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Abstract

Droughts are typical of the climate in Iran and have become more frequent over the last few decades. Iran’s agriculture,
water resources, and ecosystems are all vulnerable to drought. In this study, the monthly time series of precipitation,
temperature, and potential evapotranspiration were obtained from the CRU TS 4.01 gridded dataset to calculate the
Standardized Precipitation Index (SPI), the de Martonne Aridity Index (DMALI), and the Standardized Precipitation-
Evapotranspiration Index (SPEI) during two 30-year periods (1957-1986 and 1987-2016). At the national scale, the
annual SPI, DMAI, and SPEI have decreased by 0.02, 0.11, and 0.09 unit decade ', respectively, since the beginning of
the twentieth century. Over 1987-2016, these rates increased to 0.29, 0.70, and 0.36 unit decade . Over the period 1957-
1986, 89.5% of the total area was classified by the DMAI as hyper-arid, arid, or semi-arid, increasing to 94.8% over 1987—
2016. Over the period 1987-2016, around 42.1, 57.9, and 48.8% of the grid cells revealed significant (P <0.1) decreasing
trends in the annual SPI, DMAI, and SPEI, respectively (27.1, 45.5, and 35.6% at the 95% confidence level). Winter has
made the largest contribution to the temporal variations of all indexes at the annual scale. Spatiotemporal variations of the
SPEI were greater than the two other indexes since it considers the non-stationarity in potential evapotranspiration. It
proved to be an appropriate climatic index for investigating the spatiotemporal variations of agricultural drought, as it
considers the source and demand terms of the water balance equation. Analysis of the frequency of sever to moderate
droughts during the two 30-year periods confirms that country’s climate has significantly changed, especially in central,
western, southwestern, southern, and eastern regions.

1 Introduction

Droughts are typical of the climate in Iran and have become
more frequent over the last few decades (Raziei et al. 2009;
Golian et al. 2015). They cause significant economic losses
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and affect all aspects of society (Lott and Ross 2005; Mote
et al. 2005; Barnett et al. 2008; Fontaine and Steinemann
2009; Elsner et al. 2010; Zhai et al. 2010). Iran’s agriculture,
water resources, and ecosystems are all vulnerable to drought
(Madani 2014). Therefore, it is essential to investigate the
spatiotemporal variations of drought at various spatial and
temporal scales in order to effectively manage this natural
hazard. Drought is often characterized as having low precipi-
tation and high temperature. It is determined based on tempo-
rary deviation from long-term averages and indicates climate
situation during specific time periods (Shelton 2009;
Karamouz et al. 2012).

Increasing greenhouse gases has led to climate change
in all regions of the world over recent decades, identified
as changes in weather variables such as precipitation,
evapotranspiration, and air temperature (IPCC 2013).
Therefore, it is important to understand the impacts of
temporal variations in weather variables on aridity and
drought, especially in arid and semi-arid regions of the
world, such as Iran. Aridity and drought are assessed by
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a large set of climatic indexes, most of which calculated
based on precipitation and/or temperature (Deniz et al.
2011; Karamouz et al. 2012; Tabari and Aghajanloo
2013). The Palmer Drought Severity Index (PDSI;
Palmer 1965), the decile index (DI; Gibbs and Maher
1967), the China-Z index (CZI; Wu et al. 2001), the
Surface Water Supply Index (SWSI; Shafer and Dezman
1982), the Standardized Precipitation Index (SPI; Mckee
et al. 1993), and the Standardized Precipitation-
Evapotranspiration Index (SPEI; Vicente-Serrano et al.
2010) are among the well-known drought indexes. The
de Martonne Aridity Index (DMAI; Martonne 1920), the
Johansson Continentally Index (JC), the Kerner Oceanity
Index (KOI), and the Pinna Combinative Index (PV;
Baltas 2007; Deniz et al. 2011) are the most popular arid-
ity indexes. The SPI is widely accepted since it only
needs precipitation data, is comparable in time and space
(Guttman 1998), and can be calculated at different time
scales to monitor droughts (Vicente-Serrano et al. 2010).
However, the SPI does not account for the variations in
other variables that may have influence on water balance
and drought, especially temperature and potential evapo-
transpiration. It is not always justifiable to use a
precipitation-based index by assuming that the variability
of precipitation is much higher than other weather vari-
ables, especially in warm and dry periods of year when
temperature and potential evapotranspiration have much
larger values and variations.

