GWD) were calculated based on the Egs. 3 and
4 (Karandish and Mousavi 2018; UNESCO 1979).

Al = p month
ETOmomh <4)
GWD =P month_ETOmonth

where, Ppong 1S monthly precipitation (mm month ™), and
ETomont 1s monthly ETo (mm month™"

3 Results and discussion
3.1 Projections to basic climatic variables

Air temperature Figure 2 represents monthly variations of
minimum (7min) and maximum (7max) air temperature over
the base period, and over the mid twenty-first century (2041—
2070) based on the average results of the 20 GCM:s for all
RCPs. While given results for the average of all ensembles
presented a large spatial and temporal variability in future
projections, an obvious difference in future projections was
revealed for different models and RCPs. This is mainly result-
ed from the different assumptions related to economic, social,
and environmental models in these scenarios (Karandish et al.
2017a). Such result is an indication of uncertainty in 7 projec-
tions in the future period, which may be considered as a great
threat to the long-term planning if such panning is made based
on given results for a few RCPs or GCMs.

Regardless of the climatic regions, 7min is projected to a —
92% up to 60% change under global warming, with generally
the lowest (from — 79 to 41%) and the largest (from —92 to
52%) change under RCP2.6 and RCP8.5, respectively. The
elevated CO, seems to expose the largest change in 7min over
the wet seasons. Under RCP2.6 and RCP4.5, the hyper arid
region may experience the largest change in 7min, with an
overall average of —31% and — 23%, respectively, while the
humid region experiences the lowest change in 7min, with an
overall average change of — 2% and 9%, respectively. Under
RCP6.5 and RCPS.5, climate change projected the lowest and
the largest change in 7min within the arid and dry sub-humid
regions, respectively.

Based on the average results of the 20 GCMs for each
scenario, and compared to the base period, climate change
projections show a positive increase of the monthly 7max
within the arid regions, accounted for 3—40%, the largest of
which occurred over the wet seasons for all RCPs. While no
constant pattern is followed, climate change projections show
both positive and negative change of the monthly 7max within
the other climatic regions. The humid and dry sub-humid

@ Springer

Fig. 2 Temporal variation of monthly minimum (7min) and maximum P>
(Tmax) air temperature over the based period (1975-2005), and over the
future period (2041-2070) based on the ensemble average of the 20
GCMs for each scenario

regions, which are the most suitable climatic regions for
expanding dry farming under current condition, tend to get
warmer over the 2041-2070 period, which is justified by the
fact that the wet seasons in these regions will experience a
positive increase in their monthly 7max, while the dry seasons
will usually experience a considerable reduction in monthly
Tmax. Exception was for RCP8.5, under which a colder cli-
mate is expected.

Precipitation and ETo The average results of the 20 GCMs for
each scenario shows a positive increase in annual P in differ-
ent climatic regions, accounted by 0.3% (within the dry sub-
humid region under RCP4.5) to 75% (within the hyper-arid
region under RCP8.5) (Table 2). At the national scale and
based on the monthly calculated values, Iran received 60—
328 mm month™" precipitation over the base period (Fig. 3).
During the 2041-2070 period, monthly national P generally
increase by 3.2% (during December under RCP2.6) to
103.9% (during April under RCP8.5), despite of a slight pre-
cipitation reduction of 3.4-19.6% over a few months.

While the pattern of monthly P variations in Fig. 3 is an
indication of a non-uniform temporal projected effect of cli-
mate change scenario on P, the non-uniform spatial change in
monthly P under global warming is also diagnosed when con-
sidering monthly P projections in different climatic regions.
With an accounted range of 0.3-354%, regional downscaled P
over the 2041-2070 period well represents a general increase
in monthly P within the hyper-arid, arid, and humid regions.
Compared to the base period, monthly P may increase by 2.7—
71.8% within the dry sub-humid region over the March—July
period, while it may decrease by 0.8-35.5% over the other
months. In the semi-arid region, which is responsible for a
large contribution of annul agricultural production in Iran,
climate change mainly results in annual P reduction compared
to the 1975-2005 period, accounted for 1.5-34.5%. The ex-
ceptions were for the period February—October under RCP8.5,
May—June under RCP2.6, April-June and October under
RCP4.5, and May—Jul and October—November under
RCP6.5.

