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Abstract Dust storms are among natural and anthropogenic hazards for socioeconomic

resources, especially in desert regions. In recent years, dust storms have become a serious

problem, especially in desert regions of Iran. This study investigates temporal and spatial

variation of dust storm frequency in desert regions of Iran. The number of dusty days

(NDD) are collected from 22 stations across the region. The statistical analysis of NDD

time series is carried out to show both spatial and seasonal pattern of dust storm occurrence

in the region. The regional map of statistical characteristics indicates a north to south

increasing dust storm frequency. The spatial map also reveals higher year-to-year variation

in south eastern Iran. The seasonality of NDD shows the highest frequency for summer

followed by the spring and autumn seasons. The popular Mann–Kendall and the bootstrap

MK test to consider serial correlation are then applied for Trend assessment. Results

showed both negative (across the north and northwestern regions) and positive trend

(across south and south eastern regions) in the annual and seasonal NDD time series. This

north-to-south gradient in the spatial and temporal frequency NDD may arise from harsh

dry and gusty winds as well as intense land use change in the south eastern territories of

Iran. However, more careful and detailed studies are required to connect environmental

conditions to change in NDD frequency.
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1 Introduction

Dust storm are frequent phenomenon in desert regions of the world and have a wide range

of climatic and environmental impacts (Liu et al. 2004). Many studies have been carried

out on dust storm characteristics such as formation, source identification, transportation,

deposition, and its impacts on environmental resources. Our understanding of dust storm

characteristics in the global system has been increasing in recent decades (Goudie and

Middleton 2006; Goudie 2009).

During dust storm the topsoil layer is eroded and could be transported to far distances

(Goudie and Middleton 2001; Husar et al. 2001; Grousset et al. 2003). This phenomenon is

the result of soil erosion by wind where wind erosivity exceeds soil erodibility of the

surface and therefore sand-dust uplifts into the air (Liu et al. 2013). In addition, dust storms

have also a series of ecological (Stefanski and Sivakumar 2007), agricultural (Sivakumar

2005), socio-economic (Liu et al. 2006; Meng and Lu 2007) and health consequences

(Chen et al. 2004). Recently, Middleton (2017) has provided a review of dust storm hazard

in a global perspective.

In addition, some studies suggest cooling effects of dust storms due to radiation

reflecting to the space (Li et al. 1996; Nickovic and Dobricic 1996) or in ice sheet

retreating and melting in Pleistocene (Krinner et al. 2006; Bar-Or et al. 2008).

Similar to many other deserts of the world, dust storms are the most common features in

desert regions of Iran. Locating in the Middle East as the second largest dust storm region,

there are relatively few studies on dust storm frequency in Iran. For example, Middleton

(1986) referred to the number of storms in some stations of iran and said Zabol station had

the highest frequency of dust storm in Iran followed by Hamedan (in the western Iran),

Yazd and Bandar Abbas stations.

Movahedi and Afzali (2013) investigated dust frequency in the western and south

western regions of Iran and found that dust is dominant in May, June and July. In the same

region, Keramat et al. (2011) showed the effect of different pressure between Iran and Iraq’

deserts as the main reason for dust storm events. Using satellite images, Ashrafi et al.

(2014) showed the effect of high wind shear on western Syrian Desert as the reason of dust

storm in the southwestern parts of Iran.

For desert regions of Iran, Hui et al. (2015) found the southeastern territories or the

Sistan Basin as the main source for dust storms across the region. The Sistan basin in the

southeast Iran is also mentioned by Alizadeh-Choobari et al. (2014) as one of the main

regions of dust source and risk in desert regions of Iran mainly due to strong gust windy

period called the ‘‘wind of 120 days’’ during mid-May to mid-September. The Sistan basin

has also experienced increasing dust storm and decreasing visibility during 1999-2004 as

the consequence of drought and gust wind rise in this region (Miri et al. 2010; Cao et al.

2015). The importance of Lake Hamon in Sistan was also highlighted by Rashki et al.

(2013) who showed that the desiccation of the lake is a forcing factor for dust storm arise in

the region.