Many studies have adopted aridity indexes (Hundecha
and Bardossy 2005; Wilks 2006; Baltas 2007; Shelton
2009; Deniz et al. 2011; Rajabi and Shabanlou 2012;
Tabari and Aghajanloo 2013; Irannezhad et al. 2014;
Zolfaghari et al. 2016; Moral et al. 2017; Araghi et al.
2018) and drought indexes (Robock et al. 2000; Qian
et al. 2003; Zou et al. 2005; Morid et al. 2006; Xin
et al. 2006; Zhai et al. 2010; Shukla et al. 2011; Wang
et al. 2011; Mahajan and Dodamani 2015; Zhang et al.
2015) to investigate spatiotemporal climatic patterns. It
requires access to quality, complete time series of weather
data to calculate drought and aridity indexes, which are
not easily accessible in most developing countries and
data-scarce regions of the world. This limitation, especial-
ly in large-scale studies, justifies the application of
gridded global/regional datasets as promising alternatives
to weather station observations. Given the importance of
understanding the variations of drought events in time and
space especially in arid regions like Iran, the objective of
this paper is to investigate the spatiotemporal variations of
the DMALI, SPI, and SPEI at the monthly, seasonal, and
annual scales using the monthly time series obtained from
the CRU TS dataset over the last 60 years. The implica-
tions of the observed changes over the last decades are
discussed.
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2 Materials and methods
2.1 Study area

Iran, with an approximate area of 1.648 m km?, is located in
the Middle East between 25 and 40° N latitude and 44-63° E
longitude (Fig. 1). The country’s climate is largely influenced
by the presence of two mountain ranges, the Alborz in the
north and the Zagros along the western borders beginning
from the northwest and ending at the Strait of Hormuz in the
south, along with two great deserts, Dasht-e Lut and Dasht-¢
Kavir. The foothills of the two mountain ranges are classified
as having Mediterranean climate, though the country is dom-
inantly classified as arid (65%) and semi-arid (20%) (Madani
2014; Khalili et al. 2016).

Cold winters with heavy snowfalls and negative tempera-
tures during December and January and relatively mild
springs and autumns are common in the northwest while mod-
erate winters and hot summers are typical of southern and
southeastern regions (Saboohi et al. 2012). Precipitation is
highly variable in both time and space (Raziei et al. 2012,
2014). Annual precipitation ranges 62—-345 mm (250 mm,
on average) with around 70% of annual rainfall falling be-
tween November and March (Raziei et al. 2005). A narrow
strip in the north along the coast of the Caspian Sea has a very
different climate where heavy rainfalls start in late summer
and continue through to mid-winter, though in general, it re-
ceives > 800 mm of rainfall more or less over the whole year
(Raziei et al. 2014).

2.2 Data

The CRU TS dataset (Mitchell and Jones 2005; Harris et al.
2014), developed principally by the UK’s Natural
Environment Research Council (NERC) and the US
Department of Energy, is among well-tested and popular pub-
licly available gridded datasets. It covers the global land sur-
face between 60° S and 80° N over 1901-2016 and contains
data on 10 weather variables from over 5000 weather stations
interpolated into 0.5° x 0.5° grid cells. There proved to be a
favorable agreement between the CRU TS dataset and similar
gridded datasets, with major deviations attributed to regions
with sparse observations (Harris et al. 2014). The accuracy of
the CRU TS precipitation data is sufficiently high for hydro-
logical studies in data-scare regions (Hajihoseini et al. 2015).
This dataset outperformed the NCEP CFSR gridded reanaly-
sis dataset in the simulation of runoff towards Lake Maharlou
in Iran using the Soil and Water Assessment Tool (SWAT)
model (Eini et al. 2018). Miri et al. (2016) compared the
CRU TS temperature data with data from 88 selected weather
stations across Iran and concluded that the CRU TS data ex-
plain 95% of the variations in the observed time series.
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g. 1 Selected grid cells from the CRU dataset (left) and administrative divisions of Iran (right)
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Monthly average daily mean temperature and potential
evapotranspiration (PET) and monthly total precipitation were
obtained from the 4.01 release of the CRU TS dataset' in 675
grid cells within the country’s borders. Potential evapotrans-
piration in the CRU TS dataset is calculated using a variant of
the Penman—Monteith formula (Pereira et al. 2015). Monthly
temperature and precipitation data from the CRU TS dataset
were compared with observed data from 19 selected stations
across the country. The evaluation results are presented in
Supplementary Material (Fig. S1-S4) and confirm the accept-
able accuracy of the dataset for trend analysis across most
parts of the country.

2.3 Aridity and drought indexes
2.3.1 The standardized precipitation index

To calculate the SPI, a probability distribution (here, a gamma
distribution) is fitted on a long-term precipitation time series,
which is then transformed into a normal distribution so that the
mean value is zero (Mckee et al. 1993). Positive/negative
values indicate larger/smaller than mean precipitation. The
SPI may be used for monitoring both dry and wet conditions
(Table 1) and may be computed at different time scales. Here,
the SPI is calculated at annual, seasonal, and monthly scales.

