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ABSTRACT

This study aims to assess the change of drought characteristics (intensity, duration, and frequency) under the effect of climate change in Iran

using the modified standardized precipitation index (MSPI) and theory of runs on annual and seasonal scales for three near-future, mid-future

(MF), and far-future climates. Hence, regional climate models extracted from South Asia-Coordinated Regional Climate Downscaling Exper-

iments (CORDEX-SA) are applied. Regarding the result, MSPI could assign the standardized precipitation index (SPI) values better than the

conventional form of SPI during the historical period (HP). The outcomes revealed that the northeast stations will experience a decrease

in intensity (up to 24.57% in MF compared with HP) until 2100 at seasonal timescale, while the duration and frequency of drought will be

increased. Although the greatest increase in intensity changes of droughts (up to 91%) until the end of the century will happen in the eastern

and southwestern regions of Iran, these regions will face the maximum decrease in the duration (�30.54%) and frequency (�25%) of droughts

compared with HP at seasonal timescale. In addition, regarding the outcomes of this study, strategies can be adopted to better manage water

resources for various regions of Iran.
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HIGHLIGHTS

• The standardized precipitation index (SPI) is modified based on the suitable probability distribution function, existence of zero precipitation

values, and arrangement of precipitation time-series.

• The drought characteristics are computed using theory of runs and modified SPI.

• Changes in Iran’s drought characteristics (until 2100) are determined for annual and seasonal timescales.
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GRAPHICAL ABSTRACT

1. INTRODUCTION

Nowadays, climate change caused by global warming is the most serious environmental challenge that the world is facing.

Temperature increment owing to global warming causes an increase in evapotranspiration and atmospheric water-holding
capacity. The result of this increase can be a change in the magnitude, duration, and frequency of precipitation and a
change in their spatial–temporal distribution. Therefore, the expectation of the occurrence of more severe and frequent hydro-

logical hazards, such as droughts and floods, can be one of the primary effects of this global climate change (Dai 2011, 2012;
IPCC 2012; Trenberth et al. 2014; Mahmoudi & Rigi Chahi 2019).

Aridity as one of the permanent characteristics of climate is known regarding the long-term climatic conditions over a
special region, whereas a temporary deviation from normal weather conditions is called drought and can occur in various

climates. It is anticipated that drought and aridity increase owing to climate change. Consequently, it may have remarkable
subsequences for ecosystems (Karamouz et al. 2013; Araghi et al. 2018). A wide range of studies have investigated the trend of
changes in drought characteristics including the intensity, duration, as well as frequency of droughts on global, regional, and

local scales, and can be classified into two general categories. The first category is studies that have examined the changes in
three drought characteristics based on historical records, and the second category is studies that have simulated the same
changes for the future. Studies that have studied the changes in the intensity, duration, and frequency of droughts based

on historical records on a global scale have reported that no specific pattern of behavior has yet been observed on a
global scale. On regional scales, temporal and spatial changes of droughts have been established in numerous studies.
Some of these studies claim that the frequency and intensity of droughts have increased since the end of the 20th century

and others claim that the frequency and intensity of droughts have decreased in some parts of the world (Gu et al. 2015;
Romanowicz et al. 2016; Shahid et al. 2016; Swain et al. 2016; Wang et al. 2016; Fang et al. 2018).

In Iran, a large number of studies (e.g. Bari Abarghouei et al. 2011; Nouri & Homaee 2020) have focused on changes in
drought characteristics. For instance, Nouri & Homaee (2020) studied the trend of drought intensity in Iran using the two

indices of standardized precipitation index (SPI) and standardized precipitation–evapotranspiration index (SPEI) on four
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timescales of three, six, 12, and 24 months. The results of the study disclosed that, based on the SPI, 76%, and based on the

SPEI, 85% of the studied stations had a decreasing trend.
Previous studies (e.g. Tabari & Willems 2018; Yao et al. 2020; Zhai et al. 2020; Su et al. 2021; Waseem et al. 2021) that

have simulated changes in drought characteristics (intensity, duration, and frequency of droughts) for the future climate

under the influence of global warming show that despite significant regional changes, a global drying trend is predicted
during the 21st century. The studies that have investigated drought indices under the conditions of climate change, for
future periods, on the territorial scale of Iran, are very limited. Khazanedari et al. (2009) used the LARS-WG statistical
model to project the drought situation in Iran in the next 30 years and disclosed that most parts of the country will

face severe or very severe drought by 2039. Zarrin & Dadashi-Roudbari (2021a), by projecting consecutive wet and dry
spells in Iran, concluded that the anomaly of consecutive dry spells is increasing as a standard index for short-term
droughts under climate change conditions in Iran. Zarrin & Dadashi-Roudbari (2021c) also stated that dry days will

increase by 7.5% and the length of dry spells by 28.8% until the year 2100. Senatore et al. (2019) also projected a 20%
decrease in Iran’s precipitation for the period of 2070–2099 under the RCP4.5 scenario based on the climate data of the
South Asia-Coordinated Regional Climate Downscaling Experiments (CORDEX-SA) project. This 20% decrease in Iran’s
precipitation will eventually lead to more severe droughts for Iran, based on the self-calibrating Palmer drought severity
index.

Iran is one of the arid and semi-arid countries with precipitation of roughly 250 mm (about one-third of the global precipi-

tation), and dryness is one of the significant features of its climate. About 175 mm of it returns to the atmosphere through
evaporation and transpiration, and only about 14 mm of precipitation penetrates the ground, which is the main source of sup-
plying a large part of Iran’s water, which is underground reserves. Any change in the different characteristics of droughts in
Iran under climate change in the future can highlight complicated challenges of water supply for competitive uses in different

parts of Iran at a time of severe water shortage. This complexity will increase when there are numerous concerns about the
uselessness of current drought management practices in Iran, which are mainly based on crisis management.

On the other hand, despite the various advantages of SPI in drought monitoring, this index has some limitations (including

considering the appropriate probability distribution (PD), existence of zero values in precipitation time-series, and suitable
arrangement of precipitation time-series), which lead to incorrect calculation of SPI values. Hence, this study attempts to
assign SPI values based on the existence of zero precipitation, the most appropriate probability distribution function

(PDF) as well as a proper arrangement for precipitation time-series as the first aim of this study. After that, based on the back-
ground of the research presented, the purpose of this article is to study the effect of climate change on the temporal–spatial
characteristics of the intensity, duration, and frequency of droughts in Iran on two seasonal and annual timescales, which has
been less discussed in previous studies.

