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Although drought is a normal feature of climate, there is confusion about its characteristics in both arid and semi-
arid regions. This study investigated the effects of changes in precipitation and temperature on spatio-temporal
drought and humidity variations throughout the diverse (principally arid- and semi-arid) climates of Iran during
recent decades using the Pedj Drought Index (PDI). The standardized anomaly index (SAI) for annual precipi-
tation (SAlp,) and mean temperature (SAlr,) was calculated using their monthly records at sixteen meteoro-
logical stations scattered throughout Iran during 1951-2010. The results showed: (1) statistically significant (p
< 0.05) drying trends in annual PDI values at most of the stations, primarily accompanied by substantial in-
creases in annual SAlty; (2) considerable positive and negative relationships of annual PDI with annual SAlrp,
and SAlp,, respectively; (3) the 1970s/2000s as the predominant humid/dry decade; (4) More frequent drought
than humidity events at ~81% of stations; (5) the longest drought was 13 years (1998-2010) seen at the Ker-
manshah station, with the semi-dry climate in the west of Iran; and (6) the 2010 drought spatially extended over
all the stations studied throughout the country. In conclusion, the PDI acceptably succeeded to characterize

annual droughts in Iran previously captured by other prominent recommended drought indices.

1. Introduction

Since the last decade of the twentieth century, drought has been
known as the most detrimental natural hazardous phenomenon mainly
because of its disruptive impacts on the environment, economy, and
society (Dai, 2011; Obasi, 1994; Wehner et al., 2011). The term
‘drought’ is differently defined in the literature (Mishra and Singh,
2010). According to European Commission (2007), a drought event is
characterized by a significant shortage of natural freshwater availability
for an extended period (months-years), principally due to the changes in
precipitation and temperature patterns (Kundzewicz, 2009). Hence, the
periods covering below-average precipitation could typically lead to
temporary droughts, particularly in arid and semi-arid regions with
relatively high temperatures. In general, the drought events around the
world are classified into four groups of meteorological/climatological,
soil moisture (agricultural), hydrological, and socio-economic (Mishra
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and Singh, 2010).

A large number of indices have already been developed based on
hydroclimatic variables (e.g. precipitation, temperature, runoff, and soil
moisture) (Dracup et al., 1980) to quantify different drought charac-
teristics, in terms of severity, frequency, duration, and extension
(Richard R Heim, 2002; Vicente-Serrano et al., 2012). Mishra and Singh
(2010) and Mu et al. (2013) comprehensively reviewed such drought
indices. The most common drought indices are Palmer Drought Severity
Index (PDSI), Moisture Anomaly Index (Z-index) (Palmer, 1965), Pre-
cipitation Anomaly Index (RAI) (Van Rooy, 1965), Crop Moisture Index
(CMI) (Palmer, 1968), Bhalme and Mooly Drought Index (BMDI)
(Bhalme and Mooley, 1980), Surface Water Supply Index (SWSI) (Shafer
and Dezman, 1982), National Precipitation Index (NRI) (Gommes and
Petrassi, 1994), Standardized Precipitation Index (SPI) (McKee et al.,
1993), Standardized Precipitation Evapotranspiration Index (SPEI)
(Vicente-Serrano et al., 2010), Reclamation Drought Index (RDI)

E-mail addresses: azam2020@stu.henau.edu.cn (A. Lashkari), irannezhad@sustech.edu.cn (M. Irannezhad), hossein.zare@uni-hohenheim.de (H. Zare),

labzowsky@gmail.com (L. Labzovskii).
1 Azam Lashkari and Masoud Irannezhad equally contributed to this study.

https://doi.org/10.1016/j.jaridenv.2020.104336

Received 22 June 2020; Received in revised form 24 September 2020; Accepted 4 October 2020

Available online 15 October 2020
0140-1963/© 2020 Elsevier Ltd. All rights reserved.


mailto:azam2020@stu.henau.edu.cn
mailto:irannezhad@sustech.edu.cn
mailto:hossein.zare@uni-hohenheim.de
mailto:labzowsky@gmail.com
www.sciencedirect.com/science/journal/01401963
https://www.elsevier.com/locate/jaridenv
https://doi.org/10.1016/j.jaridenv.2020.104336
https://doi.org/10.1016/j.jaridenv.2020.104336
https://doi.org/10.1016/j.jaridenv.2020.104336
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaridenv.2020.104336&domain=pdf

A. Lashkari et al.

(Weghorst, 1996), and Standardized Anomaly Index (SAI) (Katz and
Glantz, 1986). Besides, Jiao et al. (2019) introduced an integrative
drought index “Geographically Independent Integrated Drought Index
(GIIDI)” based on a combination of different remote sensing indices. For
most of these drought indices, precipitation is the only and/or key input
hydrometeorological variable. However, drought analysis based on a
single variable might not thoroughly describe this phenomenon, which
is naturally related to different components of the water cycle (Quiring,
2009).