2.3.2 The standardized precipitation-evapotranspiration
index

The SPEI can be calculated over a wide range of climates and
enables comparison of drought severity through time and
space. However, a crucial advantage of the SPEI over other

! Obtained in June 2018 from: http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru
ts 4.01/data
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widely used drought indexes is that it accounts for the impact
of the potential evapotranspiration on drought severity. The
SPEl is defined as the difference between precipitation and the
potential evapotranspiration at each period (i.e., a month, sea-
son, or year) providing a simple measure of the water surplus
or deficit (Vicente-Serrano et al. 2010). The SPEI is standard-
ized by fitting a log-logistic distribution on the time series of
the differences between precipitation and the potential evapo-
transpiration. It can therefore be compared with other SPEI
values over time and space. The SPEI can be calculated and
aggregated at various time scales, following the same proce-
dure as for the SPI (Table 1). The R package “SPEI” version
1.7 was adopted to calculate the SPI and SPEI at various time
scales.

2.3.3 De Martonne Aridity Index

The DMAI (Martonne 1920) is one of the oldest aridity/
humidity indexes and is used worldwide for climate classifi-
cation. To identify the climate based on the DMALI, the classes
presented in Table 1 can be employed (Baltas 2007; Araghi
et al. 2018). The significance of the change in the 30-year
averages of the DMALI in all grid cells was evaluated using
the ¢ test at the 90% confidence level.

2.4 Trend analysis

The spatiotemporal variations in the selected indexes were
investigated over two 30-year periods, i.e., 1957-1986
and 1987-2016. The significance of temporal trends was
assessed using a modified version of the Mann—Kendall
(MK) test, which is a rank-based nonparametric test
(Kendall and Gibbons 1990; Azim et al. 2018). The cal-
culation procedure of the MK test can be found in many
references (e.g., Ahmadi et al. 2018). Trend magnitudes
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Table 1 Classification of aridity

and drought indexes Climate type Ranges of DMAI Climate type Ranges of SPI and SPEI
Hyper-arid (HA)* <5 Extreme drought (ED)* SPI, SPEI<—-2.0
Arid (A)* 5<DMAI< 10 Severe drought (SD)* —2<SPI, SPEI<-1.5
Semi-arid (SA) 10<DMAI <20 Moderate drought (MD)* —1.5<SPI, SPEI<—1.0
Mediterranean (M) 20<DMAI <24 Mild drought (MiD) —1.0<SPL, SPEI<-0.5
Semi-humid (SH) 24<DMAI<28 Near normal (NN) —0.5<SPI, SPEI<0.5
Humid (H) 28 <DMAI<35 Mildly wet (MiW) 0.5<SPI, SPEI< 1.0
Very humid (VH) 35<DMAI<55 Moderately wet (MW) 1.0<SPI, SPEI< 1.5
Extremely humid (EH) >55 Severely wet (SW) 1.5<SPLSPEI<2.0

Extremely wet (EW) 2.0 < SPI, SPEI

* Moderate to severe (M—S) droughts

(i.e., slope) were estimated with the Theil-Sen approach
and the Trend-Free Pre-whitening (TFPW) procedure was
applied to remove the effect of serial correlation (Yue
et al. 2002). The R package “zyp” was used to carry out
the test (Bronaugh and Werner 2015). Grid cells with
insignificant trends at a 90% confidence level are shown
in gray on the maps.

3 Results and discussion
3.1 Climate classification

Climate classification was performed using the long-term av-
erages of the DMALI over each 30-year period. At the annual
scale and over the period 1957-1986 (Fig. 2, Fig. S5), 89.5%
of'the total area was classified as hyper-arid, arid, or semi-arid,
increasing to 94.8% over the period 1987-2016.
Mediterranean and semi-humid climates can only be observed
in the northwest, north, and along the Zagros mountain ranges,
stretching from northwest to southeast. Six grid cells (< 1% of
the country’s total area) along the shores of the Caspian Sea,
the most humid part of Iran, are much drier compared to the

1957-1986

DMAI (-)

HA A SA M SH H

Fig.2 Climate classification at the annual scale using the DMAI over the
30-year periods of 1957-1986 and 1987-2016. Right panel shows the
subtraction of the values averaged over 1987-2016 from the values
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1987-2016

classification performed by Araghi et al. (Araghi et al. 2018)
who used the Global Precipitation Climatology Centre
(GPCC) dataset (e.g., the Anzali station in Fig. S2). The same
deviation was also observed by Miri et al. (2016) across the
coastal regions in the north and south, which might stem from
the fact that the interpolation algorithm may not be robust in
regions where neighboring grid cells have very different cli-
mates and/or when insufficient data is available in the sur-
rounding grid cells. No grid cells experienced a significant
increase in the DMAI values while grid cells in the northwest,
northeast, and southeast experienced significant decreases
(P<0.10) over the last three decades as compared with the
previous 30-year period.