2. MATERIALS AND METHODS

2.1. Study area

Iran as a vast country with an area of 1,648,195 km2 spread between latitudes 25 to 40° north and longitudes 44 to 63° east in
the desert belt of the northern hemisphere in southwest Asia (Figure 1(a)). Moreover, there are six main hydrological catch-

ments in Iran as shown in Figure 1(b). Owing to the specific geographical and topographical features of different regions of
Iran, various climates prevail over it. Regarding the Köppen–Geiger climate classification (Kottek et al. 2006), Iran is divided
into 11 climate categories as shown in Figure 1(c). The spatial distribution (SD) of precipitation is remarkably varied in differ-

ent areas of this country with the maximum and minimum average annual precipitation on Caspian Sea shores (1,800 mm)
and arid regions (less than 50 mm), respectively (Figure 1(d)).

2.2. Data

The data required for this research include two groups of observational data and simulated data, which will be introduced

further. The first group was related to the monthly precipitation data of 39 synoptic stations for 30 years (1976–2005),
which was provided by the Iran Meteorological Organization. The statistical indices of annual precipitation for the con-
sidered stations during the historical period (HP) are presented in Table 1.

The SD of the long-term average of seasonal precipitation in Iran during the HP is represented in Figure A1 of the Sup-
plementary Material. Regarding Figure A1, the SD of the long-term average of seasonal precipitation was different in
various regions in such a way that expect Caspian Sea catchments (northern regions of Iran), long-term average precipitation
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for each season was less than 100 mm. In addition, winter and summer were the rainiest and driest seasons in Iran,
respectively.

The coefficient of variation (CV) of precipitations at seasonal and annual timescales during the HP is indicated in Figure A2
of the Supplementary Material. The CV as an indicator is indicative of the changes in the annual precipitation rates in con-
trast to their long-term average as a percentage. From Figure A2, it is obvious that winter and summer as the rainiest and

driest seasons gained the lowest and highest CV values, respectively. Moreover, the maximum CV values for summer and
autumn were obtained by the Persian Gulf (e.g. Bushehr and Ahwaz) and Meshkil and Hamoun (e.g. Chabahar) catchments
of Iran. The minimum CV was gained by the northern regions such as Rasht station. The stations with higher CV values than

others are those with greater changes in their annual precipitation rates in contrast to the long-term average from year to year.
This indicates the uncertainty of precipitation as one of the primary sources of water resource supply in these stations (such as
in the southeast regions of Iran). The stations with lower CV represent various conditions compared with the other stations.
In these stations, the changes in the annual precipitation are too low from year to year and the certainty of precipitation as a

primary source of water resource supply is very high (such as for the stations located in the south of the Caspian Sea’s
shorelines).

Whenever the left and right of a distribution are not mirror images, the distribution can be asymmetrical. The skewness

values at seasonal and annual timescales during the HP are revealed in Figure A3 of the Supplementary Material.
According to Figure A3, the magnitude of skewness provided for the studied stations indicated that nearly 10% of the
stations had negative skewness while the remaining stations had positive. The skewness represents the deviation of

Figure 1 | (a) Geographical location map of Iran in southwest Asia, (b) main hydrological catchments in Iran, (c) climatic classification map of
Iran based on the Köppen–Geiger method, and (d) spatial distribution map of Iran’s average annual precipitation.
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the dataset toward one margin of the symmetrical distribution. Skewness values between �0.1 and 0.1 indicate that the
data curves are symmetrical. Accordingly, the Kerman and Sanandaj stations with skewness¼ 0.08 were selected as two
symmetrical annual precipitation data curves. A smaller skewness value than �0.5 or larger value than 0.5 for annual

Table 1 | Statistical indices of annual precipitation (mm) for the considered stations during HP

No Name Average Standard deviation Maximum Minimum

1 Bandar Anzali 1,783.39 312.76 2,619.9 1,073

2 Ardebil 306.26 78.23 526.5 165.6

3 Babolsar 943.48 150.63 1,306.6 683.1

4 Ramsar 1,217.52 289.01 1,774.8 828.9

5 Abadan 170.78 54.95 292.5 87

6 Ahwaz 243.90 68.46 420.4 84.6

7 Arak 324.72 89.23 497.5 178.3

8 Bam 59.27 26.37 126.8 19.8

9 Bandar Abbas 205.82 118.91 464.8 31.8

10 Bandar Lengeh 153.77 99.51 374.2 7.9

11 Birjand 173.16 52.80 259 52.6

12 Bushehr 276.38 123.94 596.1 109.4

13 Esfahan 126.75 46.96 213.1 58.6

14 Fasa 318.41 122.26 581.8 132.4

15 Qazvin 329.54 79.93 475.3 175.7

16 Gorgan 565.34 88.13 756.9 397

17 Iranshahr 110.99 62.90 258.8 9.1

18 Kashan 137.87 49.74 232.6 76

19 Kerman 142.50 35.33 211.2 74.1

20 Kermanshah 434.06 102.83 727.5 238.1

21 Khoram abad 501.07 135.48 880 288.3

22 Khoy 284.22 80.40 530.6 171.6

23 Mashhad 271.82 79.12 431.8 134.6

24 Urmia 322.30 104.92 608.4 169.8

25 Rasht 1,374.02 262.61 1,947.3 892.4

26 Sabzevar 205.59 56.37 296.7 94.8

27 Saghez 499.31 134.83 818.2 258.7

28 Sanandaj 463.60 127.75 733.3 211.2

29 Semnan 145.45 40.89 260.5 55.9

30 Shahre Kord 336.12 92.69 541.2 178.4

31 Shahroud 162.28 49.81 288.7 74.4

32 Shiraz 348.82 104.30 599.2 162.4

33 Tabriz 265.80 68.31 403.6 129.4

34 Tehran 245.85 64.06 365.2 108

35 Yazd 64.69 26.32 113.7 29.7

36 Zabol 62.67 37.17 166.7 8.1

37 Zahedan 75.44 46.87 217.1 13.3

38 Zanjan 295.37 61.65 410.8 169.7

39 Chabahar 115.47 94.41 399.9 1.4
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precipitation average revealed that the dataset has a significant skewness. Among the considered stations, only Birjand

station had a large negative skewness (�0.73), whereas 15 stations were found with large positive skewness during the
HP. It can be deduced that the skewness values of the annual precipitation average rates were positive. Therefore, these
stations had significant potential for a greater tendency toward drought occurrence. As shown in Figure A3, the most of

stations in Iran had positive skewness on a seasonal timescale. Furthermore, it is proposed that stations had highest
skewness values in summer due to the dry nature of this season.