Keyantash and Dracup (2002) evaluated the ability of different
drought indices to assess drought severity using a weighted set of
criteria, including robustness, tractability, transparency, sophistication,
extendibility, and dimensionality. They concluded that the most
important criteria are robustness and tractability. The robustness refers
to the ability of any given drought index to be spatially and temporally
comparable, and the tractability to the practical aspects of the drought
index. On the other hand, a drought index should simply be calculated
using readily available data. To assess different drought characteristics,
hence, Keyantash and Dracup (2002) recommended the use of SPI
particularly due to its acceptable ability for detecting the onset of
drought. On short timescales (1-3 months), the SPI is closely related to
soil moisture, while at longer timescales (12-24 months), the SPI can be
related to groundwater and reservoir storage. In spite of the popularity,
the interpretation of SPI may be problematic in arid and semi-arid en-
vironments, where relatively high temperatures can affect climatic
water balance (Mishra and Singh, 2010). In fact, a drought index based
only on precipitation, particularly the SPI, can generally under-estimate
the severity of dryness in the regions with very low or even zero pre-
cipitation (Naresh Kumar et al., 2009; Stagge et al., 2015). In other
words, it does not deal with changes in evapotranspiration. Alternative
indices that are suited for studies of the effect of global warming on
drought severity have also been proposed (e.g. SPEL, RDI, etc.). These
indices principally consider the effect of reference or potential evapo-
transpiration on drought severity. Elagib and Elhag (2011) used the Pedj
drought index (PDI) devised by Pedj (1975) for detecting
spatio-temporal variations in drought throughout the arid environment
of Sudan in Northeast Africa. This index (PDI) is sensitive to both pre-
cipitation and temperature, with high performance for estimating the
onset of drought on a long-term scale (12 months or annual). Elagib and
Elhag (2011) also emphasized that the PDI determines the drought ep-
isodes as similar to the well-known United Nations Environment Pro-
gram (UNEP, 1997) aridity index (AI). Another bright feature of PDI is
related to its ability to monitor drought events in regions with sparse
meteorological stations and poorly recorded data (Elagib and Elhag,
2011).

In case of Iran, Morid et al. (2006) compared some drought indices,
including declines index (DI), percent of normal (PN), standardized
precipitation index (SPI), China-Z index (CZI), modified CZI (MCZI),
Z-Score and effective drought index (EDI). They concluded that SPI and
EDI were able to consistently detect the onset of drought events and
their spatial and temporal variations. The DI was the most responsive
index to precipitation events of a particular year, while the DI showed
inconsistent spatio-temporal variability (Morid et al., 2006). Employing
the PDSI, Zoljoodi and Didevarasl (2013) reported that drought severity
in Iran, particularly in the northwestern and northeastern parts, inten-
sified during 1951-2005. They also concluded that the PDSI was
strongly correlated with soil moisture, while poorly with both temper-
ature and precipitation. Besides, Bazrafshan (2017) suggested applying
SPEI (rather than SPI) for accounting the effects of both temperature and
precipitation (rather than only precipitation) in monitoring historical
drought variability in Iran. Mohseni Saravi et al. (2009) analysed
drought characteristics in the Karoon river basin in Iran using SPI
Kazemzadeh and Malekian (2016) investigated spatio-temporal trends
in historical droughts throughout the northwest of Iran applying SPI and
SDI. Based on SPI, Nasrollahi et al. (2018) provided a drought hazard
index map for the Semnan province of Iran. Choubin et al. (2014) used a
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neuro-fuzzy modelling approach for drought forecasting in the west of
Iran applying SPI as a proxy for drought conditions. However, no study
has yet examined the role of temperature and precipitation changes in
spatio-temporal drought variability throughout Iran in recent decades
using PDI (Pedj drought index).

This paper aimed at investigating spatiotemporal variability of
drought and humidity characteristics across Iran during 1951-2010
using the PDI. The specific objectives were to (1) detect statistically (p <
0.05) significant trends in historical drought and humidity severities in
Iran; (2) examine the effects of temperature and precipitation changes
on such significant trends; (3) determine the frequency of dry and humid
years; (4) identify the longest historical drought and humidity events;
and (5) analyze the spatial extent of both drought and humidity events
over the country.