At the seasonal scale, the spatial pattern of the DMAI
in winter follows the main topographic features of Iran
(Fig. S6). The Alborz and Zagros mountain ranges have
a key role in spatiotemporal variations of temperature and
precipitation in the country by blocking moisture flux
from the north and west towards the central regions
(Tabari and Aghajanloo 2013; Raziei et al. 2014; Araghi
et al. 2018). In spring and summer, most of the grid cells
are classified as semi-arid, arid, or hyper-arid (Fig. S5).
While summer and autumn have the least number of grid

Difference

EH

averaged over 1957-1986. Grid cells with insignificant differences
(P>0.1 in the 7 test) are shown in gray
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cells showing significant changes in the DMALI, grid cells
in the northwest, northeast, and southeast reveal signifi-
cant changes as compared with 1957-1986 in winter and
spring. In winter, around 47% of the total area are classi-
fied as semi-arid, arid, or hyper-arid over 1987-2016, up
from 41.4% over the previous 30-year period. The cumu-
lative portion of the grid cells identified as semi-humid,
humid, very humid, or extremely humid in winter and
spring reduced from 48.7 and 6.7% over 1957-1986 to
43.3 and 1.8% over 1987-2016, respectively.

3.2 Spatiotemporal variations of the SPI

The annual SPI has increased in the central Iran over 1957—
1986 at a national average rate of +0.23 units decade ™'
(Fig. 3). However, in the last 30-year period (1987-2016),
the annual SPI experienced decreasing trends in the south
and east and declined at a national average rate of —
0.29 units decade ™. The northern and northwestern provinces
experienced no significant trend in the annual SPI over the last
30 years.

Regarding the seasonal SPI, significantly more grid
cells experienced decreasing trends in winter than in other
seasons (Fig. 4). Over 1957-1986, increasing trends were
detected in winter in the central and northeastern prov-
inces while most provinces experienced decreasing trends
over the recent 30-year period. As winter is the most
humid season in Iran, spatiotemporal trends in the annual
SPI is mostly affected by trends of the SPI in winter.
Drought in winter has deep negative impact on Iran’s
water resources, as rainfed agriculture and domestic sup-
ply are largely dependent on winter precipitation. Hence,
the decreasing trends in the SPI (i.e., precipitation) in
winter have significantly decreased rainfed production
(Ramezani Etedali et al. 2013). Decreasing trends in the
monthly SPI over the second period were detected in

1957-1986

1987-2016

January to March and increasing trends in November
(Fig. S7). In other months, most grid cells did not reveal
significant trends over the period 1987-2016.

3.3 Spatiotemporal variations of the DMAI

Temporal trends in the annual DMALI over the two periods
are presented in Fig. 5. The spatial pattern is very similar
to that of the annual SPI. However, as the equations of
these two indexes are different, the trends have different
magnitudes. This similarity shows that precipitation is a
more influential factor on drought than temperature. Like
the SPI, the DMALI increased across the central regions of
Iran over the period 1957-1986 and decreased in the
southwest, south, and east over 1987-2016 at a national
average rate of —0.7 unit decade™'. The national average
decreasing rate of the DMAI was estimated at —
0.11 unit decade™ ! since 1901, increasing to +
0.61 unit decade ' over 1957-1986. The spatiotemporal
pattern of the DMAI observed in this study is similar to
the pattern of the annual DMALI presented by Araghi et al.
(2018). Investigating the spatiotemporal pattern of aridity
across Iran over 1954-2013, they used two gridded data
sets, GPCC v7 and a temperature dataset distributed by
the Department of Geography, University of Delaware
(hereinafter UD) v4.01.

At the seasonal and monthly scales (Fig. 6, Fig. S8),
observed patterns over the period 1987-2016 are more or
less similar to those of the SPI. Over this period, most
grid cells experienced significant decreasing trends in
winter though the grid cells located in the center, west,
southwest, and east revealed significant increasing trends
over 1957-1986. November is the only month when part
of Iran experienced increasing trends in the DMAI over
the period 1987-2016.

Difference

Trend in SPI (unit.dec™")

-0.80 -0.64 -0.48 -0.32 -0.16 0 0.16 0.32

Fig. 3 Temporal trends in annual SPI over 1957-1986 and 1987-2016.
Grid cells shown in gray revealed insignificant trends (P > 0.1), determined
with a modified version of the Mann—Kendall test. Right panel shows the

Change (unit.dec™!)

subtraction of the trends over 1987-2016 from the trends over 1957—-1986.
Differences between the two periods are only shown for grid cells where at
least one period experienced a significant trend
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1957-1986

Trend in SPI (unit.dec_l)

[ S
-0.80 -0.64 -0.48 -0.32 -0.16 0

0.16 0.32

Fig. 4 Temporal trends in seasonal SPI over 1957-1986 and 1987-2016.
Grid cells shown in gray revealed insignificant trends (P > 0.1), determined
with a modified version of the Mann—Kendall test. Right panel shows the

0.48

3.4 Spatiotemporal variations of the SPEI

The spatiotemporal patterns of the annual SPEI over the two
periods are presented in Fig. 7. The SPEI has decreased at a
national average rate of — 0.09 units decade ' since the begin-
ning of the twentieth century (Fig. 6). This decreasing rate
increased to — 0.36 unit decade ' over the last three decades.
All grid cells in the southwest, south, southeast, and east ex-
perienced decreasing trends (mostly between — 0.4 and —
0.6 unit decade™ ') over the period 1987-2016.