Rashki et al. (2015) indicated the effect of local topography and formation of thermal

low-pressure systems as the dust loading causes in region. Using satellite data, Ghasem

et al. (2012) showed that the heating surface and local surface instability due to dryness are

major factors for dust emission in southwestern Iran. Some investigators has also studied

particle size of the Middle East dust storms such as Givehchi et al. (2013) on the PM10 of

Tehran’s dust storm and ionic composition of TSP and PM10 in Ahvaz, southwestern Iran

by Shahsavani et al. (2012).
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Our need of this study is based on the lack of dust storm analysis across desert regions

of Iran. According to the above studies, dust storms have been investigated locally and

there is no comprehensive study to consider dust storms in all parts of desert regions of Iran

in a single study. In addition, any conservation practices to stabilize the frequency of dust

storms in Iran needs the information on spatial and temporal patter of dust storm events.

The aim of this study is also to make a date bank of the number of dusty days (NDD) with

less than 1000 m visibility to carry out a spatial and temporal analysis of dust storm

emission risk across Iranian deserts and to find critical dusty regions.

To investigate and show these changes, the rest of the paper is arranged as follow. The

data set and study region are introduced in Sect. 2. The methods to investigate temporal

change in dust storms are then given in details which are followed by the results and

discussion and conclusion sections is.

2 Materials and methods

2.1 Data and study area

Desert regions of Iran include the central parts of the Iranian plateau and cover more than

60% of the country in the central and eastern parts of Iran. This region is surrounded by

two major mountains, Alborz in the north and Zagors Mountains in the west, which

prohibit moisture and rainfall to reach to this central parts of Iran. This has made a special

climatic and biotic region with many salt lakes and low land plains among which Dasht-e-

kavir and Lut desert are very remarkable in north and southeast territories, respectively.

The low amount of rainfall, with high year-to-year variability, is the main factor governing

the sparse density of vegetation and soil moisture content. These conditions together with

the high anthropogenic land use change and soil degradation have make surface soil very

susceptible to remove by gusty winds. Therefore, dust storms are common features across

these regions. These frequent dust storms have destructive impacts on a large population of

Iran living in 14 Provinces located in these desert regions.

In this regard, the annual number of dust storm frequency which are recorded by the

Iran Meteorological Organization (http://www.IRIMO.ir) are collected in 22 stations

across desert and desert regions of Iran. The spatial location of these stations are illustrated

in Fig. 1a. The names, coordinates and record length of these stations are given in Table 1.

2.2 Statistical analysis

In order to investigate annual change in dust storm frequency across desert regions of Iran,

the nonparametric Mann–Kendall (MK) test is applied. This is the most widely used

method to detect temporal monotonic change and variability of hydrologic and climatic

variables and has been used in the literature extensively (e.g. Sabetghadam et al. 2012;

Modarres et al. 2016; Azorin-Molina et al. 2016). Therefore, the MK test is described here

as briefly as possible.

Having a sample of observations, x1; . . .; xn, the Mann–Kendall statistics, ZMK is

computed by:
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Fig. 1 a Spatial distribution of synoptic stations in desert regions and b time series of the total annual NDD
across the region since 1970
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A positive ZMK indicates an increasing trend while a negative ZMK shows a negative trend.

In this equation, S is the sign of the difference between two consecutive observations, xi
and xj

S ¼
X

n

i¼1

X

i�1

j¼1

signðxi � xjÞ ð2Þ

The mean and the variance of S is written as follows

E S½ � ¼ 0 ð3Þ

Table 1 Mann–Kendall’ Z statistics for number of dusty days (NDD) in selected stations

Station name Record period Mann–Kendall Z BBS-MK Rate (day/year)

Abadeh 1978–2010 -0.11 -0.11 -0.39

Fassa 1967–2010 4.07** 0.54** ?1.5

Shiraz 1951–2010 3.94** 0.35** ?1.1

Ghom 1987–2010 -0.85 -0.11 -0.08

Bandar Abbas 1957–2010 4.56** 0.42** ?1.7

Bandar Lengeh 1966–2010 2.88 0.30 ?1.8

Isfahan 1951–2010 -1.25 -0.11 -0.09

Kashan 1967–2010 -1.92 -0.21 -0.14

East Isfahan 1977–2010 4.60** 0.55* ?1.6

Birjand 1956–2010 -3.82 ** -0.36** -0.42

Ghoochan 1984–2010 -1.26 -0.18 -0.06

Mashhad 1951–2010 0.43 0.04 ?0.01

Sabzevar 1955–2010 -3.32** -0.30 -1.02

Bojnord 1978–2010 0.14 0.01 0.08

Semnam 1965–2010 -1.22 -0.13 -0.11

Shahroud 1951–2010 1.04 -0.4* -0.20

Chabahar 1956–2010 3.29** 0.35** ?1.70

Iranshahr 1965–2010 3.25** 0.53* ?1.90

Bushehr 1951–2010 3.28** 0.29*** 1.1

Zabol 1963–2010 2.30* 0.23 ?1.6

Zahedan 1951–2010 3.37** 0.29** ?0.7

Tabas 1961–2010 3.66** 0.39* ?1.50

The BBS MK statistics are given in parenthesis

* Significant trend at 1% level

** Significant trend at 5% level

*** Significant at 10% level
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In this equation, tp is the number of ties for the pth value and q is the number of tied values.

