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Abstract

Dust storms are a major natural hazard to human health. Severe erosive storms in parts
of the Central Plateau of Iran have made the situation very difficult for the inhabitants, to
the extent that some areas have become depopulated. To better understand this phenom-
enon, dust day counts at 37 synoptic stations from 1999 to 2018 were analyzed. Dust days
were most common in June, with 45% of the total number occurring in summer (June—
August) and 34% in spring (March—-May), and were more frequent since 2008, as com-
pared to 1999-2007. While the spatial pattern of dust days was complex, the highest num-
ber tended to be in the southeast of the region. The stations with the most dust days, Zabol,
Zahedan, and Arak, averaged 126 days, 74 days, and 73 days of dust per year, respectively.
The statistical distributions that most often best fitted the time series of number of dust
days (NDD) per year were Johnson SB, Log-Logistic 3-Parameter, and Burr. These fit-
ted probability distributions were used to estimate different return period values for annual
number of dust days. For example, Zabol and Sirjan stations had, respectively, the highest
and lowest 2-year return period NDD values, 125 and 2 days, respectively. Overall, the spa-
tial pattern of the NDD at different return periods indicated that southeastern Iran, as well
as some northwestern and eastern portions of the study region, had particularly high values
of NDD at longer return periods, while much of the northern and southwestern margins of
the region have low NDD at all return periods. These results may be useful for informing
the regional management of dust storms.
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1 Introduction

Wind erosion is a major geomorphic process in arid and semiarid regions (Gregory et al.
2004; Buschiazzo and Zobeck 2008; Webb et al. 2009). This type of erosion involves
the segregation, transport, and deposition of soil particles by winds (Li et al. 2007,
Hoffmann et al. 2011). Wind erosion contributes to land degradation and desertifica-
tion in arid and semiarid areas. It has a serious impact on the environment and reduces
soil fertility (Schlesinger et al. 1990; Simonson 1995; Callot et al. 2000; Prospero 2002;
Peterson et al. 2006). This type of erosion can be aggravated by erosive agents (Gill
1996; Marticorena et al. 1997; Belnap and Gillette 1998; Okin et al. 2001, 2006) which
include soil dryness and lack of vegetation cover as well as wind intensity. Airborne dust
is a consequence of wind erosion in affected areas. Dust commonly has major impacts
on climate, human health, air quality, and the environment in desert areas (Schwartz
1994; Overpeck et al. 1996; Goudie and Middleton 2001; Husar et al. 2001; Shao and
Dong 2006; Ginoux et al. 2012; Goudie 2014). Dust storms also have a significant
impact on the Earth’s radiation budget, global biogeochemical cycles, soil composition,
and atmospheric chemistry (Chadwick et al. 1999; Reynolds et al. 2001; Jickells 2005;
Alfaro 2008; Chappell et al. 2012). The amount of atmospheric dust is affected by rain-
fall, wind intensity, regional moisture balance, and man-made dust sources. Increases
in the amount of atmospheric dust and loss of vegetation in arid and semiarid areas can
cause global cooling (Crucifix and Hewitt 2005; Schneider von Deimling et al. 2006).
In Iran, dust is a major hazard due to the arid and semiarid climate covering almost 75%
of the country, and particularly the desert source regions of Lut desert and Kavir plain.
This phenomenon has led to very poor air quality and serious health impacts (Ghal-
jahi et al. 2019) and even forced out-migration causing depopulation of some areas,
notably in southeastern and southwestern Iran (Smyth 2018; Khavarian-Garmsir et al.
2019). One obvious impact of dust storms in these areas is related to the reduction of
horizontal visibility. Visibility can be reduced to several meters, which causes road acci-
dents. The World Meteorological Organization (WMO) categorizes dust events based
on horizontal visibility: blowing dust is characterized by horizontal visibility of 1 to 10
kilometers, sand and dust storm conditions have visibility under 1 kilometer, and severe
sand and dust storm conditions have horizontal visibility under 500 meters (UNEP et al.
2016). Middleton (2017) offers a comprehensive account of hazards related to dryland
dust entrainment, transport, and deposition.

