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Abstract: Dust storms are frequent meteorological phenomena in the arid and semi-arid
regions of Khuzestan province (KHP) in southwest Iran. These storms result in significant
social and economic repercussions that extend beyond mere meteorological and climatic
disturbances. Over the past decade, they have become the primary cause of substantial
environmental and socio-economic damage in the region. In this study, we aim to assess
the economic impacts of sand/dust storms (SDSs) on human health, agriculture (specifi-
cally Estamran dates), and migration in KHP. Our findings reveal the following economic
consequences: Respiratory diseases incurred a financial loss of approximately USD 14 mil-
lion, with more than 450 individuals requiring hospitalization at a cost exceeding USD
0.04 million between April and July 2022. In addition, cardiovascular diseases related to
SDSs resulted in costs exceeding USD 1.9 million within the same time frame. Cities near
the sources of dust storms experienced a cumulative damage cost of approximately USD
6.8 million. The local population in these cities also suffered more significant adverse ef-
fects compared to those in cities farther from the influence of dust storms in southwest
Iran. We further evaluated the impact of SDSs on the quality of Estamran dates by ana-
lyzing 20 samples from key Estamran date production areas in KHP, including Ahvaz,
Abadan, Khorramshahr, and Shadegan. The cost of damages (COD) in this sector was
estimated at around USD 18.3 million, with Shadegan bearing the brunt of the loss at ap-
proximately USD 8.3 million. SDSs also have an important social economic impact due to
deterioration of living conditions and migration in KHP. In total, the socio-economic costs
of SDSs in these three sectors amounted to about USD 39 million. This is particularly con-
cerning considering that Khuzestan province contributed 14.8% to Iran’s Gross Domestic
Product (GDP) in 2020, representing 50% of the economic output of southwestern prov-
inces. Therefore, the current findings represent an alarming situation regarding the socio-
economic impacts of dust storms in SW Iran.

Keywords: dust storm; economic issues; human health; migration; agriculture; southwest
Iran
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1. Introduction

The Middle East is the second largest global dust source, and, unlike North Africa, a
large part of the population lives in cities near deserts that are directly affected by dust
storms, causing substantial damage to natural and human ecosystems [1-6]. Conse-
quently, around 40 million people in this region, including populations in Iraq, Iran, Ku-
wait, Saudi Arabia, Qatar, Bahrain, and UAEs, are affected by dust source areas resulting
from draining the water within the Mesopotamian Flood Plain and other watersheds and
wetlands, as well as due to climate change [7,8]. During the past decade, southwest Iran,
particularly Khuzestan province (KHP), has been affected by several intense dust storms
and sandstorms (SDSs) [9,10]. Unfortunately, as a result of prolonged droughts, the mis-
management of water, excessive dam construction, and extensive damages from the Iran—
Iraq War, SDS phenomena have become a challenging crisis in recent years [11-14].
Khuzestan province is Iran’s petroleum hub and accounts for about 15% of the national
GDP. This means that dust hazards could highly affect the province’s economy and social
affairs and, in turn, the country’s economy. As a result, socio-economic instability and
hydro-climatological drought in the Middle East and the Khuzestan region may exacer-
bate the land’s susceptibility to SDSs [15-17].

Beyond the perturbations in weather, meteorological dynamics, and climate [18-20],
several negative effects of sand/dust storms (SDSs) have been reported on the socio-eco-
nomic life [21-23], human health, such as allergies, respiratory, and cardiovascular dis-
eases and eye irritations [24-29], crime [30], agricultural production [31-33], transporta-
tion [34-36], sustainable energy production [23,37,38], migration, and societal changes
[39-42]. SDSs not only cause respiratory diseases like asthma [43,44] but also negatively
affect the entire community via effects on mental health [45]. In addition, they reduce hor-
izontal visibility (less than 1000 m) and increase the number of road accidents (bodily
damage/death) during severe dust storm events [46]. It has been reported that, over the
past decade, the cost of damages (COD) caused by SDSs in southeastern Iran (Sistan re-
gion) was over USD 46.5 million, of which road transport accounted for the highest
amount (66%). Dust deposition on the plant leaves also delays the plant’'s development,
reduces the quality and quantity of agriculture production, and significantly increases
pests in the dust clouds [31]. On the other hand, vulnerability to dust storms is determined
by the soil characteristics, proximity to dust sources, particle size, physical and chemical
dust properties, and wind erosion [47—49].

Although more than 77% of the members (total of 151) of the United Nations Con-
vention to Combat Desertification (UNCCD) suffer from adverse impacts of dust storms
[50], few studies have been conducted to assess the economic impact of SDSs on national
or regional economies. Meanwhile, in some countries such as Iran, Iraq [51], China [52],
the USA [53], and South Korea [21], the reported damages caused by SDSs were about
USD 1000, 1400, 265, 9600, and 5600 million, respectively. Furthermore, the economic im-
pact of dust storms on oil exports and aviation in Kuwait between 2001 and 2014 was
estimated to be USD 9.36 million [54]. Although numerous studies have examined distinct
characteristics (chemical, optical, physical) of dust storms in Khuzestan, SW Iran [9,55-
60], only a few have dealt with the effects of dust storms in this province [61,62].

To mitigate the consequences and adverse impacts of dust storms on various aspects
of human life and the environment, it is imperative to conduct risk assessments across
socio-ecological and economic systems. Such assessments are of paramount importance
in understanding the vulnerability and resilience of affected communities [63,64]. Despite
KHP being one of the regions that are most severely impacted by dust storms in Iran
[9,10,65] and experiencing significant detrimental effects on human health [66-68], the so-
cio-economic impacts and costs of dust storms in the province remain inadequately doc-
umented. In this context, the present research aims to comprehensively examine the socio-
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economic effects of SDSs within three key economic sectors in Khuzestan province: (i)
human health, (ii) agricultural production, and (iii) migration.