A study of zero precipitation at both annual and seasonal timescales also indicated that the maximum number of zero pre-
cipitations happened during summer owing to its dry nature. Moreover, the eastern and southwest regions of Iran such as

Zabol and Bushehr had the remarkable zero precipitation in summer during HP. In addition, it can be said that all stations
in Iran experienced precipitation during winter and spring (Figure A4, Supplementary Material).

The second group is the simulated precipitation data of the RegCM 4.4 regional climate model (RCM) related to the

CORDEX-SA on a monthly scale. The driving fields used in this dynamical downscaling are from six general circulation
models (GCMs), all of which belong to the Coupled Model Intercomparison Project Phase 5 (CMIP5) and are as follows:
CCCma-CanESM2, Centre National de Recherches Meteorologiques (CNRM)-Centre Europeen de Recherche et For-

mation Avancees en Calcul Scientifique (CERFACS)-CNRM-CM5, Commonwealth Scientific and Industrial Research
Organisation (CSIRO)-Queensland Climate Change Centre of Excellence (QCCCE)-CSIRO-Mk3-6-0, NOAA-GFDL-
GFDL-ESM2M, IPSL-IPSL-CM5A-MR, and MP I-M-MPI-ESM-LR. All these data are available from the website of the

Climate Change Research Center of the Indian Institute of Tropical Meteorology at http://cccr.tropmet.res.in/home/
index.jsp.

The simulated data cover the HP (1976–2005) and three future climate periods, which are named near-future (NF) climate
(2010–2039), mid-future (MF) climate (2040–2069), and far-future (FF) climate (2070–2099) under two representative concen-

tration pathway scenarios, namely, RCP4.5 (corresponding to about 2 °C global warming by the end of this century) and
RCP8.5 (continuation of business as usual until the end of this century). The spatial resolution of these data is also about
0.44°. Table 2 indicates the general characteristics of all GCMs, RCMs, and their spatial resolution.

2.3. Selecting the suitable probability distribution function

The long-term precipitation values for each station must be fitted with the PD applicable to that time series at various time-
scales to correct the output of the RCMs and calculate the SPI. In SPI computation, the gamma PD has been recommended

by numerous researchers as needed for this match, including McKee et al. (1993, 1995). However, precipitation values in
arid and semi-arid areas are not evenly distributed and have a considerable skewness, especially at shorter timescales. The
skewness is a significant obstacle to computing the SPI for certain climatic regions using the gamma distribution. Hence,

various PDFs were chosen and fitted to the precipitation values to assess their applicability in SPI adjustment for these
climatic zones.

The Kolmogorov–Smirnov test has been employed to assess how well various PDs fit into the distribution of observational

data. For this test, the data are divided into various groups. Equation (1) represents the test’s statistics, which demonstrate the

Table 2 | CORDEX-SA simulations: RCMs, forcing GCMs, and their resolution

RCM institution(s) RCM GCM GCM institution(s) Resolution

Indian Institute of Tropical Meteorology (IITM) RegCM 4.4 CCCma-CanESM2 1 0.44°� 0.44°
CNRM-CERFACS-CNRM-CM5 2 0.44°� 0.44°
CSIRO-QCCCE-CSIRO-Mk3-6-0 3 0.44°� 0.44°
NOAA-GFDL-GFDL-ESM2M 4 0.44°� 0.44°
IPSL-IPSL-CM5A-LR 5 0.44°� 0.44°
MPI-M-MPI-ESM-MR 6 0.44°� 0.44°

Note: 1: The Canadian Centre for Climate Modelling and Analysis of Environment and Climate Change Canada.

2: Centre National de Recherches Meteorologiques (CNRM) and Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique (CERFACS).

3: Commonwealth Scientific and Industrial Research Organisation (CSIRO, Australia) and Queensland Climate Change Centre of Excellence (QCCCE).

4: The National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Laboratory.

5: Institute Pierre Simon Laplace.

6: Max Planck Institute for Meteorology.
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greatest absolute difference between observed and expected frequencies across various categories;

D ¼ max1�i�N F(xi)� i� 1
N

,
1
N

� F(xi)
� �

(1)

where F(xi) is the observed and expected frequencies, D indicates the distribution, and N and i are the total number of cat-

egories and classes, respectively. The test’s null hypothesis states that there is no discernible difference between the
theoretical and actual data distributions. Therefore, the Kolmogorov–Smirnov test was recruited in this study to select and
fit the most appropriate PDF to the precipitation values of selected stations at probability level α¼ 0.05%.

2.4. Bias correction method of simulated data

Most GCM/RCM simulations are biased because of problems related to modeling complex climate interactions. The differ-
ences between the GCM/RCM simulations and the observational data are caused by the inappropriate resolution of the

climate model from the land-surface heterogeneities at the sub-grid scale. Before applying the GCM/RCM datasets in hydro-
logical usages, the bias in them should be corrected. In the research literature, there are several skew correction techniques
such as constant scaling, daily scaling, and quantile mapping; nesting bias correction, multivariate recursive nesting bias cor-

rection, and conditional quantile-based bias correction are clear (Mehrotra & Sharma 2015). However, in the present study,
the quantile ranking-based bias correction (QRBC) technique proposed by Chanda & Maity (2017) was used for correcting
the precipitation values.