Additionally, in order to avoid the effect of autocorrelation on significance of trends

resulted by MK test, a specialized method called Block Bootstrap (BBS) resampling

approach was introduced by Kundzewicz and Robson (2000). In this method, the original

data is resampled in clocks for many times to estimate the significance of the observed MK

test statistics (Khaliq et al. 2008). The advantage of this approach is that it does not neither

modify the original data nor considers only lag-1 autoregressive model (AR1).

The BBS test is implemented by three steps that are summarized here. In the first step,

The MK statistics is calculated for the original dust frequency time series, then the number

of significant autocorrelation coefficients are determined based on the Autocorrelation

Function (ACF) in the second step. The original time series is resampled in blocks of n ? g
for a large number of times for which a MK statistic is estimated as the third step. This

provides a large number of observations with a frequency distribution. If the original test

statistic from the first step lies in the tail of the simulated distribution, the statistic is

significant, i.e., a temporal trend is significant for the dust storm frequency time series.

The parameter g needs to be estimated iteratively in such a manner that the simulated

sample mimic the autocorrelation structure of the observed time series. The interested

reader is referred to Yue et al. (2003), Khaliq et al. (2008) and Önöz and Bayazit (2011)

among others.

3 Results and discussion

3.1 Annual NDD

The total annual number of dust storm frequency across study area is first investigated for

trend assessment (Fig. 1b) since 1970. One can see that the highest dust storm frequency

have been recorded in 1984 (NDD = 1347) and in 2004 (NDD = 1438) while the mini-

mum NDD is observed in 1974 (NDD = 466) and 1998 (NDD = 530). The average NDD

since 1970 is equal to 907 events across desert regions. We can see three trend phases in

Fig. 1b. Two increasing periods, 1970–1984 and 1998–2010 and one decreasing period

1984–1998. However, the general tendency of NDD is increasing as the Mann–Kendall’s

Z-statistics for this time series is ?2.43 which is statistically significant at 5% level. Based

on the regression model, during 1970–2010, the NDD has been increasing 8-days per year

across desert regions of Iran.

The spatial pattern of the annual dust storm frequency across desert regions of Iran is

illustrated in Fig. 2 by some descriptive statistics. The annual average NDD for this region

shows higher frequency in south and south eastern territories and less number of dust

frequency in the north and western regions. However, the coefficient of variation shows an

inverse form, implying that that dust storm is a persistent environmental and climatic

feature in the southeastern territories while few outstanding dust storms in the northern

region may be reflected in high coefficient of variation. In addition, the maximum observed

NDD is also highlighting southeastern regions as the prevailing dust storm region across

desert regions of Iran.

The results of MK test for at-site trend assessment is provided in Table 1. The results

shows that the NDD has been significantly increasing for 10 out of 22 stations across the
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regions while only 2 stations have negative significant trend. Other stations shows

insignificant (positive or negative) trend. Referring to the geographical locations of the

stations (Fig. 1a) one can see the increasing NDDs are observed in the south and south-

eastern parts of the region while negative trend or no-trend is usually observed in the

northern territories.

The rates of change in NDDs per year are also provided in Table 1. The highest change

is observed for Iranshahr station (near 2 days per year) and Zabol station (1.7 days per year

or approximately 5 days in each 3 years) in the southeastern regions. The highest

decreasing trend belongs to Birjand station (approximately 1 day in each 2 years) and

Abadeh station (approximately 1 day in each 3 years). The annual variation of the NDDs

for some typical stations are shown in Fig. 3. This figure provides stations with significant

positive and negative trend as well as some stations with no significant monotonic trend.

This figure also indicates that the fluctuations of dust storm frequency is high for most of

the stations and NDD varies rapidly from high to low conditions year to year. This type of

fluctuations from period to period is a common feature for most NDD time series among

which some stations such as Isfahan, Mashad, Shiraz and Bandar Abbas are typically

illustrated in this figure.