2. Materials and methods
2.1. Study area and data description

Iran is located in the Middle East (the southwestern part of Asia),
between 25 and 40°N and 44-63°E, with the area of 1,648,000 km? and
the elevation from —28 m (near the Caspian Sea) to about 5670 m (the
Damavand peak) (Fig. 1). The country is bordered by the Caspian Sea
from the north, while by the Persian Gulf and the Sea of Oman from the
south. As Iran is located in the arid belt throughout the Northern
Hemisphere (30-60°N), arid and semi-arid climate cover most parts of
the country (Ganji, 1968). In more detail, however, the climate of Iran
ranges from extra arid in central parts to per-humid along the Caspian
coast in the north (Rahimi et al., 2013). This is mainly due to the exis-
tence of Elburz Chain in the north of the country, the Zagros Chain in the
west, and two widespread deserts (The Kavir desert and the Lut desert)
throughout the middle of the Iranian Plateau (Ganji, 1968).

This study selected sixteen meteorological stations, with long-term
monthly precipitation as well as minimum and maximum temperature
(Table 1), scattered throughout Iran (Fig. 1). As the central parts of Iran
are mostly covered by deserts with flat topography, using a few stations
from there unlikely influences the results. The monthly records at all
these sixteen stations were obtained from the Islamic Republic of Iran
Meteorological Organization (IRIMO). This study double checked the
quality of such monthly time series for missing values and outliers,
although IRIMO generally controls the data quality at all its weather
measurement stations. A few discontinuities were found in monthly
records at some stations, and thus, reconstructed using a multivariate
regression model among surrounding high-correlated stations (Eischeid
et al., 1995). At a 5% significance level, the homogeneity and random-
ness of data were also confirmed by applying the von Neumann ratio
(Buishand, 1982) and the Runs (Bradley, 1968) tests, respectively.
Long-term average values for annual precipitation ranged from 59 mm
at the driest station (Yazd) in central Iran to 1337 mm at the wettest
station (Rasht) along the Caspian coast in the north (Table 1 and Fig. 1).
The coldest and warmest annual mean temperatures were 11.5 °C and
27.0 °C found at the Bandar Abbas and the Urmia stations located in the
south and northwest of Iran, in turn (Table 1 and Fig. 1). Besides, the De
Martonne aridity index (De Martonne, 1926; Pellicone et al., 2019)
characterized four different climate classes of arid, semiarid, Mediter-
ranean, and very humid at the meteorological stations selected for this
study (Table 1).

2.2. Pedj drought index (PDI)

The PDI (Elagib and Elhag, 2011; Pedj, 1975) was used to determine
the effects of changes in both precipitation and temperature on drought
and humidity characteristics (in terms of severity, frequency, duration,
and extension) at each of sixteen meteorological stations in Iran selected
by this study. It is calculated as:
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Fig. 1. Location of all sixteen meteorological stations selected by this study on the topographic map of Iran. Check Table 1 for the name of locations corresponding to

the Nos. 1-16 on this map.

Table 1

Geographical information, record periods, and climatic characteristics for the meteorological stations in Iran selected by this paper.
No. Station Latitude (degrees) Longitude (degrees) Altitude (m) Record Period MAP? (mm) Tmean” (' C) Climate
1 Ahvaz 313 48.7 22.5 1956-2010 209 239 Dry
2 Arak 34.1 49.8 1708 1956-2010 337 13.9 Semi dry
3 Bandar Abbas 27.2 56.4 9.8 1956-2010 176 27 Dry
4 Birjand 329 59.2 1491 1956-2010 168 16.5 Dry
5 Bushehr 28.9 50.8 19.6 1951-2010 268 24.6 Dry
6 Gorgan 36.9 54.3 13.3 1955-2010 583 17.8 Mediterranean
7 Isfahan 32.7 51.9 1550.4 1951-2010 125 16.3 Dry
8 Kermanshah 34.4 47.2 1318.6 1951-2010 439 14.4 Semi dry
9 Mashhad 36.3 59.6 999.2 1951-2010 251 12.2 Semi dry
10 Rasht 37.2 49.7 36.7 1956-2010 1337 16 Very humid
11 Shahr-e Kord 32.3 50.9 2048.9 1956-2010 321 11.7 Semi dry
12 Shiraz 29.5 52.6 1484 1951-2010 334 17.8 Semi dry
13 Tabriz 38.1 46.3 1361 1951-2010 283 12.6 Semi dry
14 Tehran 35.7 51.3 1190.8 1951-2010 232 17.4 Dry
15 Urmia 37.5 45.1 1315.9 1951-2010 338 11.5 Semi dry
16 Yazd 31.9 54.3 1237.2 1951-2010 59 19.2 Dry
@ MAP: long-term average value of annual precipitation.
> Tmean: long-term average value of annual mean temperature.