2. Study Area

Khuzestan province (KHP) is the fifth most populated province in Iran, located in the
southwest edge of the country. The population of KHP is about 5 million, of whom 75.5%
live in cities, while the remaining live in rural areas [69]. The province covers an area of
64,055 km?, of which 40% is mountainous (Zagros) and 60% is flat terrain (Figure 1a). The
primary rivers in the region are Karun and Karkheh, which originate from the Zagros
Mountains and flow into the Howeizeh and Shedegan wetlands [70,71]. Climate in the
plain is warm and dry; meanwhile, at higher elevations, a warm and semi-arid to semi-
humid climate is dominant. The average annual temperature and precipitation are 26 °C
and about 250 mm, respectively. The rainy season lasts from October to May, with 49% of
precipitation falling between January and March (Figure 1b). The Arabian Sea, Persian
Gulf, and the Mediterranean Sea are the main sources of moisture during the wet season
[72,73]. Dusty days are very common during the dry season, especially from April to Au-
gust (Figure 1b), while dust storms may occur throughout the year driven by different
mechanisms (Shamal, pre-, and post-frontal dust storms) [10,74]. According to long-term
observations, the prevailing wind pattern is from western and northwestern directions
(Figure 1c), thus transporting dust mainly from the Iraqi plains [75,76].
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Figure 1. (a) Map of the Khuzestan province (separated by the red line) in southwest Iran. Wetlands
(A, B, C) are adopted from Rekacewicz (2005), and other vectors are retrieved from Diva GIS portal.
(b) Frequency of dust days (brown) and dust storms (black) (1963-2021), monthly precipitation
(blue) and temperature (red) during the period (1951-2017). (c) The wind roses in Ahvaz synoptic
meteorological station during the period 1990-2021.

3. Material and Methods
3.1. Data

For the objectives of this paper, multiple data were collected and analyzed in KHP
spanning over different periods during the last four decades (1960-2020), regarding tem-
perature changes, droughts, dust activity, population, Date Palm production, crude death,
mortality of chronic respiratory (CRD), and cardiovascular diseases (CVD) (see Table 1).
Data series of temperature were obtained from (https://psl.noaa.gov/, accessed on 23 De-
cember 2024), while those of the standardized precipitation evapotranspiration index
(SPEI), which determines the drought, were collected from (https://spei.csic.es, accessed
on 23 December 2024).

The population census data and crude death statistics were obtained from the Iran
statistics center and civil registration organization (https://www.sabteahval.ir/, accessed
on 23 December 2024). To reconstruct crude death data in the province before 2002, the
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KHP’s share of national crude death over the past 20 years was used. Data on CRD and
CVD mortality in Iran during 1990-2019 were obtained from the World Health Organiza-
tion (https://ncdportal.org, accessed on 23 December 2024), and the CRD and CVD mor-
tality in KHP was estimated based on the province’s share of the national crude mortality.
The data for Iranian population aged above 65 years was obtained from
(https://data.worldbank.org, accessed on 23 December 2024), and KHP’s fraction was de-
termined by its proportion to Iran’s total population. It should be mentioned that the
crude death data during 1994-1997 and 20062007 are unreliable due to the inclusion of
past unregistered cases. A fitted linear model was used to reconstruct the omitted data of
these periods. In addition, the production and the area under Date Palm cultivation in
Iran and KHP during 1982-2021 were obtained from the Iranian Ministry of Agriculture
(http://www.maj.ir/portal, accessed on 23 December 2024) and Food and Agriculture Or-
ganization (FAO) (https://www.fao.org/faostat/, accessed on 23 December 2024). Based on
KHP’s contribution to the country’s Date Palm production over the last 20 years, Date
Palm production for the years before 2001 was also estimated.

Table 1. Summary of data used in this study.

Type Class Usage Period
Landsat satellites imagery MSS, TM, ETM+, OLI Howeizeh wetland surface 1990-2020
Meteorological data Frequency of dust storms visibility below 5000 m 1963-2021
Health Respiratory disea'ses, cardiovascular 2017-2021
Statistical data patients
Agricultural Estamran date 1982-2021
Migration Population 2006-2016

3.2. Dust Storms Frequency and Wetland Surface Area

The main sources of SDSs in KHP are the drying wetlands along the Iraq-Iran bor-
ders (Figure 1a), the Iraqi plains, and the Syrian-Iraqi Desert [9,13]. We hypothesize that
dust storms impact the cities in KHP, namely Ahvaz, Abadan, Khorramshahr, and Shade-
gan, which are major Estamran date production centers, due to a decrease in the water
area in the Howizeh wetland. In this regard, we calculated the water surface area of the
Howeizeh wetland using long-term time series imagery over the last three decades (1990-
2020) from Landsat satellites (MSS, TM, ETM+, and OLI sensors) (http://earthex-
plorer.usgs.gov/, accessed on 23 December 2024). The necessary geodatabase infrastruc-
ture was generated inArcGIS 10.3, while 20 vector layers were extracted from satellite im-
ages. Observational data from the Khuzestan Meteorological Organization was used to
calculate the monthly frequency of dust storms (visibility below 5000 m) during 1963-
2021, classified as 1000 m, 1000-3000 m, and 3000-5000 m. Date Palm yield data (1997-
2021) in Ahvaz, Abadan, Shadegan, and Khoramshahr were collected from
(https://pbi.maj.ir/, accessed on 23 December 2024).