Over the base period, the overall average annual ETo in the
selected regions was 146 mm, while during 2041-2070, over-
all average annual ETo reaches to 148 mm under RCP2.6,
151 mm under RCP4.5, 144 mm under RCP6.5, and
139 mm under RCP8.5. At the annual scale, each part of the
country showed their own style of projections. General in-
creasing trend in annual ETo under global warming was ob-
served in the hyper arid (34-75%) and dry sub-humid region
(45-62%), with the lower limits under RCP2.6 and the upper



Potentials for expanding dry-land agriculture under global warming in water-stressed regions: a...

1559

40

30

Tmin (°C)

40

30

Tmin (°C)

'
™

™

Tmin (°C)

30

[N
o

Tmin (°C)

[
o

(=]
o

T'min (°C)

[
o

—RCP2.6
—RCP8.5

Base ——RCP4.5

—RCP6.5

[a) Hyper arid, 2040-2071

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

b) Arid, 2040-2071

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

[¢) Semi arid, 2040-2071

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

[d) Humid, 2040-2071

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

[¢) Dry sub-humid, 2040-2071|

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

120

0

Tmax (°C)
5] w £
=} =} =)

[
o

th
o

w
o

Tmax (°C)

10

40

Tmax (°C)
w
(=]

(=]
o

Base
—RCP6.5

——RCP45

[0 Hyper arid, 2040-2071

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

g) Arid, 2040-2071

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

[1) Semi arid, 2040-2071

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

10

i) Humid, 2040-2071

Tmax (°C)
' w
L2} ]

-
m

T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

[i) Dry sub-humid, 2040-2071

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

@ Springer



1560

F. Shahsavari et al.

Table 2 Annual climatic parameters and drought indices within
different climatic regions and in Iran as a whole, over the base (1975-
2005) and future period (2041-2070). i.e., the reported values for the
future period is calculated based on the average of the 20 GCMs for
each scenario

Climate region Period ~ 7min 7max Pr ETo GWD Al
Hyper arid Base 17.1  30.1 98 1120 —-1022 0.1
RCP2.6 12.1 29.0 133 1048 -915 0.1

RCP4.5 134 322 148 1165 —1017 0.1

RCP6.5 204 29.0 166 1086 —920 0.2

RCP8.5 20.5 29.1 171 1064 —893 0.2

Arid Base 17.7  33.1 274 999 =725 0.3
RCP2.6 163 363 282 98 —704 0.3

RCP4.5 18.1 403 314 1095 -—-782 03

RCP6.5 223 373 273 1054 —781 0.3

RCP8.5 223 379 305 1038 —733 03

Semi-arid Base 59 180 331 842 511 04
RCP26 65 18.6 309 780 —471 04

RCP4.5 72 20.6 344 867 —523 04

RCP6.5 87 195 324 853 —529 04

RCP8.5 93 187 407 852 —446 0.5

Humid Base 133 203 1159 769 390 1.5
RCP2.6 12.6 194 1531 705 826 2.2

RCP4.5 140 21.6 1701 783 918 22

RCP6.5 148 197 1719 758 961 23

RCP8.5 16.1 200 1875 745 1131 25

Dry sub humid Base 12.7 229 562 716 —154 08
RCP2.6 12.8 240 590 683 —-93 09

RCP4.5 134 254 564 697 —133 0.8
RCP6.5 13.0 22.6 538 667 —130 0.8
RCP8.5 132 229 549 670 —121 0.8
Iran Base 13.3 249 2423 4446 —2023 0.5
RCP2.6 120 255 2846 4202 —1356 0.7
RCP45 132 28.0 3070 4607 —1537 0.7
RCP6.5 159 256 3020 4418 —1398 0.7
RCP85 163 257 3307 4369 —1062 0.8

limits under RCP8.5. Despite of a general increase in regional
ETo within the other regions, climate change may project a
slight reduction in annual ETo in the arid and semi-arid re-
gions under RCP2.6, and in the humid region under RCP6.5
and RCP8.5 scenarios.