PDI = SAly,, — SAlp, (€D

where SAlry and SAlp, are the standardized anomaly indices (SAI) of
mean temperature and precipitation, respectively, on the annual scale at
the given meteorological station. The ranges of PDI corresponding to the
different levels of drought and humidity are given in Table 2. Prior to
estimating the PDI, however, this study needed to calculate the SAIs as
follows:

(x—%)

SAI = )
where x is a particular year record, X is the mean of all year records, and
s is the standard deviation. At each meteorological station selected by
this study, annual precipitation and mean temperature time series were
standardized with reference to the corresponding full record period
given in Table 1.

Table 2
Ranges of PDI corresponding to the different levels of drought and humidity
based on Potop and Soukup (2009).

PDI range Drought/humidity category Abbreviation
PDI >3 Extreme drouth ExD

2 <PDI <3 Severe drought SeD

1 <PDI <2 Moderately drought MoD

0 <PDI <1 Mild drought MiD

PDI =0 Normal (Nor) Nor
-1<PDI<O Excess of humidity (ExH) ExH
—2<PDI < -1 Mean humidity (MeH) MeH
—-3<PDI< -2 Strong humidity (StH) StH

PDI < -3 Very strong humidity (VStH) VStH
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2.3. Statistical methods

The non-parametric Mann-Kendall (MK) (Gilbert, 1988; Kendall,
1957; Mann, 1945) test was applied for detecting statistically significant
(p < 0.05) trends in annual PDI, SAlty,, and SAlp, values. The magnitude
of detected significant trends was computed by employing the Sen’s
slope estimator (Sen, 1968). The Spearman’s rank correlation (rho) was
used to measure statistically significant (p < 0.05) relationships among
annual PDI, SAlr,,, and SAlp, time series. The Spearman’s rho was
preferred to the Pearson correlation coefficient (r) because it assumes no
specific distribution function for variables (Helsel, 2002; Kanji, 2006).
However, in the existence of auto-correlation in any of the annual PDI,
PDI, SAlr, and SAlp, time series, this study used the trend-free pre--
whitening (TFPW) method (Yue et al., 2002) and the residual bootstrap
(RB) approach (Park and Lee, 2001) with 5000 independent replications
to determine significant trends and estimate the standard deviations of
rho values, respectively.

3. Results

Trend analysis only determined statistically significant (p < 0.05)
increases in annual PDI values at about 69% of meteorological stations
studied throughout Iran during 1951-2010 (Table 3). In general, these
substantial drying trends were associated with significant (p < 0.05)
increases in SAlty, (Table 3). Exceptionally, the significant drying trend
in annual PDI values was accompanied by an increase in SAlry, and a
decrease in SAlp, at the Tabriz station, while only by the later one (SAlp,
reduction) at the Gorgan station (Table 3). This station (Gorgan), with
the Mediterranean climate class in the north of Iran, showed the lowest
rate (0.03/year) of significant drying trend in annual PDI values (Fig. 2).
However, the highest rate was about 0.54 (/year) found at the Yazd
station with the dry climate class located in the central part of the
country (Fig. 2). Spatial distributions of such trends in annual PDI,
SAlry, and SAlp, at all meteorological stations studied over Iran are
shown in Figs. 3 and 4, respectively.

Decadal variability of annual PDI values indicated that the 2000s was
predominantly associated with drought events at all meteorological
stations studied in Iran (Fig. 5), except at the Shahr-e Kord station that
experienced more humidity events (Fig. 5k). The 2000s also showed the
highest decadal PDI averages (Fig. 5) at the same meteorological sta-
tions with significant drying trends in annual PDI values given in
Table 3. At the stations with no clear changes in annual PDI values, the
highest decadal PDI averages were seen in the 1950s (the Urmia station),
1960s (the Bandar Abbas, Birjand, and Shahr-e Kord stations), and
1980s (the Isfahan station) (Fig. 5). On the other hand, except for the

Table 3

Trends in annual PDI, SAlr,, and SAlp, at the meteorological stations in Iran
selected by this study during their record periods given in Table 1. In bold if
statistically significant (p < 0.05).