In recent years, extensive research has been conducted on dust storms (Shao and
Wang 2003), often based on numerical models (Shao et al. 2003; Park 2003), remote
sensing data (Prospero 2002; Kaskaoutis et al. 2007), and geographic information sys-
tems. The spatial and temporal characteristics of these storms are widely studied, since
the frequency of dust events is an indicator of environmental change, including deserti-
fication processes, changes in vegetation coverage, and the impact of human activities in
arid and semiarid regions (Gao et al. 1997; Goudie and Middleton 2001).

The return period is the average time interval between occurrences of a phenomenon
and is used to describe the severity and frequency of natural disasters (Liu et al. 2015).
In particular, the return period is widely used in the assessment of natural disaster risk
in hydrology and meteorology areas, as well as in infrastructure design, planning and
project management (Igbal and Ali 2012) and in creating effective early warning sys-
tems and carrying out necessary control measures based on the mechanisms of storm
formation and needs for monitoring (Berkhout et al. 2006).
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The purpose of this study was to examine the spatial and temporal pattern of dust days
in the Central Plateau region of Iran and estimate return periods for number of dust days
per year. Dust day occurrence was evaluated based on codes recorded at weather stations in
this region.

2 Methods
2.1 Area of study

The Central Plateau is the largest physiographic region in Iran and includes the deserts
of the Kavir and Lut Plains. It is a warm and arid region that covers over 824,000 km?,
accounting for 51% of Iran’s total area. The Plateau averages 1300 meters above sea level.
However, altitude in the desert lowers to 700 m, and in parts of the Lut Desert even to 300
m. The Alborz and Zagros Mountains prevent Mediterranean moisture from entering the
area (Ghorbani 2013). Hence, rainfall is low, with an annual average of less than 100 mm,
and as little as 25 mm in some locations.

On the contrary, potential evaporation in this area is high and in many cases reaches
over 4000 mm/year. As such, evaporation can reach more than 40 to 80 times the annual
rainfall (Azadi et al. 2015). The average relative humidity is 30 to 40 percent, but decreases
to 15 percent during the warm season. The mean annual temperature varies between 15
and 30 degrees Celsius, and the maximum and minimum temperatures are reported to be
51 and —18 °C, respectively (Naderi and Raeisi 2015). One of the most pressing problems
in the region is the phenomenon of dust storms that annually cause irreparable damage
to human communities, infrastructure, and natural ecosystems. Dry climate, low vegeta-
tion, erosive winds, and low soil moisture are the main causes of dust occurrence. Figure 1
shows the geographical location of the weather stations studied here in the region and as
part of Iran.

2.2 Dataused

The study used data from 37 synoptic weather stations that had a common 20-year record
period from 1999 to 2018. Out of the 100 meteorological codes (00 to 99) defined by the
WMO in their WW (present weather) series, 11 codes are associated with dust events, as
shown in Table 1. Table 2 gives information about the stations. For each station, the num-
ber of days of dust (NDD) per calendar year was extracted for the period 1999 to 2018 and
visualized.

2.3 Spatial analysis of NDD

After the mean NDD per year at the selected synoptic stations was calculated (Table 3),
interpolation was used in order to visualize the spatial pattern of dust in the study area.
Inverse distance weighting (IDW) (Eq. 1), which is one of the most commonly used spatial
interpolation methods, was chosen to map the NDD in ArcGIS 10.5 software. The formula
for IDW is
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Fig. 1 Location of weather stations. Colors indicate elevation within Iran’s Central Plateau (the study area)

Table 1 Phenomena related to dust according to the WMO weather codes Kamal et al. (2019)

Synoptic code

Weather description

06

07

08

09

30-32
33-36
98

Widespread dust in suspension in the air, not raised by wind at or near the station at the
time of observation

Well-developed dust or sand whirl seen at or near the station during the preceding hour or
at the time of observation, but no dust storm or sandstorm seen

Well-developed dust or sand whirl seen at or near the station during the preceding hour or
at the time of observation, but no dust storm or sandstorm.