To determine the QRBC parameters, a suitable PDF is fitted to GCM/RCM simulated and observational datasets for the HP
(1976–2005). After that, quantile values of the cumulative distribution function (CDF) obtained from the previous step are
divided into ten equal parts between 0 and 1 based on the decimal method. Based on their CDF, the observed and simulated

GCM/RCM values are then arranged separately from the lowest to the highest value. Finally, the mean and standard devi-
ation of the observed data and the GCM/RCM simulation in each decile are calculated, and the corrected GCM/RCM
value is obtained based on Equation (2):

PrBC ¼ Mean(PriObs)þ (PriGCM=RCM �Mean(PriGCM=RCM))� SD(PriObs)

SD(PriGCM=RCM)

 !
(2)

where PriGCM=RCM represents the raw simulated precipitation values of GCM/RCMs, Mean(PriGCM=RCM) represents the average
raw values of GCM/RCMs precipitation for the desired quantile interval (here deciles), Mean(Priobs) is the mean of the
observed precipitation values for the desired quantile intervals, and SD(Priobs) and SD(PriGCM=RCM) are the standard deviation

of the observational and simulated raw data of precipitation for the desired quantile intervals, respectively.

2.5. Modified standardized precipitation index

The standardized precipitation index (SPI) is a tool implemented by McKee et al. (1993, 1995) to determine and monitor
drought intensities. To determine the SPI at any given timescale, several steps must be taken as follows:

(1) calculating the total cumulative precipitation regarding the desirable timescale;
(2) fitting the gamma distribution functions to the cumulative precipitation;
(3) estimating the distribution function values for whole of the precipitation;

(4) SPI calculation via transferring gamma distribution function values to normal values.

Actually, SPI as a z-score indicates the deviation of an event from the mean, expressed in units of standard deviation (SD).

This feature allows comparison between SPI values in different places and periods. Whenever SPI values are continually
negative, a drought has occurred. This event finishes when the SPI values become positive. The intensity of droughts is con-
ventionally listed based on this drought index as in Table 3.

Nevertheless, there are various regions in Iran in which the precipitation rate is too low in some months, which leads to an
increase in the potential of the number of zero precipitations, chiefly in the short term. This problem is considered one of the
significant challenges for allocating SPI values. When there are several zeros in the precipitation distribution, the cumulative
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probability is calculated by Equation (3) as follows:

P(x) ¼ p0 þ (1� p0)F(xp.0, l) (3)

In this scenario, p0 represents the ratio of zero precipitation values and F(xp.0, l) represents a distribution function calculated

from non-zero precipitation data. Because it takes into account the maximum value of SPI value for the zeros group illustrated
in the left column of Figure 2, the conventional form of SPI for calculating zeros might be difficult (Stagge et al. 2015).

Table 3 | Drought intensity classification based on SPI

SPI classes SPI values

Extremely wet year 2� SPI

Severely wet year 1.5� SPI� 1.99

Moderately wet year 1� SPI� 1.49

Mildly wet year 0.5� SPI� 0.99

Normal �0.49� SPI� 0.49

Mild drought �0.99� SPI��0.50

Moderate drought �1.49� SPI��1

Severe drought �1.99� SPI��1.5

Extreme drought �2� SPI

Figure 2 | Simulated SPI distributions with increasing proportions of zero precipitation using (a) the conventional form of SPI and (b) the
proposed methodology using Stagge et al. (2015). (Black line indicates the mean of SPI with no precipitation of zero. Red dashed line rep-
resents the mean of SPI with existence of precipitation of zero.)
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In the conventional form of SPI computation, assigning SPI values to zero precipitation values can be a prominent problem

since the higher values related to the SPI distribution are increasingly truncated (Figure 2). This goes against one of the main
definitions of SPI, which specifies that its mean value is based on ‘typical’ conditions, 50% of wetter years and another 50% of
drier years. Concerning the red dashed line of Figure 2, as the number of zeros rises, so does p0, increasing the mean SPI

computed using the conventional form of SPI method proportionately. Owing to the problems in this technique, another
method was proposed using Stagge et al. (2015) on the basis of the ‘center of mass’ of the zero distribution rather than
the maximum probability calculation, which has been suggested to allocate SPI values to zero precipitation. By using this
strategy, SPI values that correspond to zero precipitation values retain all of their statistical interpretation (mean¼ 0). In

this method, the empirical cumulative distribution is applied to calculate the likelihood of zero precipitation for normalizing
zero precipitation.

For instance, for extreme cases, the percentage of zero precipitation is greater than 50% (p0. 50%), the computed SPI

values will never assign negative values. Therefore, it leads to making an irrational situation, and the entirety of periods
that experienced no precipitation will be shown as wetter than usual. Due to lack of information about drought severity
and as the precipitation is constant during all periods of zero precipitation, the severity likelihood of drought can be as

high as np¼ 0=(n þ 1) or as low as 1=(nþ 1). Thus, the average of Weibull nonexceedance probabilities is defined as the
center of probability mass for multiple zeros, which is computed as follows (Stagge et al. 2015):

�p0 ¼ np¼0 þ 1
2(nþ 1)

(4)

where �p0 represents the mean probability of multiple zeros according to the function of Weibull plotting position. After that,
this computed value is selected for computing the SPI for the center of probability mass for zero precipitation. Consequently,

the PD is calculated as follows:

p(x) ¼
p0 þ (1� p0)F(xp.0, l), x . 0
np¼0 þ 1
2(nþ 1)

x ¼ 0

8<
: (5)

where F(x,λ) demonstrates the parametric univariate PD of the samples with detectable cumulative precipitation that matches
the parameter λ and p indicates the PD. Accordingly, SPI values for detectable precipitation can be computed using Equation
(3). However, the probability of zero precipitation is calculated by Equation (5) according to the mean position of the Weibull

plot. It is obvious that the mean SPI value is 0 and the p0 values can be interpreted (the right side of Figure 2).
Moreover, increasing the p0 value causes the SPI variance to drop below 1, which is an obvious outcome of any method. In

addition, a ratio of zeros can limit the minimum SPI value, which can be the most likely real value. However, the conven-

tional form of SPI computation reaches an infinite SPI that may not be interpretable. For more information, please refer
to the study by Stagge et al. (2015).