More non-uniformity in the climate change projections is
revealed when considering temporal variation of monthly ETo
within different climatic regions over the base and the future
period. At the monthly scale, ETo reduction is more likely to
happen within the dry sub-humid region, accounted for 1.4—
11.8%, with the highest reductions over April-June and
November—December periods. As a general logic, Fig. 3 dem-
onstrates that climate change projection into monthly ETo
within a specific region is mainly controlled by the selected
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Fig. 3 Temporal variation of monthly precipitation (P) and potential P>
evapotranspiration (ETo) over the based period (1975-2005), and over
the future period (2041-2070) based on the ensemble average of the 20
GCMs for each scenario

RCP scenario, rather than by the considered months.
Compared to the base period, RCP4.5 within the hyper arid
region, RCP4.5 and RCP6.5 and RCP8.5 within the arid and
semi-arid region, and RCP4.5 and RCP6.5 within the humid
region, are likely to project a general increase in monthly ETo,
and ETo reduction is likely to happen in the other case.

3.2 Projections to GWD and Al

Green water deficit Based on the average results of the 20
GCMs for each scenario, annual and monthly green water
deficit (GWD) were calculated at the national and the regional
scales (Table 2, Fig. 4). With the definition of “P-ETo,” neg-
ative GWD is a sign of green water scarcity within a regions,
in which ETo may exceed P (ETo > P). Table 2 shows that at
the national scale, the negative consequences of climate
change on ETo may be compensated by increased P, since
GWD is supposed to be reduced by 24.0% (under RCP4.5)
to 47.5% (under RCPS.5). Increased annual green water avail-
ability is more evident within the humid region, which is now
the most water abundant region of the country. In this region,
global warming projects a 112-190% increase into annual
GWD over mid twenty-first century. Arid and semi-arid re-
gion seems to be the most vulnerable regions to the elevated
CO; in the future period, where annual GWD is likely to
decrease by 1.1-7.8%.

Monthly GWD assessment, however, is a more proper in-
dex for analyzing dry farming suitability within a region, since
it reveals real times with surplus green water (P >ETo). In a
general point of view, the hyper arid and humid regions are
expected to experience wetter years over the period 2041—
2070, since green water availability will increase by 0.3—
713%, with the upper limits over the January—March period
in the hyper arid regions, and over the February—April period
in the humid region. However, the other regions, where agri-
culture is of a significant priority, may experience drier con-
dition in the future, among which, the semi-arid region may
experience a higher pressure on its limited blue water re-
sources due to a 0.8-115.7% increase in green water deficit
over the 20412070 period. Water scarcity in these regions is
more evident over the wet seasons.

Aridity index (Al) Al, calculated by dividing P by ETo, is
introduced as a drought index by which the situation of food
security may be anticipated since crop production is highly
depended on green/blue water availability over the cropping
cycles (Muhire and Ahmed 2016). An Al < 1 may be a robust
estimation of water scarcity since it denotes that P < ETo over
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the study period. During the base period, annual Al within the
country varied in the range of 0.1 (within the hyper arid re-
gion) to 1.5 (within the humid region). Regardless of a few
exceptions, annual Al at the regional scale is expected to in-
crease by 0.9-84.2% under global warming, indicating higher
water availability in the future. Such increase is more evident
within the hyper arid and humid regions, in which annual Al
may increase by 44.1-84.2%. Varying in the range of 0.3-0.9
over the 2041-2070 period, projected annual Al may increase
by 0.9-21.4% within the other climatic regions.

Monthly analysis of the Al projections, however, well
demonstrate both temporal and spatial non-uniform projected
effects of climate change. Global warming projections show a
positive increase in monthly Al within the humid region,
accounted for 5.2-329.4%, and within the hyper arid region,
accounted for 5.1-266.4%. In these regions, May and
September may experience the highest increase in Al over
the 2041-2070 period. In the arid region, global warming
projections show a general increase of 0.8—-340.7% in monthly
Al over the period March—November, while it is likely to have
a 0.1-26.4% lowered monthly Al in January, February, and
December. Nevertheless, agriculture is highly threatened
within the semi-arid region, in which monthly Al is expected
to have a 2.5-33.2% reduction under climate change, except
for a few cases. The exception were mainly for April-Jun,
where a positive projections of 0.6-66.6% in monthly Al is
anticipated. Except for the March—June period, the recued
monthly Al under global warming is also expected within
the dry-sub-humid region.