At the seasonal scale (Fig. 8), winter, summer, and
spring have respectively the largest numbers of grid cells
with significant decreasing trends over 1987-2016 while
only in autumn some grid cells reveal significant

@ Springer

1987-2016

Difference

(SVr) Jowwng (fNV) Sundg (LT JoMuIp

(ANO) uumny

Change (unit.dec_l)

0.64 0.80 -1.2 -08 -04 0 0.4 0.8 12

subtraction of the trends over 1987-2016 from the trends over 1957—-1986.
Differences between the two periods are only shown for grid cells where at
least one period experienced a significant trend

increasing trends in the SPEI. This stands in contrast to
the pattern observed during the period 1957—-1986 in which
the SPEI increased in > 50% of grid cells in winter and
autumn and decreased mostly in the southeast in spring and
summer. March (vs November) has the largest number of
grid cells revealing significant decreasing (vs increasing)
trends of the magnitudes as large as 0.8—1.0 unit decade .
In January, February, June, July, and August, a large num-
ber of grid cells experienced decreasing trends in the SPEI.

3.5 Comparison of three indexes

At the national scale, the SPI has decreased at a rate of —
0.02 unit decade ! since 1901 while the rates of decrease in
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1957-1986

Trend in DMAI (unit.dec™")

=35

Fig.5 Temporal trends in annual DMAI over 1957-1986 and 1987-2016.
Grid cells shown in gray revealed insignificant trends (P > 0.1), determined
with a modified version of the Mann—Kendall test. Right panel shows the

-2.8 -2.1 -1.4 -0.7 0 0.7 1.4

the DMAI and SPEI were estimated at —0.11 and —
0.09 unit decade ', respectively (Fig. S10). In the calculation
of the SPI, only precipitation is taken into account while the
DMALI also considers temperature and the SPEI accounts for
the potential evapotranspiration as well. The authors have
shown (Ramezani Etedali et al. 2018) that over the period
1987-2016, temperature has increased in most of the grid cells
across Iran, at a national average rate of 0.39 °C decadefl, for
which the DMALI experienced stronger decreasing trend than
the SPI. The potential evapotranspiration has increased at a
national average rate of 5.64 mm decade ' since 1901 (data
not shown), which along with the observed decreasing trends
in precipitation (i.e., the SPI) has led the SPEI to experience
stronger decreasing trends than the SPI. Since 1987, the SPI,
DMALI, and SPEI have decreased at national average rates of
—-0.29, —0.69, and —0.36 unit decade_l, respectively (Fig.
S10).

At the annual scale and over the period 1987-2016, the SPI
and DMALI both revealed a significant drying pattern in the
west, southwest, south, and central-east while the SPEI also
showed the same pattern in the southeast and more grid cells
in the center. According to the SPI, a few grid cells in the far
northwest experienced increasing trends in the annual SPI
(Fig. 3) while no such trends were observed in the time series
of the DMALI (Fig. 5) and SPEI (Fig. 7). Both the SPI and
DMAI revealed significant decreasing trends in winter in most
grid cells and detected no large area experiencing decreasing
trends in other seasons. Nonetheless, the SPEI detected large
areas with significant decreasing trends in the southeast in
spring and in the southeast, east, and central-north in the sum-
mer. It must be noted that the SPI is unable to detect trends in
grid cells where precipitation does not occur over a specific
period or where the climate is classified as hyper-arid with
small amount of precipitation falling at the monthly or season-
al scales. The SPEI does not suffer from the same issue as

1987-2016

2.1

Difference

Change (unit.dec™)

2.8 35 -6 -4 -2 0 2 4 6

subtraction of the trends over 1987-2016 from the trends over 1957-1986.
Differences between the two periods are only shown for grid cells where at
least one period experienced a significant trend

even with zero precipitation it can detect climatic trends in
water deficit/surplus.

In winter, most of the grid cells experienced significant
decreasing trends with 2-3 indexes confirming the pattern
(Fig. S11). In other seasons, mostly <2 indexes revealed de-
creasing trends with the SPEI being one of the two at most
grid cells. Autumn has the least number of grid cells with
significant trends followed by spring and summer. Over the
period 1987-2016, around 42.1, 57.9, and 48.8% of the grid
cells revealed significant (P <0.1) decreasing trends in the
annual SPI, DMAI, and SPEI, respectively (27.1, 45.5, and
35.6% at the 95% confidence level; Fig. 9). The largest dif-
ferences between the SPI and the other two indexes are ob-
served in winter with the former showing that around 61% of
the grid cells have experienced significant decreasing trends
(P <0.1) while according to the DMAI and SPEI that portion
was estimated at 77.8 and 75.6%, respectively (48.6, 65.8, and
69.3% at the 95% confidence level, respectively).