Dust storm or sandstorm within sight at the time of observation or at the station during the
preceding hour

Slight or moderate dust storm or sandstorm
Severe dust storm or sandstorm
Thunderstorm combined with dust storms or sandstorms at time of observation
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Table 2 Location of the synoptic
weather stations used

Station Latitude (°) Longitude (°) Elevation(m)
1 Anar 30.88 55.25 1409
2 Bam 29.10 58.35 1066.9
3 Jiroft 28.73 57.67 775
4 Kahnooj 27.97 57.70 499
5 Kerman 30.25 56.97 1754
6 Shahdad 3042 57.70 482
7 Sirjan 29.55 55.68 1767
8 ShahrBabak 30.10 55.13 1834.1
9 Ardestan 33.38 52.38 1255.5
10  Isfehan 32.52 51.71 1550.4
11 Khoor va Biabank 33.78 55.08 842.2
12 Naein 32.85 53.08 1573.7
13 Natanz 3353 51.90 1685
14 Shahr Reza 31.98 51.83 1858
15  Kabootar Abad 32.52 51.85 1542.5
16  Arak 34.13 49.83 1661.9
17 Mahalat 33.88 50.48 1622
18  Saveh 35.05 50.33 1111.6
19  Qom 34.70 50.85 879.1
20  Salafchegan 34.78 51.18 853
21 Semnan 35.59 53.42 1127
22 Zabol 30.80 60.20 489.2
23 Zahedan 29.47 60.47 1370
24 Aghda 32.43 53.62 1150
25 Yazd 31.90 54.28 1230.2
26  Marvast 30.50 54.25 1547
27  Sabzevar 36.18 57.65 1858
28  Birjand 32.89 52.28 1491
29  Fedoos 34.03 58.18 1293
30  Tabas 33.67 56.90 690
31  Karaj 35.92 50.90 1292.9
32 Hashtgerd 36.00 50.75 1612.9
33 Ghazvin 36.25 50.00 1279.1
34  Takestan 36.05 49.70 1283.4
35  MehraBad 35.68 51.32 1191
36  Abali 35.75 51.88 2465.2
37  Firoozkooh 35.92 52.83 1976
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Table 3 NDD statistics by

weather station Station Mean SD Skew  Min. Max.
1 Anar 22.25 14.06 124 5 61
2 Bam 4575 4532 1.76 5 174
3 Jiroft 26.75 20.71 1.07 6 76
4 Kahnooj 19.1 14.60 1.48 2 61
5 Kerman 27.15 16.64 149 12 72
6 Shahdad 18.05 14.18 1.86 1 64
7 Sirjan 17.05 19.75 2.41 1 85
8 ShahrBabak 15.05 9.53 1.08 3 36
9 Ardestan 40.25 25.08 0.10 3 81
10 Isfehan 33.05 2293 0.044 1 65
11 Khoor va Biabank  41.8 26.30 0.164 7 85
12 Naein 439  26.08 0.63 9 101
13 Natanz 27.01 16.20 0.014 3 52
14 Shahr Reza 2790 19.45 0.77 5 71
15 Kabootar Abad 23.60 18.72 1.17 3 72
16  Arak 73.05 24.93 0.01 26 112
17  Mahalat 46.55 30.33 0.52 10 98
18  Saveh 59.05 35.54 028 13 121
19  Qom 52 36.722 0.636 12 121
20  Salafchegan 46 27.50 047 6 98
21 Semnan 15.05 13.40 2.28 1 61
22 Zabol 126.5 21.25 0.001 87 164
23 Zahedan 74.75 18.99 -0.58 37 102
24 Aghda 23 14.38 0.18 2 47
25 Yazd 5535 25.75 028 21 96
26  Marvast 17.35 10.47 120 4 45
27 Sabzevar 16.5 8.65 1.83 5 45
28  Birjand 2595 18.23 0.97 6 70
29  Fedoos 1295 995 1.65 2 42
30  Tabas 61.65 21.32 1.05 25 135
31 Karaj 18.05 18.72 1.95 2 78
32 Hashtgerd 8.35 10.21 2.26 1 42
33 Ghazvin 6.9 3.14 0.32 2 12
34 Takestan 4.45 3.0 1.46 1 15
35 MehraBad 16.8 5.16 0.01 7 26
36  Abali 7.1 5.07 1.41 2 21
37 Firoozkooh 8.55 8.26 1.94 1 34