3.3 Future perspectives dry farming

Based on the national statistics in 2010, 60% and 32% of total
rainfed lands are located within the arid and semi-arid regions
of the country, respectively, from which 55% and 22% of
national rainfed production are produced, respectively. The
humid region ranked next, where 6% of the total rainfed agri-
cultural lands of the country are located in, which supply
12.5% of rainfed production in Iran. With the contributions
of 2.3% and 0.2% in total rainfed harvested area, and 10.5%
and 0.7% in total rainfed production, the dry sub-humid and
hyper arid regions are, respectively, considered as the most
unsuitable regions for dry farming. Such analysis well indi-
cates that future climate of the arid and semi-arid regions may
determine the potentials for expanding dry farming in Iran in
the future. On the other hand, improved climatic condition in
the other regions under global warming may also be a sign of
potentials for expanding rainfed lands within these regions.
To analyze regional rainfed suitability over the 2041-2070
period, we calculated the number of months with increased (or
decreased) GWD and Al, based on the average projections of
the 20 GCMs and four RCPs scenario, and results are present-
ed in Fig. 5. Based on the projected Als, the arid and semi-arid

@ Springer

Fig. 4 Temporal variation of monthly green water deficit (GWD) and P>
aridity index (Al) over the based period (1975-2005), and over the future
period (2041-2070) based on the ensemble average of the 20 GCMs for
each scenario

regions are expected to experience wetter condition over the
period March—October under climate change, while the sever-
ity of aridity in these regions is supposed to be increased
during late autumn and early winter. Regarding GWD, in-
creased water availability within the arid and semi-arid re-
gions is only expected within a few months over the late
winter and early spring. Based on the national statistics, the
cropping cycle of most of the rainfed crops in Iran is over the
October—May period (Karandish and Hoekstra 2017), while
the most crop water requirement is mainly supplied by precip-
itation occurred over the autumn and winter periods. Such
statistics, together with given results for Al and GWD varia-
tions in Fig. 5, well demonstrate the vulnerability of dry farm-
ing under climate change within the arid and semi-arid re-
gions. On the other hand, more potentials for expanding dry
farming may be provided within the hyper-arid and humid
regions, since global warming projects a significant reduction
in the severity condition, and a positive increase in green water
availability in these regions over the 2041-2070 period.

Nevertheless, it should be noted that P and 7 variations
need to be considered individually as well, when the land
suitability for dry farming is determined in the future period.
In fact, not improved condition may be expected if proper
solutions under the positive or negative changes in P or T
are not adopted. For example, the summarized results in
Table 2 well represents that Iran may experience a 17.5—
36.5% increase in annual P over the 204 1-2070 period, which
may be considered as a positive sign of increased potentials
for rainfed farming under global warming. However, such
increase is supposed to mainly happen over the wet seasons,
which may result in serious natural hazards such as water-
logging (Fig. 5). On the other hand, monthly P analysis within
the hyper-arid and humid regions also reveals a significant
increase in monthly P over the dry seasons (Figs. 3 and 5),
which may consequently lead to weeds and pest growths and
soil erosion due to reduced soil water availability (Karandish
et al. 2017a; Enete and Amusa 2010). Hence, expanding dry
farming within the proper climatic regions requires
implementing long-term planning for controlling the probable
negative consequences of projected P in those regions.

Air temperature (7) is also a highlighted factor, which af-
fects soil-water-crop relationships. Based on the ensemble av-
erage of the 20 GCMs and four RCPs, the arid and semi-arid
regions, which have the largest contribution in total rainfed
and irrigated production, may experience a considerable in-
crease in both 7min and 7max, especially over the wet sea-
sons. While increased T is reported to result in crop water
requirement reduction caused by the reduced length of the
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«Fig. 5 The number of months with increased or decreased projections in
climatic variables based on the average of 80 ensembles, including 20
GCMs and four RCPs scenarios over the 2041-2070 period

cropping cycles (Karandish et al. 2017a, b; Darzi-Naftchali
and Karandish 2017), the elevated 7 may result in irreparable
losses as well due to its negative effect on crop growth and
yield. Cardinal temperatures (i.e., 7imin and 7max) may affect
cropping calendar since there is a crop-specific 7 thresholds,
within which crops may achieve their highest growth and
yield. Hence, any change in these thresholds may avoid crops
to complete a specific phonological phase or their whole life
cycle (Luo 2011). On the other hand, the growth of weeds,
pests, and insects is highly depended on air temperature, es-
pecially within the wet seasons, all of which may led to a
significant loss in crop yield (Pradhan et al. 2012; Luo 2011;
Selvaraj et al. 2011; Wahid et al. 2007; Ugarte et al. 2007;
Vollenweider and Gunthardt-Goerg 2005; Peng et al. 2004;
Shah and Paulsen 2003; Commuri and Jones 2001; Wheeler
et al. 2000; Stone and Nicolas 1995; Baker and Allen 1993).
Reduced cardinal temperature, which is evident for 2—
8 months in different climatic regions, may also be an obstacle
to proper crop growth, or to the move of water and nutrients in
soil (Karandish and Shahnazari 2016; Callejas et al. 2009;
Lathi et al. 2005; Puhe 2003; Dong et al. 2001; Pregitzer
et al. 2000; Psarras et al. 2000), all of which result in lowered
yield compared to the favorable condition (Aphalo et al. 2006;
Schwarz et al. 1997).