The frequency of moderate to severe (M—S) droughts
(Table 1) has increased in most grid cells over the last three
decades as compared with the previous 30-year period
(Fig. 10). The patterns of the SPI and SPEI were similar in
winter and spring, while the DMAI showed smaller number of
grid cells with considerable positive shifts in the frequency of
M-S droughts. Most of the grid cells in the northeast experi-
enced a decrease or negligible increase in the frequency of M—
S droughts in winter. In spring, most of the grid cells in the
southeast did not experience significant changes according to
the DMAI or revealed negative shifts according to the SPI and
SPEIL. While the SPI and DMAI show that the frequency of
M-S droughts did not change significantly in many grid cells,
most grid cells in the south, center, east, and northeast expe-
rienced significant increases according to the SPEI, compared
with the period 1957-1986. Since 1957, the national frequen-
cy of M-S droughts have increased at the rates of 0.65 (P =
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0.591), 0.88 (P=0.081), and 2.26 (P=0.136) % decade ',
according to the annual SPI, DMAI, and SPEI, with the fastest
increases observed in spring (1.51 (P =0.450), 2.47 (P=
0.005), and 3.18 (P=0.132) % decade ).

Over the period 1987-2016 and at the annual scale, nearly
38, 28.5, and 58.6% of the grid cells experienced > 10% in-
creases in the frequency of M-S droughts according to the
SPI, DMALI, and SPEI, respectively, as compared with the
period 1957-1986 (Fig. 11). In all seasons except winter, the
SPEI shows more grid cells with significantly more frequent
M-S droughts than the other two indexes. In winter, the SPI
shows that more than 45.3% of the grid cells experienced >
10% increase in the frequency of M—S droughts, while the
SPEI led to a smaller number, 35.9%, due to the smallest

1957-1986

Trend in DMAI (unit.dec™")

[ S [

=25 -20 -15 -10 -5 0 5 10 15

Fig. 6 Temporal trends in seasonal DMAI over 1957-1986 and 1987—
2016. Grid cells shown in gray revealed insignificant trends (P> 0.1),
determined with the Mann—Kendall test. Right panel shows the
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1987-2016

values of the potential evapotranspiration in winter with neg-
ligible contribution to the trends of the SPEI as compared with
precipitation.

3.6 Data quality and sources of error
3.6.1 CRU TS data quality

Calculation of the selected drought indexes requires complete
long-term weather data. Previous studies confirmed that the
CRU TS gridded dataset offers quality data in Iran, especially
for trend analysis (Hajihoseini et al. 2015; Miri et al. 2016;
Eini et al. 2018; Ramezani Etedali et al. 2018). The most
comprehensive comparison of the CRU TS dataset with other
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subtraction of the trends over 1987-2016 from the trends over 1957—
1986. Differences between the two periods are only shown for grid cells
where at least one period experienced a significant trend
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Fig. 7 Temporal trends in annual SPEI over 1957-1986 and 1987-2016.
Grid cells shown in gray revealed insignificant trends (P> 0.1), deter-
mined with the Mann—Kendall test. Right panel shows the subtraction
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similar products was carried out by Harris et al. (2014).
Adopting the regions introduced by Giorgi and Francisco
(2000), they compared the CRU TS dataset (version 3.10)
with the temperature dataset developed by the University of
Delaware (UDEL) and the 5th version of the precipitation
dataset developed by the GPCC v5. The northern half of
Iran was assigned to the subcontinental region “Southern
Asia.” There proved to be good agreements between the
CRU TS and the other two gridded datasets with correlations
estimated at 0.96 for temperature (over 1901-2008), and 0.53
and 0.91 for precipitation (over 1901-2009 and 1951-2009,
respectively). As the number of stations in the GPCC v5
dataset is considerably higher than the CRU TS dataset, these
results imply that the CRU TS precipitation data should be
treated cautiously over the first half of the twentieth century.
The temporal variations in the CRU TS monthly tempera-
ture and precipitation data were compared against data from
19 selected stations across Iran (Fig. S4). While at a number of
the selected stations, the CRU TS precipitation data
outperformed the data from the GPCC v5 dataset (e.g.,
Tehran in the center and Boushehr in the southwest, see
Araghi et al. 2018), at most of the stations, the latter showed
a better agreement with the observed series. Besides the north-
ern coastal regions of the country (Fig. S1-S4), the CRU TS
precipitation data showed weak correlations with the observed
data in the far northeastern regions, i.e., the area close to the
Iran—Afghanistan border where the density of monitoring sta-
tions is considerably lower than the other parts of the country
(Fig. S1, see the station Mashhad in Fig. S2). Considering that
the Correlation Decay Distances (CDDs) were set at 450 mm
for precipitation (New et al. 2000; Harris et al. 2014), it has
resulted in fewer stations (i.e., lower “station influences”)
contributing to the interpolation process in grid cells located
in this area. Moreover, the trends in the CRU TS temperature
data over the “pre-1987” period were underestimated in

Difference

Change (unit.dec_l)

0.8 1.0 -12

of the trends over 1987-2016 from the trends over 1957-1986.
Differences between the two periods are only shown for grid cells where
at least one period experienced a significant trend

—0.8 —0.4 0 0.4 0.8 1.2

nearly 30% of the stations (Fig. S4). Therefore, it can be con-
cluded that the CRU TS dataset is a more reliable source of
data for temperature than precipitation over the study area,
especially since the 1980s and over the northern and north-
eastern regions.