NDD number of dust days per year; SD standard deviation; Skew
skewness; Min minimum; Max maximum
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where d,; is the distance between the estimation point and each of the neighboring sam-

ples, Z; is the value of the parameter estimated at point j, z; is the value of the parameter

observed at point i, and a is the power of inverse distance (kept at a default value of 2).

2.4 Frequency analysis of NDD

Frequency analysis is a statistical method used to estimate the probability of occurrence
of extreme phenomena. The primary purpose of frequency analysis is to relate the mag-
nitude of the extreme events to their frequency through the use of statistical distributions.
Understanding the frequency of events such as dust can be useful in providing manage-
ment strategies to reduce impact. Frequency analysis can be performed to determine the
return period of an extreme event. Also, based on the results of frequency analysis, the
expected event value can be estimated for different return periods. Therefore, in this study,
frequency analysis of dust events used to calculate 2-, 5-, 10-, 25-, 50-, and 100-year return
periods for NDD at each station. The p-year return period value corresponds to the value
of the 1 — 1/p quantile of the cumulative distribution function (CDF) of annual NDD. This
CDF is estimated by fitting several candidate univariate probability distribution functions
to each station’s time series of annual NDD and selecting the best-fitting one in each sta-
tion. The goodness of fit of each candidate distribution to the data is quantified using the
Akaike information criterion (AIC), a widely applicable model selection tool which com-
bines the likelihood of the data given the model with the number of fitted parameters; for
each station, the distribution with lowest AIC value was chosen (Akaike 1974; Burnham
and Anderson 2004). The selected probability distributions for NDD at each station and
their associated parameters are shown in Table 4. Using instead as the goodness of fit cri-
terion a combination of Kolmogorov—Smirnov and Anderson—Darling test statistics as
implemented in EasyFit5.5 Professional software (Modaresi Rad et al. 2016) also led to the
same distributions being chosen.

3 Results
3.1 Mean and temporal pattern of NDD

Zabol and Zahedan stations, in the southeast of the study area, had the highest average
NDD, with 126 and 74 dust days, respectively, per year (Table 3). One of the most impor-
tant reasons for these conditions is the existence of monsoon winds in Sistan for some 120
days per year (Alizadeh-Choobari et al. 2014). In the central part of the study area, Yazd
and Nain stations, with 56 and 45 days, had the highest average NDD. In the east of the
study area, Tabas station with 63 days has the highest average NDD. In the north, Karaj
station, with 20 days, and in the northwest, Arak station, with 73 days, had the highest
NDD. In the west of the study area, Reza station had the highest mean NDD of 29. For the
region as a whole, the average NDD does not show neat spatial patterns, though the south-
eastern part (around Zabol station) has the most dust overall, with another area of high
NDD in the northwest (around Arak station; Fig. 2).
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Table 4 Best statistical distribution for number of dust days at each station and the values of the parameters
of each distribution