Principal component analysis (PCA) was employed to condense the data and identify
the predominant patterns of variability (DPV). The input data included changes in surface
water levels in the Howeizeh wetland, the seasonal frequency of dust events (DJF, MAM,
JJA, SON), mortality rates for cardiovascular diseases (mCVD) and chronic respiratory
diseases (MCRD), crude death rates, the fraction of the population aged 65 years and older
(above 65), the total population of KHP, and the net migration. The PC scores with the
highest eigenvalues were used to establish a connection between DPV and climate change
in the region.

The analysis was conducted using R programming and involved the utilization of
FactoMineR [77], factoextra [78], and missMDA [79] R packages. The missMDA package
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was specifically employed to impute missing data in the Howeizeh wetland, net migra-
tion, as well as any omitted crude death, CVD, and CRD data.

3.3. Socio-Economic Analysis

The estimated economic damages caused by SDSs in the three examined sectors of
health, agriculture, and immigration were calculated in USD based on the following for-
mula:

COD = (Nd x CODR) i x AdvR/Dvs 1)

In this formula, R is the reference currency, Nd is the number of damage, CODR is
the number of damages in the currency of the specified country, AdvR is the average dol-
lar exchange rate in the reference year, Dvs is the dust impact value in the sector, and i is
the rate of inflation (if required).

3.3.1. Human Health Cost Analysis

The data of respiratory diseases for the period 2017-2021 were gathered and ana-
lyzed, as well as statistics of cardiovascular diseases (35 years and older) and deaths due
to dust storms for the period 2020-2021. Related data were provided by the Jundishapur
University of Medical Sciences in Ahvaz, Iran. Respiratory patients were divided into
three age groups (<16, 16-65, >65 years), and the seasonal distribution of COD in 2020-
2021 was calculated. In order to estimate the COD in the human health sector (CODn),
Equation (2) was used, where NP is the number of patients and ACT is the average cost of
treatment [44,47].

(NP x ACT)!
A Sl 2
coD, v, X 100 ()
(ND x ACW)!
T 3
CODyqy Adv, x 100 3)

More specifically, we also considered the CODnd formula (Equation (3)) for estimat-
ing the cost of damages, when human death occurs from cardiovascular and respiratory
diseases during dust storms. ND is the number of deaths and ACW is the average cost of
wergild, according to Iran’s Islamic Sharia laws; ACW costed USD 15,714 in 2020 and USD
16,400 in 2021. Due to the high hospitalization rates for respiratory diseases, this section
also assesses the cost of absence from work in the active labor force (CODn) (Equation (4)).

_ (Npl x ACS)!

CODy,; = AV x 100 (4)

Npl is the number of hospitalized working-age patients (16-65 years old) caused by
dust. ACS is the average cost of one day’s salary, which is between USD 3 and 3.5 in 2020-
2021 (Ministry of Cooperatives, Labor and Social Welfare, Iran).

3.3.2. Agriculture Cost Analysis

Estamran dates are among the major agricultural products in KHP. This variety is
planted in approximately 90% of the groves, covering more than 70% of the cultivated
area [80]. Twenty Estamran date samples were collected during a dust storm on May 22,
2022. Ten intact Estamran (IE) and ten dusty Estamran (DE) samples were collected in
Abadan. Equation (5) was used to estimate the COD incurred by SDSs on Estamran dates
(CODka).

E,. X Dvy)i X MP,
CODgy =( pr Adsi ¢

x 100 )
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_________

Ep: is the production rate (Equation (6)) of the Estamran dates that was calculated for
the four main Estamran Palm planting areas (Abadan, Ahvaz, Khorramshahr, Shadegan),
D.k is the dust impact value in the Estamran (Equation (7)), and MPt is the market price
of the Estamran dates in a specified time frame. In addition, Dt was determined by the
difference in weight between the IE samples and DE samples:

Epr = [(Ec X EPd) X APy (6)

Dve = (IEw — DEw)/Ws (7)

Ec is the cultivated area (in hectares), EPd is the distance of the Estamran Palm (8 x 8
square meters), APy is the average yield of each tree in above mentioned regions, while
Ws is the weight specified in [81].

3.3.3. Migration Cost Analysis

For the assessment of the migration cost, we compared population change data from
Abadan, Rofaeh, Arvandkenar, Sosangerd, Bostan, Shadegan, and Hamedeh cities in
KHP, along with cities located far from dust sources such as Ahvaz, Shush, Dezful, and
Shushtar, aiming to examine the impact of dust storms on migration in KHP from 2006 to
2016 (available data). Based on three separate census periods, including 1996-2005, 2006—
2010, and 2011-2016, the Statistics Center of Iran (SCI) collected migration data (en-
try/exit). Then, we calculated the COD of the migration sector (CODmig) as

(M, X Ac)" X DVypig

CODpiy = Adv x 100 8)

Mn represents the number of incoming and outgoing immigrants, and Ac represents
the average cost of immigration per person in developing countries. It is approximately
USD 390 per person, according to [82]. The dust impact coefficient on migration is denoted
by Dvmig. According to the IOM (International Organization for Migration), drought is
responsible for 12% of household migration in Iraq [83]. In this study, we also used 12%
as Dvmig, since the environmental conditions in KHP are very similar to those in Iraq
because of the proximity of these areas. Figure 2 shows the flow chart of the methodology
and the different datasets used in this study.