In addition, the conventional form of SPI computation supposes the total of monthly/seasonal precipitation as a unique

population. Therefore, the SPI is computed with respect to the SD and the mean of the considered statistical population.
This technique does not seem suitable for arid and semi-arid regions, which have not experienced precipitation during various
seasons including winter (December to February), spring (March to May), summer (June to August), and autumn (September

to November). Hence, owing to the lack of identical distribution of precipitation and the high CV, this kind of precipitation
arrangement for these regions causes the wet months/seasons to be more exaggerated in the SPI assigned. However, the
importance of the dry months/seasons is reduced in the process of SPI calculation. Accordingly, in this study, each
month/season is assumed as an independent population so as to compute SPI for each month/season. Thus, the SPI of

each independent population is determined regarding the mean and SD of the selected month/season. Afterward, the calcu-
lated SPI values of the independent months/seasons are combined as an integrated statistical population. The precipitation
values for the spring season during the specific period are assumed to be a statistical population. Thus, the SPI values for

precipitation values during this season are computed. This process is also performed for the remaining seasons (winter,
summer, and autumn). Finally, the computed SPI values are combined as an integrated statistical population including
winter, spring, summer, and autumn.
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Fitting the suitable PDF to precipitation values at various timescales plays a significant role in computing the SPI at each

station. Dozens of researchers, such as McKee et al. (1993, 1995), have suggested the gamma PD as a proper distribution so as
to fit the precipitation values. After that, transference was used from the cumulative probability of the gamma distribution to
that of normal distribution (mean¼ 0 and SD¼ 1). However, the precipitation values in arid and semi-arid regions might not

follow the gamma PD especially at shorter timescales and might have a strong skewness. Hence, for computing the SPI
values, various PDFs, namely, logistic, generalized extreme value (GEV), Rayleigh, gamma, exponential, and normal have
been selected for fitting to the precipitation time series. Eventually, the combination of three reformations in SPI processing
leads to making the modified standardized precipitation index (MSPI).

2.6. Theory of runs

The theory of runs (TOR) relies on the selection of a critical threshold level, yc. Considering a discrete time series, x1, x2, … , xi,
… , xn, a negative (positive) run occurs when xi is less (or more) than yc consecutively during one or more time intervals. Nega-
tive runs in the SPI time series refer to dry spells, and positive runs refer to wet spells. TOR can be described by characteristics
including drought duration, severity, intensity, and frequency (number of drought events) (Guerrero-Salazar & Yevjevich
1975; Wang et al. 2020).

A drought frequency (F) is known as a consecutive sequence of a timescale (t) with SPI values less than a considered
threshold. Drought duration (D) is a time period between the initiation and termination of a drought that the SPI value is
consecutively lower than the critical threshold value. Drought severity (S) is defined as a cumulative deficiency of the SPI

values below the critical level (summation of negative SPI values in the drought duration). Drought intensity (I) is computed
using the drought severity divided by the drought duration (Zhang et al. 2022). These features are graphically presented in
Figure 3 for better understanding. In the current study, the three characteristics of drought duration (D), intensity (I), and
frequency (F) were extracted for each station at seasonal and annual timescales based on this theory. The critical threshold
level, yc, for extracting these features is SPI 0. In addition, the diagram of variation of projected drought characteristics under
the climate change scenarios using MSPI is illustrated in Figure 4.

3. RESULTS AND DISCUSSION

3.1. Investigating the performance of RCMs in simulating station precipitation over the territorial area of Iran

In this section, the simulated precipitation data of RCMs related to CORDEX-SA is compared with the observational data of

39 synoptic stations within the political borders of Iran for the base period of 1976–2005 on a seasonal scale. The results
reveal that RCMs do not have a high ability in the simulation of seasonal precipitation in Iran (Figure 5(a)). As shown in

Figure 3 | Hypothetical diagram of determining droughts and their characteristics using the theory of runs. (Duration (Di) is a time period
between the initiation and termination of a drought in which the SPI value is consecutively lower than the critical threshold value; severity (Si)
is summation of negative SPI values in the drought duration; intensity (I ) is computed by dividing the drought severity by the drought
duration.)
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Figure 5(a), for most of the stations in Iran, the correlation coefficient between simulated and observational data is between
0.3 and �0.3, which is a very low correlation coefficient. In some regions, such as the west of Iran, high correlation coeffi-
cients up to 0.6 are also observed. For bias correction in the simulated data of RCMs used in this study, the QRBC was

used. By performing this correction on the simulated data of RCMs, it is observed that the correlation coefficient between
the simulated and observational precipitation for all stations is increased to above 0.9 (Figure 5(b)).

Since an index alone cannot be considered a reliable criterion for evaluating the potential of the bias correction method,

besides the correlation coefficient (R), the root-mean-square error (RMSE) and the mean absolute error (MAE) are also used
(Figure 5(c) and 5(d)). The SD resulting from the evaluation criteria shows that the QRBC method indicated an acceptable
performance in simulating seasonal precipitation values and the RMSE and MAE values are between 1 to 28 and 1 to 20 mm,

respectively, and the highest calculated RMSE and MAE values are related to the northern regions of Iran (some parts of the
Caspian Sea catchment) due to the high seasonal precipitation of these regions compared with the other regions.

3.2. Modified standardized precipitation index (MSPI)

Determining the most appropriate PDF for SPI calculation is one of the prominent challenges in applying SPI for drought
monitoring. In this research, various PDFs have been developed to fit to precipitation time-series of each station at both sea-
sonal and annual timescales. In addition, the Kolmogorov–Smirnov test (K-S) has been implemented to investigate the
acceptable fit of the best PDFs to the historical data. Thus, six PDFs, namely logistic, GEV, Rayleigh, gamma, exponential,

and normal, have been considered at probability level α¼ 0.05%. In general, the result indicates that the GEV distribution
had roughly the best fit to the precipitation values in each season in comparison with other distributions for selected stations.
However, due to the remarkable number of zero precipitations for some of the dry stations in summer, the normal distribution

was selected to fit precipitation values. Since there is no zero precipitation for annual precipitation, the GEV was the best
distribution in fitting the annual precipitation values. The best PDFs selected for SPI computing for the proposed stations
at annual and seasonal timescales are provided in Table 4.