Station Fitted distribution ~ Parameters
1 Anar Burr Kk =2.1056,a = 2.2582, = 29.374
2 Bam Burr k =0.65893,a = 2.3531, 8 =22.217
3 Jiroft Johnson SB y =0.90877,6 = 0.5619, 1 = 83.536,¢& = 5.3182
4 Kahnooj Log-Logistic 3P)  a =2.3737,8 =15.572,y = —0.61448
5 Kerman Frechet a=2.2684,0=17.587
6  Shahdad Log-Logistic 3P)  a =2.8996, f = 18.155,y = —3.5198
7 Sirjan Pareto a=044692, =1
8 ShahrBabak Burr (4P) k =360.13,a = 1.2737, f = 1344.9,y = 2.7231
9 Ardestan Johnson SB y =0.44998, 6 = 0.32237, 4 = 104.61,¢& = 15.628
10  Isfehan Beta a, = 0.47403, a, = 0.47255,2 = 1.0, f = 65.0
11 Khoor va Biabank Johnson SB y =0.12999, 6 = 0.42765, A = 78.644, & = 5.7507
12 Naein Johnson SB y =0.93061,6 = 1.0609, A = 145.08, ¢ = —2.9241
13 Natanz Beta a; =0.63246, a, = 0.65346,a = 3.0, = 52.0
14 Shahr Reza Johnson SB y =0.80509, 6 = 0.73837, 4 = 85.644, ¢ = 1.5947
15 Kabootar Abad Gamma a = 15878, = 14.864
16  Arak Uniform a =29.862,5 =116.24
17 Mabhalat Gen. Pareto k = —0.40108,0 = 58.668, u = 4.6765
18  Saveh Johnson SB y =0.18714,6 = 0.19416, A = 97.574,& = 17.559
19  Qom Johnson SB y =0.44998, 6 = 0.32237, 4 = 104.61,¢& = 15.628
20  Salafchegan Log-Pearson 3 a =4.0706, = 63.158,y = —21.78
21  Semnan Log-Logistic 3P)  a =2.5061, = 13.27y = —-1.7274
22 Zabol Gamma a = 35.46, f = 3.5688
23 Zahedan Gen. Extreme Value x = —0.56447,0 = 21.376, u = 70.585
24  Aghda Johnson SB y =0.15973,6 = 0.50978, A = 46.52,& = 1.9671
25  Yazd Gen. Pareto Kk =—0.62164,0 = 63.648, u = 16.101
26 Marvast Log-Gamma a =20.121, f = 0.13358
27 Sabzevar Inv. Gaussian 3P) A1 =283.375,u =17.761,y = —1.261
28 Birjand Johnson SB y =0.88881,6 = 0.62717, A = 76.744, & = 5.0807
29  Fedoos Log-Pearson 3 a =720.66, f = —0.02752,y = 22.14
30 Tabas Log-Logistic 3P)  a =1.5031,  =24.326,y = 23.631
31 Karaj Burr k =3.0156,a = 1.2589, f = 35.833
32 Hashtgerd Johnson SB y = 1.8033,6 = 0.63767, 4 = 69.629, &£ = 0.41534
33 Ghazvin Rayleigh o =5.5054
34  Takestan Weibull (3P) a =0.84251, 4 =3.2905,y = 1.0
35 MehraBad Pearson 6 (4P) a; =7.6489,a, = 9.2582 x 107, f = 1.8762 x 10%,y = 1.4112
36  Abali Rayleigh o =5.5054
37 Firoozkooh Log-Logistic (3P) a=1.6742, =5.2417,y = 0.46257

P number of parameters; Gen. generalized; Inv. inverse

Most of the stations showed high interannual variability in NDD (over half of the
mean value) and positive skewness (Table 3). The map of maximum annual NDD across
the study period (Fig. 3) shows that the southeast, east, and northwestern sections show
higher peak NDD, indicating the concentration of dust in these areas. The maximum

@ Springer



Natural Hazards

45 50 55 60

40
=
);":-‘l
m
40

36
36

32
32

Legend
*  Synoptic Station

£ E.Study Area

Average of NDD

Value
- High : 127 days

28
28

- Low: 3.4 days

Jl0 95,190 380 570 760

e Kilometers

45 50 55 60

4
24

Fig. 2 Interpolated surface of mean NDD per year

dust days at Bam station, with 174 days in 2008, Zabol station, with 164 days in 2017,
as well as Tabas station, with 135 days of dust in 2009, were the highest NDD found in
the study area (Table 3).