R * Respiratory Diseases

Meteorological Data

Landsat satellites Human Health + Cardiovascular Patients

imagery

N 1
Migration immigrants
A 4
Wetland Surface
Agricultural —»| * Twenty Estamran Date samples
l products

T e

1
1
1
1
1
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1
1
1
1
:
1
« Data of Entering vs. Exit ratio of | 1
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Socio-economic Analysis

Figure 2. Flow chart of the multiple datasets and methodology used in this study.

4. Results
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4.1. Dust Frequency

Two key findings emerged from the analysis of observational data. In the first case,
the effects of regional socio-political instability are reflected by a significant increase in
dust frequency during the Iran-Iraq war (1980-1988), Iraq’s invasion in Kuwait (1990-
1991), and the United States” occupation of Iraq (2003—2011), as also stated elsewhere [84]
(Figure 3). The second finding is related to the significant warming in the Middle East
region during the last three decades, especially after 2000 (Figure 3a), favoring prolonged
droughts and desertification [85-87]. It has been reported that sources of dust in
Khuzestan include neighboring countries (Iraq, Syria, and Saudi Arabia), as well as local
sources, i.e., Khuzestan desert plains and the dried Howeizeh wetland, because of climate
change, dam construction, and the increased demand for irrigation [9,60,88-90] (Table 2).
Table 3 includes the monthly data of SDS occurrence at meteorological stations in KHP
(present study), along with those in neighboring areas, based on observational data and
different techniques and criteria for the detection of dust events. So, the main finding is
the large frequency of dust events in KHP, which maximizes during the spring and sum-
mer months (May to July), in accordance with the monthly variation in dust activity in
Kuwait [91]. Long-term analysis and more details about the dust activity in KHP have
been documented in previous studies [9,10,92,93]; however, this is beyond the scope of
the present work.

The last two decades have been characterized by an increase in moisture deficit in
the region and a significant decrease in the water surface area of the Howeizeh wetland
(Figure 3b). It is noteworthy that the water area in the Howeizeh wetland has decreased
since 2008, mainly due to oil extraction and dam construction projects [56,59], while a
dramatic increase in dust activity was observed along the Iraqi plains and KHP during
the period 2008-2012 (Figure 3c), following a drought shift in the Fertile Crescent in Iraq
[10,85]. Furthermore, the increase in the population of the KHP was associated with an
increase in the intensity of the region’s moisture deficit, freshwater consumption, and
drought conditions (Figure 3b).

In addition, the region’s warming trend over the last three decades (Figure 3a) has
introduced increasing trends in dust frequency during winter and spring seasons [94,95],
whereas the dust frequency started declining after 2012, but remained at higher levels
compared to that before the 2000s (Figure 3c). A comprehensive review on climate change
in Iran carried out by [96] reported that the mean annual temperature has significantly
increased by 0.3 °C/decade, and the annual precipitation decreased monotonically with a
mean rate of =7 mm/decade over the last 50 years. Results from several studies showed
that abrupt changes in the temperature time series have been happening since the 1970s
and 1990s. The ascending trend in temperature is mostly the result of a significant warm-
ing trend with different rates in annual Tmin in different parts of the country, i.e., [97-
100]. Over the past few decades, climate change in Iran has aligned with the anticipated
future conditions for the entire Middle East. This has resulted in various adverse impacts
on people's lives, socio-economic activities, ecosystems, and water management. [17,101].

Table 2. Internal and external dust sources affecting Khuzestan plain.

Source Region Reference
Howeizeh wetland Malamiri et al. [59]
East Zohreh and East Jarrahi sabkha Rashki et al. (2021) [5]/Abyat et al. (2019) [102]
Local Malhe playa Heidarian et al. (2018) [73]
Gofer dry land Malamiri et al. (2022) [6]
Shlamcheh/Khoramshar desert Broomandi et al. (2017) [56]
External Iraq Zarasvandi et al. (2011) [56]
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Kuwait Hamzeh et al. (2021) [13]
Arabian Peninsula Hamzeh et al. (2021) [10]
Syria Salmabadi et al. (2020) [9]
Jordan Salmabadi et al. (2020) [9]
Table 3. Average annual and monthly frequency of dust events in a regional scale.
Location Reference Monitoring Years Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total SDS
West Iran Present study 18 05 32 52 49 78 8571 22 22 11 04 04 43.5
Kuwait Alshemmari et al. 2013 [91] 19 09 14 21 33 37 45 46 19 06 14 03 1.1 25.8
Bahrain Al-Dousari et al. 2020 [20] 33 0103 05 06 05 1415 02 03 0 01 01 5.6
Qatar Subramaniam et al. 2015 [12] 15 04 05 07 07 04 17 14 02 01 03 04 0.1 7.1
Abu Dhabi Al-Ghadban et al. 1999 [11] 6 04 03 06 01 04 0407 0 01 0 02 07 3.9
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Figure 3. (a) Monthly anomaly of the HadCRUT5 2 m air temperature (red) (https://psl.noaa.gov/,
accessed on 23 December 2024), step line of population data (olive), along with the percentage of
population aged 65 years and above (dashed black) in KHP. The population number in 2021 was
estimated based on the population growth rate during 1996-2016. (b) The standardized
precipitation evapotranspiration index annual timeseries (SPEI12and24) (black and smalt blue), for
which data below near normal moisture are highlighted with yellow color, and Howeizeh wetland
water surface area (neon red). (c) Observations of dust frequency (in bar plots) in spring (red brown)
and winter (dark navey blue) in Ahvaz station (1963-2022). The blue line is PClscores. The gray
areas depict the Iran-Iraq war (1980-1988), Iraq invasion in Kuwait (1990-1991), and US occupation
of Iraq (2003-2011).