3.6.2 Potential evapotranspiration and wind speed

The SPEI is the only index that considers PET along with
precipitation. PET is calculated using a variant of the
Penman—Monteith method from absolute values of tempera-
ture, vapor pressure, and cloud cover in each grid cell and a
fixed monthly climatology of wind speed (New et al. 1999;
Harris et al. 2014). Many studies reported significant impact
of wind speed on PET (e.g., Rana and Katerji 1998; Parsafar
et al. 2012; Yang and Yang 2012; Ahmadi et al. 2016).
Therefore, adoption of fixed monthly climatology of wind
speed could be a source of error if significant changes occur
in the wind speed series over time. Ghahraman and
Gharakhani (2010) investigated wind speed data at 40 synop-
tic stations across Iran over the period 1975-2005. At the
annual scale, 27.5-40% and 22.5-30% of the studied stations
(depending on the statistical test used) experienced
“significant” increasing and decreasing trends, respectively.
Out of 40 stations, increasing trends were detected in 75%
of the stations. Increasing trends were most common in
winter and least common in summer while decreasing trends
were mostly detected in autumn. Rahimzadeh and Pedram
(2011) detected significant decreasing trends in annual aver-
age wind speed in Esfahan and Kashan (in the center of Iran)
over the period 1961-2005. They concluded that urbanization
could explain part of the observed variations. Rezayi
Banafsheh et al. (2011) analyzed the wind speed data from
seven synoptic stations in northwestern Iran over 1961-2005
and detected significant decreasing and increasing trends in
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Fig. 8 Temporal trends in seasonal SPEI over 1957-1986 and 1987—
2016. Grid cells shown in gray revealed insignificant trends (P>0.1),
determined with the Mann—Kendall test. Right panel shows the

annual average wind speed in two stations, respectively. The
same pattern was detected for spring and autumn while the
number of stations with significant decreasing and increasing
trends were three/one for summer and zero/one for winter. No
clear spatial pattern was observed in temporal trends. Afshari
Azad and Shabanzadeh (2010) analyzed temporal variations
in the wind speed data in Rasht (in the north of Iran) and
showed a significant decreasing trend in the annual average
wind speed over 1977-2009. However, at the monthly scale,
no significant trend was detected in January, September, and
November (i.e., autumn and early winter) while increasing
trends were detected in February and March (i.e., mid-late
winter). Dinpazhooh (2010) revealed significant increasing
trends in the monthly average PET in all calendar months in
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subtraction of the trends over 1987-2016 from the trends over 1957—
1986. Differences between the two periods are only shown for grid cells
where at least one period experienced a significant trend

Zabol (in the southeast of Iran), with trends in June and
February being the weakest and strongest, respectively.
These trends were mostly attributed to the increased wind
speed in the study area. Ahmadi et al. (2016) analyzed the
weather data from 12 weather stations in northeastern Iran
over 19862005 and detected a combination of increasing
and decreasing trends in temperature, relative humidity, wind
speed, solar radiation, and PET. Detecting decreasing trends in
wind speed at 9 out of 12 stations, they concluded that the
increasing trends in annual total PET was mostly attributed to
the increase in temperature and solar radiation and, to smaller
extent, reduced relative humidity. Since the sensitivity of the
Penman—Monteith model to variations in wind speed depends
on the absolute values of other weather variables, especially
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Fig. 9 The portion of the grid cells (i.e., Iran’s total area) where significant trends were detected in the annual, seasonal, and monthly time series of the

SPI, DMALI, and SPEI at two confidence levels of 90 and 95%

temperature and radiation (Allen et al. 1998; Rana and Katerji
1998; Parsafar et al. 2012), it is not possible to make a general
conclusion for the whole country regarding the implications of
using fixed monthly wind speeds in the calculation of PET in
the CRU TS dataset. However, as increasing trends in wind
speed have been mostly reported in different regions of Iran, it
is safe to assume that the estimated trends in the SPEI values
are relatively conservative in most parts of the country.
Nevertheless, it is important to note that in regions with sig-
nificant decreasing trends in wind speed, the results should be
treated with caution.

4 Conclusion

Iran’s agriculture and water resources are significantly
vulnerable to drought (Madani 2014). Drought has differ-
ent definitions in climatology, hydrology, agriculture,
economy, and social studies (Raziei et al. 2009; Golian
et al. 2015). Therefore, three drought indexes including
the SPI, SPEI, and DMAI were used to investigate the
spatiotemporal variations of drought at various temporal
scales in Iran.