No. Station PDI SAlry SAlp,

1 Ahvaz 0.05 0.05 0.00
2 Arak 0.04 0.02 0.00
3 Bandar Abbas —0.07 0.00 —0.01
4 Birjand 0.00 0.00 —-0.01
5 Bushehr 0.04 0.04 0.00

6 Gorgan 0.03 0.01 —0.02
7 Isfahan 0.02 0.03 0.01

8 Kermanshah 0.04 0.04 0.00

9 Mashhad 0.04 0.04 0.00
10 Rasht 0.04 0.03 —0.01
11 Shahr-e Kord —0.02 —0.02 0.01
12 Shiraz 0.05 0.04 —0.01
13 Tabriz 0.06 0.04 —0.02
14 Tehran 0.03 0.04 0.01
15 Urmia 0.01 —0.02 —0.02
16 Yazd 0.54 0.04 —0.01
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Fig. 2. Spatial distribution maps of trends (/year) in annual PDI at all sixteen
meteorological stations in Iran selected by this study during their record periods
given in Table 1.
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Fig. 3. Spatial distribution maps of trends (/year) in annual SAlry, at all sixteen
meteorological stations in Iran selected by this study during their record periods
given in Table 1.

Shahr-e Kord, all other stations generally experienced humidity during
the 1970s (Fig. 5). At the second rank, the 1950s was associated with
humidity events at 87.5% of meteorological stations studied (Fig. 5).
The dry 2000s (humid 1970s) in Iran was typically accompanied by both
warm (cold) SAlr, and dry (wet) SAlp; (Fig. 5). Similarly, annual PDIs
showed statistically significant positive (rho = 0.70-0.87) and negative
(with rho between —0.56 and —0.85) correlations with annual SAlrt,
and SAlp, values, respectively, at all stations (Table 4). There were also
negative relationships between annual SAlry, and SAlp, throughout Iran,
but significant (p < 0.05) only at about 56% (9 out of 16) of the stations
(Table 4).

About 81% of stations studied in Iran experienced more drought than
humidity events during 1951-2010 (Fig. 6). Most of the stations showed
about 2% frequency of extreme drought (ExD) events, except at all four
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to 7.5% at the Rasht station (Fig. 6). The lowest frequency of strong
humidity (StH) events were about 1.8% at the Gogran station, while the

v highest was attentively 12.5% at the Yazd station (Fig. 6), which showed
v \Y% v the highest rate drying trend in annual PDI values (Table 3).
v The longest humidity (drought) periods based on the consecutive
A annual PDI values permanently < —1 (>1) at all meteorological stations
v studied in Iran during 1951-2010 are given in Table 5. The longest
v humidity duration was 4 years observed at four stations of Gorgan
A \V (1956-1959), Shahr-e Kord (2004-2007), Tabriz (1971-1974), and
A v Tehran (1951-1954) (Table 5). However, the longest drought duration
Y
v Table 4
P ——— \V4 Spearman’s rank correlations (rho) of PDIs with SAlt, and SAlp, at the meteo-
E é B0DI0 1 0000 rological stations in Iran selected by this study during their record periods given
£ £ 00010 t0-0.0100 in Table 1. In bold if statistically significant (p < 0.05).
55 l-0.0100 to -0.0200 V
= No. Station PDI versus SAlp, versus SAlty,
SAlyy, SAlp,
P Signifcant Insignificant 1 Ahvaz 0.79 _0.74 _0.28
rymg ren 2 Arak 0.77 —0.81 —0.32
Wetting Trend A A 3 Bandar Abbas 0.87 —0.79 —0.45
. 4 Birjand 0.87 —0.78 —0.43
Fig. 4. Spatial distribution maps of trends (/year) in annual SAlp, at all sixteen 5 Bushehr 0.81 _0.56 _0.05
meteorological stations in Iran selected by this study during their record periods 6 Gorgan 0.85 —0.63 —0.21
given in Table 1. 7 Isfahan 0.78 —0.81 —0.33
8 Kermanshah 0.76 —0.76 —0.23
. . . . . 9 Mashhad 0.78 —0.79 —0.33
StathflS of qugan, Isfal'qan, Tehra.n, and Urmia with no historical ExD 10 Rasht 0.81 _o.81 —0.39
experience (Fig. 6). Besides, the highest number of such ExD was 3.3% 11 Shahr-e Kord 0.77 _0.80 _0.49
seen at the Mashhad station in the northeast of Iran (Fig. 6). For severe 12 Shiraz 0.76 —0.72 -0.18
drought (SeD) events, however, the highest frequency was 14% occurred 13 Tabriz 0.85 —0.85 —0.49
at the Isfahan meteorological stations in the central part of Iran (Fig. 6). 14 Tehran 0.73 —0.75 —0.15
L ’ 15 Urmia 0.70 —0.70 -0.08
On the other hand, the very strong humidity (VStH) event was experi- 16 vazd 0.77 —0.77 _0.25
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was 13 years (1998-2010) found at the Kermanshah station (Table 5)(.
In general, the longest humidity events were seen before 1997 at all
stations (except the Shahr-e Kord), while the longest droughts at most of
the stations afterward (Table 5). Such longest drought (humidity) du-
rations were simultaneously accompanied by warmer (colder) and drier
(wetter) climatic conditions at the meteorological stations studied over
Iran. Accordingly, the longest humidity and drought durations at three
meteorological stations (Tabriz, Gorgan, and Kermanshah) with statis-
tically significant trends in annual PDIs associated with substantial
changes in SAlty, and/or SAlp, values are illustrated in Fig. 7.