The spatial pattern of minimum NDD in the study area (Fig. 4) showed that the
southeastern part of the study area has very high minimum NDD. Zabol station, located
there, had the highest minimum value of 87 days of dust in 2002, the minimum year.
Zahedan station was next, with a minimum of 37 dust days in 2000.

All the stations in the study area had at least 1 day of dust each year in 1999-2018
(Table 3). However, averaging across stations, there was a threefold variation between
years in mean NDD, ranging from a minimum of 17.0 days in 2000 to a maximum of
50.5 days in 2008. After 2008, the years with next highest mean NDD were 2012 (48.0
days), 2015 (47.6), and 2018 (45.4), reflecting a tendency for frequent dust occurrence
over the later part of the study period (Fig. 5). In fact, the nonparametric Mann—Kendall
test shows that the increase in mean NDD over the study period is highly statistically
significant (p < 0.001).

NDD showed pronounced seasonality, with dust days being most common in June,
followed by July, and least common in December, followed by November (Fig. 6). Some
45% of the total number of dust days, summed across stations, occurred in meteorologi-
cal summer (June—August) and 34% in spring (March—-May), compared with only 12%
in fall (September—November) and 9% in winter (December—February).
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3.2 NDD return periods

To analyze the frequency of dust days and to calculate their return period, AIC was used as
a goodness-of-fit criterion to choose the most appropriate statistical distribution function
for the annual NDD time series at each station. The parameters of each fitted distribution
function were extracted to determine the NDD with different return periods. The results are
shown in Table 4. The Johnson SB distribution function was selected for 10 out of the 37
stations, while the Log-Logistic 3P distribution function was selected 5 times, and several
other distributions were selected less frequently.

Using the selected statistical distribution functions for each station, the number of days
of dust at the return periods of 2, 5, 10, 25, 50, and 100 years was predicted. The results
showed that, for example, at the 2-year return period, Zabol station had the maximum value
for the annual number of dust days, 125. After Zabol station, Zahedan, Arak and Yazd sta-
tions ranked next, with 79, 73, and 58 days of dust, respectively, estimated for the 2-year
return period.

The spatial pattern of dust days in different return periods indicates that the largest num-
ber of dust days at different return periods is mostly in the southeast, northwest, and center
of the study region. Zabol, Zahedan, and Arak stations were among the dustiest. The zon-
ing of this phenomenon over the 5-year return period has a more regular spatial pattern,
as the southeastern and northwestern regions have maximum dust events, and as we move
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toward the center of the region, the number of events decreases. In the northern and south-
ern parts of the region, the number of dust days at the 5-year return period is also lower.
Analysis of the range of dust days over the 10-year return period indicates that the south-
eastern parts will have the highest occurrence of dust, but the concentration of dust days in
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the center is greater than the northwest. For example, using the 10-year return period, Yazd
station with 138 dust days and Saveh stations with 115 dust days and Qom station with 113
dust days are identified as areas of high vulnerability in the center of the study area. Zona-
tion of dust days at the 25-, 50-, and 100-year return periods indicates higher NDD from
the northwest and center to the east of the region. The southeastern part has the most NDD
at all return periods, but the location of the maximum shifts from the far southeast (Zabol)
at 2 years to further south, north, and west (e.g., Zahedan, Bam, and Tabas stations) at 10
years and longer. Figure 7 illustrates the interpolated NDD at 2-, 10-, and 100-year return
periods over the study area.