The analysis of the principal components revealed that the first two PCs explain ap-
proximately 76% of the data variance. PC1 is responsible for about 57.3% of the variance
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of all data (Figure 4). Population-related parameters exhibit a strong connection with PC1;
however, the water surface area of Howeizeh wetland exhibits a negative correlation with
PC1. Winter and spring dust events both exhibit a moderate connection to PC1, whereas
summer and fall dust frequencies are mostly connected to PC2. Finally, migration is neg-
atively connected to PC2, but this correlation is moderate.

The results of the simple linear regression indicated that the SPEI24 and SPEI12 ex-
plained 67% and 59% of the variation in PClscores [F(1,57) =119.1, p =1.391 x 10-%5; F(1,57)
=81.9, p = 1.28 x 10712], respectively. These results were statistically significant at the 99th
confidence level (p < 0.01). The strong negative (positive) association of the water surface
area (frequency of dust in spring and winter) in the PC1 led us to suggest that the decline
in water coverage in the Howeizeh wetland was one of the factors contributing to the
increase in the frequency of dust storms in spring and winter over Khuzestan, as was also
reported by [58,102]. In addition, [103] highlighted the Howeizeh marshes as the main
SDS local source area in southwestern Iran. In a similar way, previous studies [5,102] have
indicated that the desiccation of the Hamoun lakes played a significant role in the dust
activity in Sistan, east Iran.
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Figure 4. (left panel) The PCA graph of variables for the first and second principal components
(PCs) or dimensions (Dim); (right panel) the scree-plot displaying the distribution of explained

variance across all PCs.

4.2. Socio-Economic Impacts

The economic effects of dust on the global economy have not been comprehensively
studied, and the analyses have focused more on the local (national) economies. SDSs in
various regions of the world have diverse economic and social effects depending on the
vulnerability of the country, the economic indices, exposed population density, etc.,
[1,104,105]. Frequent and severe SDSs could lead to poverty, damage to the agricultural
economy, the overwhelming of the health system, tourism interruptions, disruptions of
the transportation system (road, rail, and aviation), decreases in the performance of or-
ganizations, and the closing of schools and universities [9,46,106]. Ref. [107] reported that
a daily increase of 10 pg m= in the coarse particle (PMio-25) concentrations during Saharan
dust days in Barcelona, Spain, increased the daily mortality by 8.4% (95% confidence in-
terval: 1.5-15.8%). In the Middle East and North Africa (MENA) region and southwest
Asian (SWA) countries, there are some estimates showing that the economy is subjected
of shrinking by about USD 13 billion because of dust storms every year [108]. The esti-
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mated economic costs and the main impacts on economy sectors caused by SDSs in dif-
ferent parts of the MENA region are summarized in Table 4, while other studies reported
high economic costs for the removal of dust and sand from buildings and infrastructure
in Middle Eastern countries [34,109,110].

Table 4. Economic damage cost of dust storms in Iran and other countries in the MENA region.

Region Cost (USD) Impacts Reference
MENA 13 billion UNERP et al. [108]
. 824,311 per oil tanker Qil exports, delays in air travel,
Kuwait 28,180 dailg tactical airline i traffic acZident, Al-Hemoud etal. (2019) [54]
Iraq 1.4 <million Health, transportation, agriculture Meibodi et al. (2015) [44]
Iran 1 < million Health, transportation, agriculture Meibodi et al. (2015) [44]
Khuzestan (southwest) 375 million
Sistan and Baluchistan (southeast) 250 million

Health, transportation, agriculture,

Kermanshah (west) 105 million . Iran Environment protection office
1 closure of educational centers,
Illam (west) 44 million industri Fout famili (2020) [111]
South Khorasan (northeast) 69 million ustries, power outages, famties
Hormozgan (southwest) 125 million
Cleaning, health, electronics, car
Yazd (central) 6.8 million accidents, airline delay, signs, posts, ~ Ekhtesasi and Sepehr (2009) [104]
irrigation
. Treatment, agriculture, air pollution, .
Ardakan (central) ~8.1 million . Qanavati et al. (2018) [105]
animal husbandry
Zabol (southeast) 99.1 million Physical damage and loss of Pahlavanravi et al. (2012) [32]
production
Khuzestan ~39 million Agriculture Yazdani et al. (2024) [106]

4.2.1. Human Health

The KHP population, crude death, and mortality rate of CRD and CVD showed
strong positive associations with PC1 (Figure 4). During the initial three decades, from
1960 to 1990, the crude death rate was around 110 people per year, but between 1990 and
2021, this tripled to 330 people per year, coinciding with the increasing aridity and dust
activity in the region since 1990 (Figure 3a,b). Estimated CVD and CRD mortality rates in
KHP indicated an increase of 40% and 70%, respectively, between 2000 and 2019 (Figure
5a).
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Figure 5. (a) Step plot of recorded (2002-2021) and estimated (1960-2002) crude death in KHP
(black), mortality of CVD (purple) and CRD (red). (b) Step plot of net migration (1978-2016) (dark
blue) and estimated cost of migration (1996-2016) (dashed black line). (c) Line plot of recorded
(1982-2021) date production (dark green) and ratio of non-producing to producing area (blue). Gray

bars are similar to Figure 2.