Figure 4 | The diagram of future changes in drought characteristics under the climate change scenarios using MSPI.
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After determining the best distribution for precipitation values on both seasonal and annual timescales for the observed HP,

the seasonal SPI values of Zabol station were computed for each season based on the two selected arrangements (the con-
ventional form of SPI and MSPI) as an example (Figure 6). When it comes to seasonal timescale, there are 120 seasons during
a 30-year period of statistical population of precipitation. It should be noted that there are various stations in Iran that have
not experienced precipitation during various seasons. For example, Zabol, located in eastern Iran, has never experienced pre-

cipitation during 39 seasons of the HP (120 seasons).
As shown in Figure 6, for seasonal scale, various results of SPI were extracted by the two selected arrangements. It is clear

on the seasonal SPI that in ‘the conventional form of SPI’, the SPI computed values are the same for different seasons,

whereas in the ‘MSPI’, these SPI values varied much. This difference among seasonal SPI values is more significant for sea-
sons because summer is known as a dry season in Iran, while a considerable amount of precipitation starts in autumn. The
autumn of 1987 was selected as an example of this difference. In the conventional form of SPI, the value of SPI �0.38 is

Figure 5 | Spatial distribution of computed correlation coefficient between observed and (a) uncorrected RCMs outputs and corrected RCMs
outputs using (b) QRBC, (c) RMSE and (d) MAE values in precipitation simulation at the seasonal timescale.
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Table 4 | The best probability distribution functions selected for SPI computing for the proposed
stations at annual and seasonal timescales
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assigned. However, the drought intensity obtained by the MSPI was much more severe than this amount. Moreover, the com-
parison of the drought characteristics obtained using two selected arrangements during the HP at Zabol station is shown in

Table 5. As shown in Table 5, the average drought characteristics achieved by MSPI were significantly more than the conven-
tional form of SPI. For instance, average intensity and duration obtained by MSPI were respectively 20.58% and 38.23%
greater than those of the conventional form of SPI for which intensity¼�0.34 and duration¼ 1.7. Regarding the result,
MSPI could represent the SPI values better than the conventional form of SPI. Hence, this method was applied to evaluate

the changes in drought characteristics for NF, MF, and FF climate periods.

3.3. Changes in drought characteristics of Iran on an annual scale

The average intensity of Iran’s annual droughts based on MSPI for all studied stations for the HP (1976–2005), as well as three
future climate periods, i.e. NF climate (2010–2039), MF climate (2040–2069), and FF climate (2070–2099), were calculated.

Figure 6 | Comparative graph of seasonal modified SPI time series of Zabol station using ‘the conventional form of SPI’ and ‘MSPI’ during HP.
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On a national scale (calculated from the total ratio of the long-term average drought intensity of the studied stations to their
number), the average of drought intensity in Iran for the HP was equal to �0.78 (Table 6). Based on this number, the results
show that the intensity of droughts in Iran on a national scale under the two scenarios RCP4.5 and RCP8.5 for three future

climate periods shows an increase in intensity, and the greatest increase in intensity is related to RCP8.5 for far climate (3.83%
increase compared to the HP).

At the station scale, the results show that a significant area of Iran had experienced droughts with a variable range between

�0.5 and �1. It is also clear that most of the stations between the Caspian Sea and Central catchments of Iran have received
higher drought intensity values in the HP (Figure 7). Currently, based on the intensity of droughts in the HP of the studied
stations, the results indicate that based on both RCP4.5 and RCP8.5 scenarios, the southern regions of Iran in the three future

climates will face a decrease in the intensity of droughts. Likewise, the stations located in the Gharaghoum catchment (north-
eastern regions of Iran) are experiencing a decrease in the intensity of drought in both NF and MF climates, and the range of
changes in the intensity of drought can reach 15% compared with the base period. However, based on the results attained in
far-future climates, these areas will face increased droughts. In addition, it can be observed that the increase of changes in the

intensity of droughts will be experienced in other stations of Iran in the three climates of NF, MF, and FF, whose intensity and
extent are different based on RCP8.5 and RCP4.5 scenarios. Put differently, the highest intensity increase in droughts among
the studied stations based on the RCP4.5 scenario will occur in Birjand station in the Meshkil and Hamoun catchment (the

east of Iran) (32.41% compared with the HP) in the NF climate, while the comparison of drought intensity changes among
Iranian stations showed that based on RCP8.5 scenarios, Urmia station in the northwest of Iran (Urmia Lake catchment) will
witness the greatest increase in intensity (34.23% compared to the HP) in the MF climate. It must be mentioned that the high-

est reduction in the intensity of the drought based on the two scenarios RCP4.5 (�21.91% compared with the HP) and
RCP8.5 (�36.84% compared with the HP) belongs to Kerman station in the FF climate.

Table 5 | Average of intensity, duration, and frequency of seasonal drought in the historical period at Zabol station

Drought characteristics The conventional form of SPI Modified SPI

Intensity �0.34 �0.41

Duration (season) 1.7 2.35

Frequency 51 73

Table 6 | Average of intensity, duration (period considered), and frequency of Iran’s droughts on a national scale during HP and their changes
in NF, MF, and FF climates for annual and seasonal timescales

Period Scenario Intensity (%) Duration (%) Frequency (%)

Annual timescale

Historical – �0.78 2.35 15.10

Near future RCP 4.5 2.08 �0.96 �0.44
RCP 8.5 2.05 �1.65 �0.66

Mid-future RCP 4.5 0.67 �2.04 �0.07
RCP 8.5 3.53 �1.71 �1.5

Far future RCP 4.5 1.99 1.24 0.58
RCP 8.5 3.83 0.38 �0.91

Seasonal timescale

Historical – �0.76 2.03 57.90

Near future RCP 4.5 8.55 �0.15 1.41
RCP 8.5 8.99 0.23 1.78

Mid-future RCP 4.5 11.32 0.22 0.95
RCP 8.5 9.29 0.94 2.04

Far future RCP 4.5 9.71 0.71 2.08
RCP 8.5 10.97 �0.01 1.55
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Table 6 also presents the average length of drought periods in the HP and their average changes until the year 2100. It can

be said that the average duration of drought in Iran is 2.35 years. Figure 7 depicts the SD of Iran’s drought period during the
HP. Based on Figure 7, the duration of drought periods in Iran has varied between 1.5 and five years, and the longest drought
periods have occurred in the northwestern regions of Iran, which have been associated with the highest intensity of drought.