Two 30-year periods (1957-1986 and 1987-2016)
were compared in terms of spatial patterns and temporal
trends. Decreasing (i.e., drying and/or warming) trends of
all three indexes in most parts of Iran are the most impor-
tant finding of this study. However, decreasing trends of

the DMAI and SPEI were stronger than the SPI. The rea-
son is that in the calculation of the SPI, only precipitation
is taken into account while the DMAI also considers tem-
perature and the SPEI accounts for the potential evapo-
transpiration as well. Over the period 1987-2016, the SPI,
DMALI, and SPEI have decreased at national rates of —
0.29, —0.69, and —0.36 unit decade ', respectively. The
results show that the SPEI is more applicable than the SPI
for exploring climate change and drought, especially in
agriculture, as concluded in other studies (e.g., Vicente-
Serrano et al. 2010; Tan et al. 2015).

Analysis of temporal variations of all three indexes
showed that in winter, droughts have become more fre-
quent, more than any other season. Reduced precipitation
and increased temperature and potential evapotranspiration
in winter, especially in March, have been reported in other
studies in Iran (Raziei et al. 2005; Tabari and Hosseinzadeh
Talaee 2011; Tabari et al. 2012; Hosseinzadeh Talaee et al.
2013; Tabari and Aghajanloo 2013; Ghasemi 2015; Gu and
Adler 2015; Bazrafshan 2017; Davy et al. 2017). Winter
precipitation and snowfall have a critical role in the supply
of surface water resources in Iran. Reduction in precipita-
tion and more frequent droughts in winter can significantly
reduce the reserved volume of dams, which are essential
sources of domestic and agricultural water in spring and
summer. It puts more pressure on already scarce and un-
stable ground water resources of the country, which are
already confirmed to have dropped below a critical level
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Fig. 10 Change in the frequency of moderate to severe (M—S) droughts
over 1987-2016 as compared with the period 1957-1986, according to
the SPI, DMALI, and SPEI. Grid cells shown in white did not experience

in most plains in Iran, especially in regions where intensive
agriculture is practiced (Mojtabavi et al. 2018).

Reduced precipitation and more frequent drought in
winter could have adverse impact on rainfed winter crops.

@ Springer

10 20 30 40 50 60

any change or no M—S drought was recorded in one or both of the two
periods. For the thresholds used to define M—S droughts, please refer to
Table 1

Winter precipitation is the main source of water to meet the
requirements of wheat, barley, and colza, especially during
grain filling period (Ababaei et al. 2014; Ramezani Etedali
et al. 2016). Hence, given the observed reduction in
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Fig. 11 Portion of the grid cells where the frequency of moderate to severe (M—S) droughts over 1987-2016 has increased/decreased by at least by 10%
as compared with the period 1957-1986, according to the SPI, DMAI, and SPEI. For the thresholds used to define M—S droughts, please refer to Table 1

precipitation and increase in temperature and potential
evapotranspiration, it seems necessary for farmers and
policy-makers to adopt appropriate measures in response
to recent climate changes. Improved planting scheme and
adoption of more resilient genotypes, application of sup-
plementary irrigation (Ramezani Etedali et al. 2013), and
more efficient irrigation systems (Ababaei and Ramezani
Etedali 2016) along with changing sowing dates could be
among the adaptation strategies.

In Iran, most winter crops are planted in November
(Ramezani Etedali et al. 2016; Ramezani Etedali et al.
2013). Adoption of earlier sowing dates can lead to the
coincidence of the most sensitive early growth stages with
increased precipitation in November. Over the last three
decades, November has been the only month in which
drought indexes (and precipitation) are shown to have
increased. On the other hand, earlier sowing helps crops
avoid terminal drought and heat waves over the warmer
months of spring and early summer, which were shown to
have experienced decreasing trends in all drought indexes.

The results of this study show that the monthly time series
of the CRU TS 4.01 dataset, which has an almost complete
spatial and temporal coverage in Iran over the last 60 years,
are promising alternatives to weather station observations, es-
pecially in data-scarce regions of the country. Moreover, we
conclude that it is not sufficient to assess the temporal and
spatial variation of drought using just one drought/aridity in-
dex as different indexes carry different information and must
be evaluated together to present a better picture of the impacts
of'the changing climate. The optimal choice of the aridity and/
or drought indexes depends on the objectives of the study and
the availability of data. The SPEI index proved to be an ap-
propriate choice, especially when it comes to investigating the
spatiotemporal variations of agricultural drought, as it con-
siders precipitation and potential transpiration, the source
and demand terms of the water balance equation. Analysis
of variations at the seasonal and monthly scales helps better
understand the recent climate change and target the most cru-
cial features of it when it comes to formulating adaptation
strategies.
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