The inhalation exposure to dust aerosols and the related health effects are sensitive
to several factors like the dust chemical composition and adhesion of potential toxic ele-
ments (PTEs), the dust particle size and shape, the duration of exposure, and the physio-
logical (lung and immune system) characteristics of a person [112]. Airborne dust particles
in Saudi Arabia and Iraq were found to contain aeroallergens, fungal spores, antigens,
and organic detritus, which may cause a variety of allergies and respiratory diseases
[113,114]. Furthermore, several human pathogens like Bacillus, Brucella, Coxiella, and
Mycobacterium can be adhered to and transported with dust, as was also found in Iraq
and Kuwait [115]. In this work, the respiratory (asthma) patients during dust events, an-
alyzed according to age and season in 2020 and 2021, revealed that the number of patients
increased during the warm season (Figure 6a,b). The economic-active population group
(16-65 age) exhibited the highest number of hospital visits in 2020 and 2021 (814 and 683
persons, respectively). The total CODn for a one-day absence from work caused by a res-
piratory illness was approximately USD 15,000 (CODw = USD 8000 in 2020 and USD 7000
in 2021) (Table 5). During 2017-2021, the number of respiratory disease cases has dramat-
ically increased in KHP. The highest number of cases (10,948 people) reported in 2019.
During this course, CODn was calculated at around USD 1.9 million (Figure 6c). Also, a
positive association was found between dust concentrations and hospital emergency
room patients from April to July 2022, since the highest dust concentrations on 18 and 22
May were closely followed by increased cases of respiratory patients (Figure 6d). During
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this time period, 7901 people visited hospitals with respiratory problems and symptoms
in KHP, and approximately 450 people were hospitalized, with an estimated CODn at
about USD 40,000. In this respect, ref. [116] analyzed the time series of dust storm events,
along with daily emergency hospital admissions for asthma and respiratory diseases in
Kuwait, spanning for a period of 5 years. They found a statistically significant association
between dust storm events (~34% of total days) and hospital admissions for asthma and
respiratory issues at the same day, which was notably higher for children.

Table 5. Number of deaths due to respiratory diseases with estimated CODna and CODni in KHP in
2020/2021.

Respiratory (Death) CODrd (USD x1000)  CODm (USDx1000)

Season 2020 2021 2020 2021 2020 2021
Spring 8 5 1257 82 2.44 1.97
summer 14 11 219.9 180.4 1.82 2.41
Autumn 4 4 62.8 65.6 1.67 145
Winter 8 7 125.7 114.8 1.94 1
Total 34 27 534.1 4428 7.87 6.92

Overall, KHP faced a CODna of approximately USD 4.4 to USD 5.3 million for cardi-
ovascular diseases between 2020 and 2021 (Table 6). The results of the cardiovascular
damage (for people over 35 years old) showed that the winter and summer seasons had
the highest number of cases (646 in 2020 and 841 in 2021) and, consequently, the highest
CODn (USD 0.22 in 2020 and USD 0.34 million in 2021). In general, during 2020-2021, dust-
related CODrn in KHP was more than USD 1.9 million. Deaths from cardiovascular dis-
eases were higher during summer (85 in 2020 and 104 in 2021), followed by winter and

spring.

Table 6. Number of cardiovascular patients and deaths of cardiovascular sickness, along with CODn
and CODnd (above 35 years old) in KHP in 2020/2021.

Cardiovascular Cost of Cardiovascular Cardiovascular (Death) Cost of Cardiovascular
Season (35 <01d) USD*1000 (Death) USD*Million
2020 2021 2020 2021 2020 2021 2020 2021
spring 500 528 172.14 214 64 71 1 1.1
summer 633 841 217.93 340.9 85 104 1.3 1.7
autumn 554 670 190.73 271.64 54 58 0.848 0.951
winter 646 700 222.40 283.80 64 75 1 1.2
Total 2333 2739 803.2 1110.34 267 308 4.148 4951
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Figure 6. (a) Bar plot of seasonal asthma-related hospital admissions in 2020 and 2021 (orange and
brown), along with percent of admissions for ages above 65 (smalt blue) in Ahvaz. (b) Bar plot of
seasonal dust frequency in 2020 and 2021 (orange and brown) and reported rate of mortality in
asthma patients (red). (c) Bar plot of annual respiratory diseases cases and related damage cost
(CODn) (orange) in KHP during 2017-2021. (d) Number of respiratory patients who visited the
hospital emergency in Ahvaz in dusty days of April-July 2022 (orange), associated with line plot of
dust concentration (in pg m=3) (black).

4.2.2. Migration

KHP was an open province for immigrants before the Iran-Iraq war (1980-1988),
which caused massive emigration [117]. Towns of Abadan and Khorramshahr were
highly drained from population (Figure 5b). After the war, due to the strategic importance
of the province, immigration increased during 1989-1996 and the large city of Ahvaz was
formed, along with a large number of smaller cities contributing to the increase in the
KHP population [118]. Since 1996, the region has also experienced an increase in dust fre-
quency and an intensification of the drought; since then, the immigration face has been
replaced by a slow emigration rate (Figure 5b), and in the mean time, the KHP’s popula-
tion has been steadily increasing since 1990 (Figure 3a).

Migration exhibited a weak negative correlation with PC2, but no association with
PC1 (Figure 4). Also, PC2 scores revealed no link with the SPEI or temperature anomalies
in the KHP area. Likely, dust has a negative effect on net migration, to some extent. In
other words, factors other than droughts and dust played an indirect role in net migration.
Because the abundance of dust in the summer season is strongly related to this PC, a sea-
sonal migration just to avoid the heat and dust in this season may be a likely scenario as
well. However, increased spring and winter dust [95] has accelerated migration in recent
years (Figure 5b).