Figure 7 | Spatial distribution of intensity, duration, and frequency of Iran’s annual droughts during the historical period and their changes in
the near-future, mid-future, and far-future climates.
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The stations located in the western regions (some regions of the Persian Gulf catchment) have experienced a shorter period of

drought compared with the average length of the drought period in Iran (2.35) and the intensity of the drought in these
regions has been lower compared with the other stations in Iran. Using the output results, it was determined that the changes
in the average length of the dry spell for Iran in the NF climate in the RCP4.5 scenario will be �0.96%, and despite the

decrease in the average length of the drought period in Iran, the western regions of Iran (located in the Persian Gulf catch-
ment) such as Abadan and Sanandaj will experience the increased length of the drought period. In the meantime, in the next
period (MF climate), the eastern regions (Meshkil and Hamoun catchment) will witness an increase in the drought duration,
and the length of the drought period in the western regions will decrease compared with the NF climate. Unlike the two NF

and MF climates, Iran, being in the FF climate, will witness a 1.24% increase in the changes in the length of the drought
period compared with the base period, and except for the areas that are near the Alborz and Zagros mountain ranges, the
range of changes in the length of the drought period will reach up to 15% in most regions. By comparing the two scenarios

RCP4.5 and RCP8.5, it was also clarified that the changes in the length of the drought period under the RCP8.5 scenario will
be less than under RCP4.5. In the RCP8.5 scenario, the western and southern regions (Persian Gulf catchment) will face
increased changes in the duration of the dry spell in 2040–2070, and being in the FF climate, the duration of the drought

period in the western regions will decrease, but the significant increase in the drought duration will affect the eastern regions.
In line with the frequency of droughts, it can be mentioned that the average frequency of droughts in Iran was 15.10 cases in

the HP, and the variety of drought frequency for most stations in Iran was between 12 and 16 cases. Based on the RCP4.5

scenario, until 2040, the northern to southwestern regions of Iran will see a decrease in the frequency of droughts. In the
MF climate, the frequency of droughts will increase in the northeastern and northwestern stations, and when reaching the
FF climate, the frequency of droughts will decrease in the northeastern and southwestern regions. While the south, southeast,
and west regions (Persian Gulf and Meshkil and Hamoun catchments) with an arid climate will be associated with an

increase in the frequency of droughts in NF, MF, and FF climates, the increase of changes in the western regions will
reach approximately 20%. The results from Table 6 and Figure 7 show that the RCP8.5 scenario shows the frequency of
droughts in western stations to be less than in the RCP4.5 scenario, and the frequency of droughts in all future climates

has decreased under the pessimistic scenario of RCP8.5. This decreasing trend reaches its maximum (1.5%) in the MF cli-
mate, and the number of stations that have a decreasing trend will increase.

3.4. Changes in intensity, duration, and frequency of droughts in Iran on a seasonal scale

The average intensity of seasonal droughts in Iran was calculated based on SPI for all studied stations for the HP and three
future climate periods. The average intensity of droughts in Iran on a national scale for the HP was equal to �0.76. The inten-
sity of Iran’s droughts on a national scale will increase under RCP4.5 and RCP8.5 scenarios for the three climates of NF, MF,

and FF. Based on the RCP4.5 scenario, the greatest increase in intensity (11.32% increase compared with the HP) is predicted
for the MF climate, while the lowest intensity increase (8.55% increase compared with the HP) is predicted for the NF climate
(Table 6). At the catchment scale, the results show that some parts of the Gharaghoum and Central catchments of Iran have

witnessed higher drought intensity in the HP (Figure 8). Currently, regarding the intensity of droughts in the HP of the studied
stations, the results show that based on the two scenarios RCP4.5 and RCP8.5, the northeast regions and parts of the west,
northwest, and the southern coastal strip of the Caspian Sea will face a decrease in the intensity of droughts in the considered

future climates. However, the eastern and southwestern stations of Iran will face an increase in the intensity of droughts in the
three climates of the NF, MF, and FF, and the range of changes in the intensity of drought in these areas will be up to 91% in
the MF climate. Put differently, the highest increase and decrease in intensity (approximately 91% and �24% compared with

the HP) will be experienced in Zabol (in the Meshkil and Hamoun catchment) and Sabzevar (in the Gharaghoum catchment)
stations, respectively, in the MF climate.

Table 6 presents the average length of the drought period in the HP on a seasonal scale and their average changes until the
year 2100. It can be said that the average length of Iran’s drought is 2.03 seasons. Figure 8 shows the SD of Iran’s drought period
during the HP. Based on Figure 8, the length of drought periods in Iran has varied between 1.5 and 2.5 seasons, and the longest
drought periods have occurred in the Persian Gulf catchment and Urmia Lake catchment. The range of changes in the average
length of the dry spell of Iran on a national scale in the three future climates in the two scenarios RCP4.5 and RCP8.5 is between

�0.15% and 0.94%, which indicates insignificant changes in the length of the drought period compared with the HP and the
highest and lowest increase of changes will happen in the NF and MF climates, respectively. As shown in Figure 8, it can be
stated that despite the increase in drought intensity changes in the southwestern to northwestern regions and parts of eastern
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Figure 8 | Spatial distribution of intensity, duration, and frequency of Iran’s seasonal droughts during the historical period and their changes
in the near-future, mid-future, and far-future climates.
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Iran, the duration of the drought periodwill decrease and the greatest decrease in the changes in the duration of the dry spell will

occur in the southwest of Iran (areas that will face the highest increase in intensity). Likewise, with time, the number of stations
in the eastern regions of Iran (Meshkil and Hamoun catchment), which face the reduction of changes in the length of the dry
spell, will be increased, while the length of the dry period in the northeastern regions (Gharaghoum catchment) to the center of