Fig. 8 represents the spatial extent of humidity (annual PDI < —1)
and drought (annual PDI > 1) events as the percentage of meteorological
stations with annual PDI < —1 and >1, respectively, throughout Iran
during each year of the study period (1951-2010). More than 45% of
stations studied in Iran (or 45% of the country) experienced drought
conditions during both periods of 1998-2003 and 2007-2010 (Fig. 8).
All stations (100%) throughout the country showed drought in 2010,
while humidity in both 1957 and 1972 (Fig. 8). Besides, the humidity
(drought) generally extended throughout most parts of Iran during the
1950s (after 1997) (Fig. 8).

4. Discussion
4.1. PDI for humidity/drought assessment

To assess humidity and drought, different indices have been devel-
oped, each with its strengths and weaknesses (e.g. Richard R. Heim,
2002; Mishra and Singh, 2010). Experts have already agreed that all
National Meteorological and Hydrological Services should use the SPI
for characterizing wetness and dryness in different parts of the world
(Hayes et al., 2011; WHO, 2009). However, this index (SPI) is only
dependent on precipitation and does not take into account the effects of
other climatological variables, especially increases in evapotranspira-
tion rate under global warming (Vicente-Serrano et al., 2012, 2010).
Hence, applying drought indices including evapotranspiration is pre-
dominantly preferred to the only precipitation-based indices such as the
SPI for identifying wetness/dryness variability (e.g. Tsakiris et al., 2007;
Vicente-Serrano et al., 2010; Wells et al., 2004).

Vicente-Serrano et al. (2010) proposed the SPEI as the suitable
drought index for studying the effects of climate warming on both hu-
midity and drought. This index (SPEI) is dependent on climatic water
balance (CWB) computed as the difference between precipitation (P)
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Table 5
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The longest humidity (PDI < —1) and drought (PDI > 1) events at all sixteen meteorological stations in Iran selected by this study.

No. Station Longest Humidity Event Longest Drought Event
Number of Event Period Duration (Years) Number of Event Period Duration (Years)
1 Ahvaz 1 1974-1976 3 1 2007-2010 4
2 Arak 2 1982-1984 3 1 1997-1999 3
1992-1994
3 Bandar Abbas 2 1991-1993 3 1 2001-2004 4
1995-1997
4 Birjand 2 1982-1984 3 2 1961-1963 3
1969-1971
5 Bushehr 1 1956-1957 2 1 2006-2010 5
6 Gorgan 1 1956-1959 4 1 1960-1962 3
7 Isfahan 1 1974-1976 3 1 1958-1960 3
8 Kermanshah 2 1967-1969 3 1 1998-2010 13
1992-1994
9 Mashhad 2 1952-1954 3 1 1958-1960 3
1974-1976
10 Rasht 4 1956-1957 2 3 1995-1996 2
1969-1970 1998-1999
1976-1977 2009-2010
1992-1993
11 Shahr-e Kord 1 2004-2007 4 1 1962-1963 2
1978-1979
1998-1999
12 Shiraz 1 1967-1969 3 1 1998-2003 6
13 Tabriz 1 1971-1974 4 1 1995-2001 7
14 Tehran 1 1951-1954 4 1 1997-2001 5
15 Urmia 1 1992-1994 3 1 1958-1962 5
16 Yazd 3 1956-1957 2 1 2005-2010 6
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Fig. 7. Time series and statistically significant (p < 0.05) trends for annual PDI, SAlr,, and SAlp, at (a—c) Tabriz, (d-f) Kermanshah, and (g-i) Gorgan, meteorological
stations in Iran. Based on the PDI values, the longest drought and humidity events are shown at (a) Tabriz, (d) Kermanshah, and (g) Gorgan, meteorological stations.

and the potential evapotranspiration (PET) (Vicente-Serrano et al.,
2012, 2010). The original algorithm of SPEI estimates the PET using the
Thornthwaite equation (Thornthwaite, 1948), which only needs the
mean temperature and latitude of the given station. In response to
climate change, however, modifications in other hydro-meteorological
factors can also play important roles in estimating the PET (Chen
et al., 2005). Thus, using the SPEI might not always be superior to the
SPI.