The analysis of the economic impacts of migration revealed that during 20062016,
about 135,831 people emigrated, which is about 13 times higher than that during 1996—
2005. Both decades were characterized by increases in aridity in KHP (Figure 3b), while
the dust frequency during 2006-2016 was higher compared to 1996-2005 (Figure 3c). Our
estimates show that between 1996 and 2016, the total migration damage cost (CODumig) in
KHP exceeded USD 6.8 million (Table 7). Due to climate change impacts (increase in tem-
perature and drought) and several human activities that deteriorate the environment and
quality of life in SW Iran, more people leave than enter the Khuzestan Provide. This wave
of emigration away from the province progressively increased from 1996-2005 to 2011-
2016, as the balance of immigrants increased from about 10 to 146 thousand (Table 7),
indicating that people are pessimistic about future living conditions and the worsening
quality of life (economic, social, etc.) in Khuzestan. Furthermore, a linear regression with
R2 = 0.99 was established between immigration variance and the total cost of migration
damage.

Table 7. Data of entering vs. exit ratio of immigrants in three censuses periods with the amount of

CODmig in Khuzestan province.

. Immigration Cost of Migration
Census Enter Exit Variance Damage (USD*Million)
1996-2005 58,854 69,025 -10,171 0.476
2006-2010 60,521 114,493 -53,972 25
2011-2016 53,632 135,491 -81,859 3.8

Total 173,007 319,009 -146,002 6.576
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4.2.3. Agricultural Products

Dust deposition on plants was recognized to affect many of their physiological pro-
cesses, such as weakening photosynthesis, a loss of chlorophyll, decreases in stomata con-
ductance, a loss of plant tissue due to sandblasting, the possible deposition of PTEs,
among others [119-122]. In addition, wind erosion and SDS emissions reduce soil fertility
through the removal of soil particles that are rich in nutrients and organic matter, thus
contributing to desertification [123]. Climate change and natural hazards cause immense
vulnerability in different dimensions of the agricultural part and, therefore, food produc-
tion [124,125]. The significant dependence of rural economy and livelihoods of farmers on
agricultural activities in Iran has escalated the vulnerability to natural hazards, particu-
larly droughts and dust storms [126-129].

The date, or the tree of life, is a backbone of rural subsistence agriculture in most of
the arid/desert lands in the MENA region [130,131]. KHP contributes approximately 14%
to Iran’s date production, which is concentrated by 85% in the Abadan and Shadegan dis-
tricts. The date production in KHP has followed two major trends over the last four dec-
ades, since it decreased prior to 1990 and then reversed. In the mean time, the ratio of non-
producing to yielding areas increased from about 5% in 1990 to 50% in 2010, and then
dropped to around 30% (Figure 5c). The ratio of non-producing to date yielding areas
showed a moderate correlation with PC1. The results of the linear regression showed that
the PC1 explains about 60% of the variation in this ratio [F(1,38) = 56.81, p = 4.668 x 10-%],
with the results being statistically significant at the p <0.01 level.

Since 1990, the KHP has experienced an increase in date output, as a result of rising
minimum temperatures and the growing aridity in the area. The KHP’s booming business
sector has been offset by the downward trend in the water surface of the Howeizeh wet-
land, rising dust frequency, and all associated environmental problems. We consider the
production of agricultural products to be a process in which labor, particularly in the rural
economy, plays a crucial role. As stated in the methodology section, the SDS impact on
the quality of the Estamran dates was studied by analyzing 20 date samples at different
production regions in the KHP. The total cost of damages (COD) was estimated at about
USD 18.3 million, while the Shadegan district contributed most to this damage cost (with
an amount of about USD 8.3 million) due to higher date production. We contend that the
production of dates contributes a negligible beneficial contribution to the region’s econ-
omy and that both migration and mortality are having a detrimental effect on the work-
force in rural areas. Therefore, we may conclude that the region’s agricultural products
are primarily impacted by the total harms brought on by migration and human loss. A
previous study [132] reported that the income of farmers in Iran decreased by about USD
0.36 in irrigated agricultural lands and by USD 0.08 in rainfed lands, per hectare, due to
increases in dust events, thus increasing the concern of farmers on disastrous natural phe-
nomena such as SDSs. The estimated total annual cost of the dust damage to the agricul-
ture sector in KHP is about USD 39 million, while the whole cost of the dust damages to
province’s economy is up to USD 375 million (Table 4).

5. Discussion

Apart from the estimated SDS-related damage costs in the three economic sectors of
public health, migration, and agriculture in KHP that are analyzed here, the economic
impacts of dust storms may also include other sectors like aviation, transportation, the
closing of organizations, shops, etc. As reported by [133], 232 and 172 flights were can-
celed in 2008 and 2009, respectively, in KHP, due to a high reduction in visibility as a
direct consequence of increased dust events. The cancelation of flights, disturbances in
airport operations, mechanical failures in aircraft turbines, and possible passenger com-
pensations all contribute to high costs in the aviation sector. Furthermore, in 2008 and
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2009, due to increased dust activity in Khuzestan and in all of SW Iran [10], increased road
accidents were also reported, highlighting the role of dust storms in poor visibility.

The good association between PClscores and the SPEI indicated that droughts and
population growth have likely increased the frequency of dust events in winter and spring
over the last 20 years (Figure 3b,c). Furthermore, the relationship between droughts and
crude death in KHP showed that the increase in temperature or in the severity of drought
exhibited a positive trend in the increase in annual mortality, while the difference in dust
frequency between wet and dry years is intriguing. As a result of several wars and politi-
cal conflicts in the Middle East region, the dust frequency in KHP increased due to human
and military intervention, leading to land degradation and the deterioration of environ-
ment [133].