Iran (Central catchment) will increase compared with the HP.
The results of the droughts frequency on a seasonal scale show that the average frequency of drought in Iran was 57.90

cases in the HP, the frequency of droughts in Iran’s stations varied between 46 and 73 cases, and the highest frequency of
droughts was in some parts of the Persian Gulf (the south to the west of Iran) and Meshkil and Hamoun (eastern regions

of Iran) catchments like Zabol. Based on this number, it is very evident that the frequency of droughts in Iran will increase
on a national scale under RCP4.5 and RCP8.5 scenarios for the three NF, MF, and FF climates, and the minimum and maxi-
mum changes in the frequency of droughts are equal to 0.95% and 2.08% increase compared with the HP, which is related to

the RCP4.5 scenario for the MF and FF climates, respectively (Table 6). Based on RCP4.5 and RCP8.5 scenarios, in the three
future climates, the eastern regions and parts of the southern to western regions of Iran will see a decrease in the frequency of
droughts, so in some southwestern regions of Iran, such as Bushehr, the frequency of droughts will decrease by 25% com-

pared with the HP, while the frequency of droughts will increase in other stations of Iran, especially stations in the
Gharaghoum and Central catchments (northeast and central regions of Iran). According to the RCP8.5 scenario, the highest
increase in changes (29% increase compared with the HP) will occur in Isfahan in the MF climate (Figure 8).

3.5. Discussion

Due to some limitations of SPI (e.g. the number of zero values in precipitation time-series, considering the appropriate PDF,

and suitable arrangement of precipitation time-series), computed SPI values may be incorrect. Therefore, SPI calculation was
modified based on the existence of zero precipitation in time-series, the most appropriate PDF, and a proper arrangement for
precipitation time-series. Then, spatiotemporal variation of projected drought characteristics under the climate change scen-

arios was conducted using MSPI.
Moreover, few studies can be found that have predicted changes in characteristics of future droughts for the whole of Iran,

and it can be said that the results of this study are consistent with the results of previous studies. For instance, this study can be
consistent with the study by Senatore et al. (2019), who predicted severe droughts over Iran in the FF using the Palmer

drought intensity index (PDSI). Likewise, the SPI outcomes of the study by Fattahi et al. (2015), who used the output of
the HadCM3 model, indicated that the annual drought intensity will increase during 2011–2030 in western regions of
Iran. Two drought indexes including SPI and SPEI in the study by Mesbahzadeh et al. (2020) indicated that Yazd province

will face increased changes in drought intensity and duration in future compared with the HP. The outcomes of the PDSI
projection presented by Dehghan et al. (2020) demonstrated that the southwestern regions of Iran (such as Abadeh and
Lar) will face dry periods during the next three decades compared with the HP under RCP4.5 and RCP8.5 scenarios.

The study by Zarrin & Dadashi-Roudbari (2021b), which was conducted with CMIP5 models, showed that the intensity
and frequency of droughts in Iran will increase in the future climate, which can be considered a significant threat to water
resources. Thus, considerable attention to drought management in this country is required. The results of the study by
Mirakbari & Ebrahimi-Khusfi (2021) showed that based on the results of SPEI and reconnaissance drought index (RDI),

long-term droughts in the eastern wetlands will have a higher intensity and duration than in the HP compared with the wes-
tern wetlands of Iran. It was also found that severe droughts will be experienced in the southeastern wetlands of Iran in the
future. The study by Ghazi et al. (2023) performed with CMIP6 models revealed that based on a six-month timescale SPI,

SSP5–8.5 scenarios projected more ‘extremely dry’ events in northwestern stations.
In addition, few studies can be found for which the results are not consistent with the results of this study. For instance,

Ahmadebrahimpour et al. (2019) projected that, based on the outcomes of SPI and SPEI, drought frequency will increase

in the RCP8.5 scenario in northwestern stations until 2100. By using SPI outcomes, Koohi & Etedali (2023) found that
the northern regions of Karoun River Basin will face increased change in drought frequency at the end of the 21st century
under RCP4.5 and RCP8.5 scenarios.

4. CONCLUSION

• This study can be considered a comprehensive study of the effect of climate change on the various characteristics of
droughts in Iran until the end of the 21st century, based on the simulations conducted in the framework of the
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CORDEX-SA experiment. The initial evaluation of the performance of RCMs in the HP showed that RCMs performed

poorly in simulating Iran’s precipitation.
• Average changes in drought characteristics on a national scale revealed that Iran will witness an increase in the intensity
and a decrease in the duration and frequency of droughts compared with the HP in the NF and MF climates.

• Scrutinizing the changes in Iran’s annual droughts at the station scale also in future climates shows that the southern
regions of Iran according to the two scenarios RCP4.5 and RCP8.5 have droughts with less intensity but more duration
and frequency of occurrence than in the HP.

• Some parts of Urmia Lake catchment (northwestern regions of Iran) will face increased changes in the intensity and

reduced changes in the duration and frequency of droughts by the year 2100.

• Some parts of the eastern and southwestern regions of Iran (Persian Gulf and Meshkil and Hamoun catchments) will face
increasing intensity and decreasing duration and frequency of drought compared with the HP, but the intensity, duration,

and frequency of droughts in the FF climate will increase compared with the HP.

• Average changes in intensity, duration, and frequency of Iran’s seasonal droughts on a national scale indicated that Iran will
experience an increase in the intensity, duration, and frequency of drought in all future climates.

• At the station scale, more different results have been obtained among the studied stations in Iran, and the stations in the
Persian Gulf and Meshkil and Hamoun catchments face the biggest changes in the intensity of drought compared with
the HP. The changes in the duration and frequency of droughts in these regions will be reduced in the three considered

climates.

• Even though less severe droughts will affect the Gharaghoum catchment (northeastern regions of Iran), compared with the
HP, their duration and frequency will increase.

• The Central catchment of Iran will face increased changes in the intensity, duration, and frequency of droughts by the year

2100.

Based on these changes, it can be concluded that most of Iran will face many problems in the coming years because of the

changes in the characteristics of droughts, and strategies should be adopted to better manage water resources and reduce the
consequences of droughts. It must be mentioned that drought can affect the Persian Gulf and Meshkil and Hamoun catch-
ments of Iran, which experience the least amount of precipitation in summer, more than other areas. Special attention should

be paid to these areas to reduce the consequences of drought.
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