As the most common climatological drought indices, SPI (McKee

et al., 1993) and SPEI (Vicente-Serrano et al., 2010) measure normalized
anomalies in P and CWB, respectively. Hence, using an appropriate
parametric probability distribution function for transforming the highly
skewed distribution of accumulated precipitation (SPI) and CWP (SPEI),
generally seen in arid and semi-arid regions with zero precipitation
months, to the standard normal distribution plays a crucial role in
calculating SPI and SPEI values (Stagge et al., 2015). Accordingly, the
two-parameter Gamma and the Log-logistic distributions are generally
recommended for computing the SPI and the SPEI, respectively,
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Fig. 8. Humidity (PDI < —1) and drought (PDI > 1) spatial extents throughout Iran.

particularly at annual scale (Stagge et al., 2015; Vicente-Serrano and
Begueria, 2016).

Although SPI and SPEI are broadly recommended for characterizing
meteorological/climatological wetness and dryness around the world,
this study examined the suitability of PDI for identifying humidity and
drought events over Iran, where is climatologically recognized as the
semi-arid and arid environment. The PDI was preferred to SPI and SPEI
because: (1) it is not only a precipitation-based drought index, unlike the
SPIL; (2) it considers effects of temperature warming on wetness and
dryness, like SPEI; (3) it does not need to find a suitable parametric
probability distribution function for normalizing accumulated precipi-
tation (SPI) and CWB (SPEI); and (4) it has previously succeeded to
capture humidity and drought episodes in the diverse climate of Sudan
(Elagib and Elhag, 2011). To corroborate such preference, this study
measured correlations of PDI with SPI and SPEI at all stations studied
over Iran on the annual scale. The annual SPI values were calculated
using the two-parameter Gamma distribution. This study also applied
the Thornthwaite equation to estimate the PET, and then, the
Log-logistic distribution to normalize the annual SPEI values. The results
indicated statistically significant correlations of annual PDI with both
annual SPI and SPEI values in Iran (Table 6). The stronger relationships
of annual PDI with SPEI than that with SPI (Table 6) can mainly be
referred to taking into account the temperature warming effects on
humidity and drought events by both PDI and SPEI

Table 6
Spearman’s rank correlations (rho) of annual PDIs with both annual standard-
ized precipitation index (SPI) standardized precipitation evapotranspiration
index (SPEI) at all sixteen meteorological stations in Iran selected by this study
during their record periods given in Table 1. In bold if statistically significant (p
< 0.05).

No. Station PDI versus
SPI SPEI

1 Ahvaz —-0.73 —0.69
2 Arak —0.81 —0.86
3 Bandar Abbas —0.78 —0.76
4 Birjand —-0.79 —0.74
5 Bushehr —0.56 —0.91
6 Gorgan —0.63 —0.82
7 Isfahan —0.82 —0.93
8 Kermanshah —0.77 —0.93
9 Mashhad —0.41 —0.48
10 Rasht —0.82 —0.83
11 Shahr-e Kord —0.81 —0.87
12 Shiraz —0.72 —0.94
13 Tabriz —0.85 —0.95
14 Tehran —0.75 —0.96
15 Urmia —0.71 —0.90
16 Yazd —0.77 —0.78

4.2. Historical drought variability in Iran

Drought is characterized by its severity, frequency, duration, and
spatial extent (Ansari and Davari, 2010). Using the annual PDI, this
study indicated that Iran has experienced significant increases in all
these drought characteristics since 1951. Such results were consistent
with the previous studies reporting severer, more frequent, longer, and
larger in spatial coverage droughts throughout Iran in recent decades (e.
g. Ansari and Davari, 2010; Bazrafshan, 2017; Nouri and Homaee, 2020;
Raziei et al., 2009; Zehtabian et al., 2013). Interestingly, however, all
these studies used other drought indices (SPI, SPEL, RDI, PDSI) than the
PDI. Hence, this paper, as the first study up to our best knowledge,
showed that the annual PDI, similar to other drought indices (e.g. SPI
and SPEI) on the annual scale, satisfactorily succeeded to characterize
historical year-to-year humidity and drought variations throughout
Iran.