It also reveals that there are some periods of high NDDs followed by years of low or

stable NDDs. For example, this is observed for Sabzevar station that after 1970, the NDD

has declined remained almost stable to 2010. This condition is also observed for Zabol

stations where an increase is observed until 1980s and a stable NDD is observed through

2010. In contrast, some stations such as east Isfahan and Iranshahr illustrate a monotonic

succeeding increasing since 1970s. This may show the effect of desertification expansion

in east Isfahan and dryness of Jazmorian Lake near Iranshar in recent years due to extreme

drought conditions. Though this statement should be carefully investigated in future.

Fig. 2 Descriptive statistics for annual NDD time series
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Fig. 3 Annual NDD Time series for some typical stations
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Before conducting the BBS method, in order to check the existence of serial correlation

in NDD time series, the autocorrelation function (ACF) is examined. Some examples of

ACF are illustrated in Fig. 4. As we can see, the autocorrelation of NDD series is sig-

nificant for some lag times (especially lag-1) which indicate the presence of serial

dependence of NDD at each year to the previous years. In this case and in order to avoid

wrong interpretation of MK trend test, the BBS test is applied.

The results of BBS show the same results as the original MK test for the annual NDD

series for most of the stations, except for East Esfahan, Shahroud and Iranshahr, Zabol and

Tabas where the significant level has changed. For example, the significant level of MK

test for East Esfahan has increased from 5 to 1% level, has decreased from 5 to 10 level%

for Bushehr station and the trend of Sabzevar station has failed by BBS MK test. This

implies that the serial correlation is an important factor for NDD’s fluctuations at these

stations, in the case that it can change the results of trend assessment.

Fig. 4 Autocorrelation functions of NDD time series for some typical stations. The solid and dashed lines
represent upper and lower confidence level for correlation
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3.2 Seasonal NDD

To see the seasonal variation of dusty days, the map of the dust seasonal percentage

frequency is also provided in Fig. 5. The seasons are based on Julian calendar where

autumn includes September, October, November, winter season includes December, Jan-

uary, February, spring season includes March, April, May and the summer season includes

June, July, and August.

It shows a remarkable spatial seasonal pattern across study area. It is observed that

summer dust storms are dominant across the region, especially in the southeastern and

eastern regions while spring events have usually happened in the western and north western

regions and autumn events are prevailing in the northeastern reigns of Iran. The winter

events are rarely across the region and usually occur in a small area near Zabol station.

The seasonality of dust storm occurrence is illustrated in Fig. 6 with the Box–Whisker

plots. In this figure, each box plot contains average monthly NDDs of selected station for

each month. The black circles show the average NDD foe each month across the region.

This figure shows that the summer and spring dust storm are dominant in desert regions of

Iran, followed by autumn’s storms. The asterisk which are showing the outlier NDD belong

to Zabol station where dust storm is an exceptional phenomenon (Alizadeh-Choobari et al.

2014) due to ‘‘wind of 120-days’’.

In addition, temporal variation of the seasonal dust storm is also considered. Table 2

represents MK and BBS test results for the seasonal NDDs. These results are in agreement

with annual trends provided in Table 1. It is observed that the NDD has significant trend

for almost all seasons, especially in seasons with dominant storm events, summer and

spring. In addition, the BBS results also showed an agreement with results for the annual

Fig. 5 The number of dust storms per season (in percent)
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Fig. 6 Box–Whisker plot of seasonal NDD across desert regions of Iran

Table 2 Mann–Kendall Z statistics for seasonal number of dusty days (NDD) in selected stations

Station name Spring Summer Autumn Winter

Abadeh -0.31(-0.04) -1.06(-0.13) -3.14**(-0.41**) -2.21**(-0.29***)

Fassa 3.51**(0.48**) 3.71**(0.41**) 3.02**(0.18) 3.2**(0.61**)

Shiraz 3.54**(0.49*) 2.73**(0.05) 1.77(0.05) 3.46**(0.32***)

Ghom -0.48(-0.57) 0.38(0.67**) -0.80(0.11) -1.09(-0.21)

Bandar Abbas 4.25**(0.41**) 4.6**(0.43**) 3.5**(0.33***) 0.97(0.09)

Bandar Lengeh 2.7**(0.28) 3.06**(0.32***) 3.08**(0.30***) 1.41(0.09)

Isfahan -0.97(-0.08) -0.17(-0.01) -1.82(-0.16) -1.82(-0.17)