4 Discussion and conclusion

In much of Iran and elsewhere, the dust phenomenon is a major challenge for public health.
The phenomenon is the result of wind erosion and part a process of desertification and
land degradation, and can threaten human infrastructure and leave areas uninhabited. In
this study, statistical methods were used to analyze this phenomenon and study its spatial
and temporal pattern. Results show that southeastern part of Iran’s Central Plateau, includ-
ing Zabol and Zahedan stations, has the highest rate of dust occurrence. One of the main
causes of dust in this area is the 120-day winds of Sistan, which are very fast and very
hot, in the late spring to early fall (Alizadeh-Choobari et al. 2014). Strong winds and low
humidity frequently cause dust lofting (Rashki et al. 2012). This has severe economic and
social impacts on the lives of the residents there and also threatens their health (Miri et al.
2009; Ghaljahi et al. 2019). The Hirmand Wetland on the border between Iran and Afghan-
istan is one major source of dust in the dry season (Middleton 1986, 2019).

The results also show that most of the dust events occur in the spring and summer. Chun
et al. (2001) and Shao and Dong (2006) found that dust storms in parts of China, Korea,
Japan, and other parts of eastern Asia occur in the spring, similar to the results of this study
in the central Iranian plateau. June, July, May, and April were the months with most fre-
quent dust days. The spatial pattern of this phenomenon indicates that the number of dust
days does not follow a simple pattern, but parts of the southeast and northwest of the study
area had the highest number of dust days. The finding that the southeastern region of Iran’s
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Central Plateau has the highest frequency of dust confirms previous studies (e.g., Cao et al.
2015; Modarres and Sadeghi 2017; Middleton 2019; Baghbanan et al. 2019). The geo-
graphic and seasonal patterns of dust storms relate to the distribution of dust source areas
inside and outside Iran, as well as to local and regional synoptic conditions that govern
dust transport (Rashki et al. 2015; Mesbahzadeh et al. 2020a, b). These are in turn affected
by anthropogenic water withdrawals and land degradation, as well as by soil drying and
vegetation loss due to climate change (Nouri et al. 2019; Mirakbari et al. 2020).

The main contribution of the current study is in analyzing the probability distribution
of annual NDD and computing the distribution of NDD values at different return peri-
ods across the Central Plateau of Iran. The best distribution function of each station was
selected by using a goodness of fit criterion. The Johnson SB distribution function, fitted
to observational data at ten stations, was the most frequently selected as the most appropri-
ate function. Dust days were calculated for the 2-, 5-, 10-, 25-, 50- and 100-year return
periods. Averaged across all the stations, NDD was 28 at the 2-year return period, rising
to 50 days per year at the 5-year return period and 62 days at the 10-year return period.
Overall, the spatial pattern of the number of days of dust during different return periods
indicated that southeastern Iran as well as some northwestern and eastern portions of the
study region had particularly high values of NDD at longer return periods. The central Ira-
nian pattern was more regular, in that it is always moderate in the number of days of dust,
while much of the northern and southwestern margins of the Central Plateau region have
low NDD at all return periods.

There are a number of limitations in our research that should be kept in mind when
interpreting it and could be addressed in future work. We did not distinguish different lev-
els of dust storm severity or set specific visibility thresholds in compiling NDD data from
station reports. Considering the distribution of different weather codes separately could
provide insight into whether the distribution of severe dust storm days could be different
from that of moderate dust days. We also did not analyze how the fit of NDD series to
different probability distributions corresponds to differences in the physiographic, mete-
orologic, or other characteristics of stations that pattern interannual variability in dust phe-
nomena. As well, the fitted probability distributions and associated return periods do not
take into account temporal change in propensity for dust storms; risks under future climate
and land use may in fact be different.

Overall, the differences in mapped values across return periods distinguish areas where
the mean NDD is high but the interannual variation may be low (which have the highest
NDD at short return periods) from those where the mean may be lower while interannual
variation is high (which have relatively more NDD at long return periods). Such distinc-
tions may be helpful for managing dust storm hazards, particularly given the predominance
of years with heavy dust loading since 2008.
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