Based on the results, substantial increases in temperature were the
dominant driving force of drying trends experienced in Iran during
1951-2010. This was consistent with the global analysis of drought
using SPEI (Naumann et al., 2018) as well as with the recent studies
comparing the SPI with the SPEI throughout Iran (Bazrafshan, 2017;
Nouri and Homaee, 2020; Raziei et al., 2009). On the other hand, the
present study found changes in precipitation did not play a key role in
drying trends in Iran. This may refer to the high radiation with warm-hot
annual temperatures, but variable and infrequent precipitation in this
country. Compared to the humid and Mediterranean regions, generally
speaking, the arid and semi-arid regions (like Iran) have below-average
precipitation. Thus, the severity level of drought would increase when
such below-average precipitation is accompanied by high radia-
tion/temperature. It seems that such a phenomenon has occurred in
Iran, particularly since 1997. In fact, the simultaneous coincidence of
highly warm temperature and naturally low precipitation (e.g. Barlow
et al., 2016; Ghasemi, 2015; Tabari and Hosseinzadeh Talaee, 2011;
Vaghefi et al., 2019) has cause dominance of drought conditions in Iran,
specifically since the 2000s (Naumann et al., 2018).

For the period after 1997, this study showed that Iran has experi-
enced mega-droughts, which can persist for several years or even de-
cades (Stahle et al., 2007). Similarly, Raziei et al. (2009) reported the
worst and prolonged drought event in Iran during 1998-2001. This
mega-drought also influenced Iran’s neighbor countries in the Middle
East (e.g. Barlow et al., 2016; Hameed et al., 2018). In such region-wide
mega-drought, large-scale climate teleconnections (e.g. Southern
Oscillation Index, SOI) play an important role by influencing regional
temperature and precipitation (Barlow et al., 2016, 2002) as the primary
factors controlling moisture supply (Otkin et al., 2018). For example,
Barlow et al. (2016) concluded that the 1998-2001 and 2007-2008
mega-droughts in the Middle East were significantly associated with the
prolonged positive SOI events (La Nina). Similarly, the recent study by
(Nouri and Homaee, 2020) reported 1998-2001, 2007-2009, and
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2010-2012 positive SOI (La Nina) events have led to severe and long
droughts in Iran since the late 1990s. Although previous studies have
primarily focused on the effects of La Nina events on droughts in Iran,
the role of other large-scale climate teleconnections (e.g. Arctic Oscil-
lation (AO), North Sea-Caspian Pattern (NCP)) - that can influence both
regional temperature and precipitation, and thereby the source and
transport pathway of atmospheric water vapor (Liu et al., 2020; Tren-
berth et al., 2003) - has received less attention in recent years. Hence,
further and deeper investigation of interrelationships among climate
teleconnections and their combined effects on the characteristics of
annual humidity and drought events identified by the PDI throughout
Iran is well motivated for future study.

5. Conclusions

Employing the PDI, this study investigated the effects of changes in
both precipitation and temperature on long-term humidity and drought
events at sixteen meteorological stations scattered throughout different
climate classes of Iran during 1951-2010. The following major conclu-
sions were drawn:

o Significant drying trends throughout Iran during recent decades
were primarily accompanied by substantial increases in temperature
(along with global warming), especially in the absence of clear
changes in historical precipitation across the country. This was also
reflected by the stronger correlations of PDI with SAlt, than SAlp,.
Besides, negative relationships between SAlt, and SAlp, indicated
that warmer temperature is generally associated with drier climatic
conditions over most parts of Iran. This country, moreover, generally
experienced humid and dry decades in the 1970s and 2000s,
respectively, reflecting drying tendencies over time.

In Iran, drought occurrences were more frequent than humidity
events during 1951-2010. However, the highest frequency rate for
very strong humidity events (7.5%) was more than that for extreme
droughts (3.3%). Such very strong humidity (extreme drought)
events were attentively seen at all (most) of stations studied over the
country, particularly before (after) the mid-1990s.

In general, the longest humidity duration was about 3—4 years, while
the longest drought continued for more than 5 years. The longest
humidity durations were observed at different stations studied before
1997, while the longest droughts afterward. Accordingly, the hu-
midity and drought showed the large spatial extents throughout Iran
primarily during the 1950s and after the mid-1990s, respectively.
On the annual scale, the PDI satisfactorily succeeded to characterize
spatio-temporal variations in historical humidity and drought in Iran
that formerly captured by both SPI and SPEI as the most prominent
meteorological/climatological drought indices. The stronger corre-
lations of PDI with SPEI than that with SPI showed the ability of PDI
to account for the effects of changes in both precipitation and tem-
perature on humidity and drought events in different climate classes
of Iran.
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