Kashan -0.82(-0.09) -2.80**(-0.32*) -0.75(0.25) -0.21(-0.32**)

East Isfahan 3.24**(0.21**) 2.69**(0.34**) 2.8**(0.54**) 2.34**(0.31***)

Birjand -2.94**(-0.28***) -2.79**(-0.26**) -2.2**(-0.28**) -2.8**(-0.27)

Ghoochan 0.38(0.7) -2.76**(-0.23) -1.13(-0.15) 0.41(0.07)

Mashhad 0.7(015) 0.30(0.05) 0.96(0.04) 0.5(0.02)

Sabzevar -2.89**(-0.56*) -3.61**(-0.56**) -2.55**(0.04) -.3.49**(-0.35**)

Bojnord 0.51(0.07) 0.65(0.08) -0.39(-0.05) 1.01(0.14)

Semnam -1.29(-0.14) -1.2(-0.20) -1.05(-0.16) -1.1(-0.11)

Shahroud -0.96(-0.5) 0.83(0.15) 0.33(0.11) 0.61(0.18***)

Chabahar 2.3**(0.6**) 2.44**(0.33**) 2.66**(0.31**) 3.2**(0.43**)

Iranshahr 3.7**(0.39**) 4.9**(0.61*) 4.2**(0.51**) 3.5**(0.17)

Bushehr 3.05**(0.12) 2.27**(0.18) 3.6**(0.43**) 3.75**(0.07)

Zabol 2.3**(0.23***) 1.77(0.18) 1.95(0.19) 3.8**(0.38*)

Zahedan 2.7**(0.24***) 3.8**(0.34**) 1.79(0.16) 1.31(0.11)

Tabas 3.6**(0.48*) 2.9**(0.41**) 2.5**(0.30**) 1.6(0.19***)

The BBS MK statistics are given in parenthesis

* Significant trend at 1% level

** Significant trend at 5% level

*** Significant at 10% level
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NDDs where serial correlation has some effects on the significance level of MK test

statistics.

4 Conclusion

The evaluation of dust storm frequency in time and space in desert regions of Iran indicated

a north to south gradient of both frequency and temporal change where the frequency and

rate of change in NDDs are increasing to the south and southeastern regions where dust

storms are observed during 25% of year. This study also revealed an increasing NDD trend

for this region in the south with an average increase of 1–2 days per year. The spatial

pattern of NDD’s seasonality also reveals the summer as the dominant storm season when

the dryness and high temperature as well as abandoned agricultural lands (desertification)

and dried wet lands are the main features to intensify the risk of dust storm events. This

change have been increasing the risk and socio-economic losses in recent years (Miri et al.

2009). The highest frequency and temporal augmentation in NDD in the south can be

attributed to harsh climate conditions such as persistent dry conditions and frequent gusty

winds in this region together with remarkable land use- land surface change (as an

important controls on dust emission, Engelstaedter et al. 2003), compared to the northern

regions. The dryness of Lake Hamoon, in the southeast of Iran and near Zabol and Zahedan

cities, in recent years together with gusty 120-days windy period could be attributed to the

summer dust storm in the south east of the region. However, there are few studies sup-

porting this statement in the literature (i.e. Alizadeh-Choobari et al. 2014). This paper

confirms the conclusion in Middleton (1986) that Zabol is a very dusty place and is one of

the dustiest places in the world.

On the other hand, as some studies have shown both increasing and decreasing trends in

rainfall for northern and southern desert regions of Iran (Modarres and da Silva 2007;

Modarres and Sarhadi 2009) or decreasing wind speed in this region, except for Zabol

station which showed increasing wind speed (Rahimzadeh et al. 2011; Kousari et al. 2013),

one should carefully consider the possible reasons for this north–south changes.

Finally it should be noted that the NDD time series investigated in this study belong to

internal desert and desert regions of Iran where the sources of dust emission is usually local

areas except for the south eastern Regions (Zabol, Zahedan and Iranshar stations) where

some external sources from Afghanistan and Pakistan countries are usually involved in

dust emission. For better understanding about this specific region, we need to study stations

or data from these two counties as well.

5 Recommendation for future studies

This study provides a statistical analysis on spatial and temporal variation of dust storms in

desert regions of Iran without considering the effect of climatic and terrestrial factors such

as drought, temperature, wind speed and vegetation cover or land use and land cover

management on dust emission in Iran. The duration of dust storms as well as physical and

mineral properties of dust storm in relation to climate variability is also another important

topic for future studies.
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