While climate variables are proper and unavoidable indices
for assessing dry farming suitability within a specific region in
the future, they may not to be enough since global warming may
change crop CO, intake, which is reported to have a significant
effect on crop yield (Anwar et al. 2013; Trnka et al. 2004). Being
a proper index of farmers’ economic prosperity, crop yield then
need to be anticipated under climate change as well. In other
words, even if a region is assessed to be suitable for dry farming,
the policy makers, or even the local farmers, may avoid adopting
such decision if their financial interests are not fulfilled.
Regarding these points, applying crop growth models for simu-
lating crop yield in the future period let one to consider the
probable consequences of projected P and 7 on crop growth
and yield as well. Hence, it is supposed to include economic
indices together with climate variables when new targets for
expanding dry farming is considered.

4 Conclusion

Climate change researches are mainly focused on determining
future projections main weather data, including precipitation,
temperature, and/or reference evapotranspiration. While being
a key factor for determining the suitability of dry farming
within a region, less attention has been paid to determine the

future projections of aridity index and/or green water deficit.
In addition, most of the previous researches provided climate
change projections based on the results of a few GCMs and
emission scenarios. However, there will be a large spatial and
temporal heterogeneities in climate change projections under
different GCMs and scenarios, due to different properties of
these model and/or different assumptions embodied in these
models and scenarios. Hence, achieving more reliable results
requires predicting climate change projections based on a
wide range of GCMs and emission scenarios. This research
is noble in a way that, (i) first, we included Al and GWD
indices, in addition to main weather data, in our assessment
when determining dry-farming suitability under global
warming; (ii) and second, we considered the outputs of 80
ensembles (20 GCMs and 4 emission scenarios) in our analy-
sis, which let us providing more reliable results for the uncer-
tain future.

To address the considered objectives in this research, the
annul and monthly P, Tmin, 7max, ETo, Al, and GWD pro-
jections were analyzed for five climatic zone of Iran, based on
the outputs of 20 GCMs under four RCPs scenarios of
RCP2.6, RCP4.5, RCP6.5, and RCP8.5. Together with agri-
cultural data, these projections were then applied to regionally
determine the dry farming suitability over the mid twenty-first
century (i.e., 2041-2070). The most important concluding re-
marks may be summarized as in the following:

» Regardless of the climatic regions, annual climate change
projections mainly show a positive increase in both pre-
cipitation and air temperature, while both negative and
positive projections in these variables are observed at the
monthly time-scale.

* The arid and semi-arid regions are the most vulnerable
regions to climate change, since they are mainly subjected
to a significant reduction in green water availability, and a
substantial increase in drought condition, especially over
the wet seasons.

* The policy makers may need to consider expanding dry-
land agriculture within the hyper arid region, which is the
most water scarce region of the country over the base
period, since it may experience a considerable improved
climatic condition for producing rainfed crops over the
mid twenty-first century.

e While the humid region may be the most suitable region
for rainfed cultivation, their improper cropping pattern
caused this area to be the largest irrigated-rice producer
under current condition, which exposed a severe pressure
into the blue water resources. Hence, prioritizing the cur-
rent cropping pattern may be of priority under global
warming, especially within the water-abundant regions
of the country.

+ Climate change researches are required to be carried out
based on a wide range of GCMs and RCPs in order to
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reduce the risk of long-term project failures, since our
results show a wide range of positive and negative projec-
tions into the basic climatic variables, as well as into the
drought indices, under different GCMs and RCPs.

» The severity of climate change projections highly varies
by space and time, and not a constant pattern is followed
up. Such results well indicated the highlighted importance
of regional studies over the future periods, when success-
ful projects are managed.

*  Together with climatic suitability for dryland agriculture,
the economic indices may need to be included in further
approaches as well, when implementing new targets for
expanding rainfed cropping within the right areas.
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