We suggest that increasing aridity associated with long periods of unrest in the re-
gion has increased dust frequency. It has been reported that dust storms have significantly
increased asthma attacks, cardiovascular diseases, and associated costs, particularly
among children and the elderly, in different parts of the globe [112,134-138]. Also taking
into consideration the lack of economic development and poverty [139,140], an aging pop-
ulation, and long-term exposure to high temperatures, particularly in summer, that in-
crease the heat stress, e.g., [17,141,142], the increasing dust activity has contributed to an
increase in CVD hospitalization and mortality. As a result, CVD and CRD have recently
emerged as major causes of mortality in the elderly and premature population in KHP,
which are strongly related with dust weather.

Several factors have contributed to Khuzestan’s higher unemployment rate and pov-
erty over the years, including an increasing population [143], a lack of economic develop-
ment [144,145], and harsh climatic conditions. Previous studies [146,147] reported that un-
employment, low income, and climate change were the main reasons for emigration from
villages to cities or from KHP to other provinces during 2006-2016. Because of the high
vulnerability of KHP to desertification [148,149], it is likely that drought intensification
and population growth in the province have significantly decreased wetlands and vege-
tation areas, while desertification due to climate change has also been accelerated. Fur-
thermore, as a result of mismanagement and socio-political unrest in the neighboring re-
gions, desertification in the province’s western parts has increased, and this area has since
become a dust source [148,150].

Therefore, during the last two decades, desertification not only has amplified dust
storms in the KHP but has also resulted in poverty and unemployment, a phenomenon
that accelerated the immigration. It is worth noting that desertification and the misman-
agement of water resources is a result of poverty and the lack of economic development
on the one hand, while its outcomes aggravate poverty on the other [151]. In general, cli-
mate change and its economic and social consequences may be sufficient reasons for the
recent decade’s migration from southwest Iran [152]. McLeman [40] and Wu et al. [153]
believe that human migration is a normal behavior during severe environmental chal-
lenges. However, ascribing migration from KHP to the dust frequency requires extensive
census data, especially when censuses are not conducted continuously. We suggest that
in the past few decades, climate change has likely exacerbated desertification and indi-
rectly exacerbated dust storms in the KHP, which, in turn, have increased immigration.

Since the 1990s, there has been an upward trend in date production, which coincided
with a positive temperature anomaly in KHP. The date can grow even in the absence of
rain and withstand high temperatures during summer [130]. The date harvest has in-
creased due to warmer conditions and, of course, due to population growth and more
working hands since the 1990s in KHP. The date crop showed a stable trend until 2010,
but it has been gradually declining since then, posing a significant threat to the region’s
rural economy. The main reasons for the decrease in date production during this period
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(after ~2010) can be attributed to extensive dam construction and a decrease in the level
and quality of groundwater [154], while the large increase in dust activity during 2008
2012 [10] may also contribute to the decreased date production that occurred in the fol-
lowing years. As date crop production is centered in rural areas, the increase in date pro-
duction might be a positive sign of development for the unstable rural economy, but it is
a warning sign triggered by the recent droughts. The latter is a major driver of migration
from villages to larger cities in the province, also posing a long-term threat to the region’s
ecosystem and excessive poverty.

The environmental issue of land degradation and desertification in the Middle East
is especially important and is projected to be exacerbated by climate change in the coming
decades [17,92]. The expected increase in air temperature beyond the current increase of
about 1.5 °C, the decline in precipitation, and the higher intensity and frequency of
droughts and dust storms will significantly affect the natural and artificial ecosystems,
thus contributing further to land deterioration, biodiversity loss, the intensification of des-
ertification, socio-economic damages, and increased costs of resilience and adaptation
[101,155,156]. Although dust is the dominant component of air pollution in the Khuzestan
province, urban/anthropogenic emissions due to petrochemical industries, oil refineries,
power plants, traffic, and any combustion process highly contribute to the deterioration
of air quality in this area [6,9]. Therefore, mitigation strategies and actions are needed at
least from local authorities to limit the urban emissions that greatly contribute to atmos-
pheric deterioration and hospitalization costs, as also observed in megacities across the
globe [157,158]. The current analysis provides useful insights for policymakers and local
authorities, as well as a scientific basis for mitigation strategies to meet the United Nations
Sustainable Development Goals (SDGs) for resilient cities, better lifetimes, and less costs
for health impacts.

6. Conclusions

Khuzestan province in southwest Iran has suffered from significant economic and
social damages caused by the dust and sand storms. Multiple statistical data were used to
calculate the cost effects of dust (COD) on health, agriculture, and migration. Current re-
sults indicated a positive relationship between the frequency of dust occurrence and eco-
nomic losses. COD amounts were estimated to be around USD 39 million in the three
sectors. Using data analysis, the health COD was approximately 14 million between 2017
and 2021. The economic-active population group (16-65 years) exhibited the highest num-
ber of respiratory patients, and the highest cost, during summer. Over USD 1.9 million
was spent on damages associated with dust-related cardiovascular patients in 2020 and
2021. In addition, migration data analysis revealed that dust caused a loss of USD 6.8 mil-
lion and ethnic changes in the Khuzestan province between 2006 and 2016. Last but not
least, we believe that dust contributed to a significant loss for farmers in the Estamarn
date harvest (CODed = USD 18.3 million).

Droughts in recent decades have caused irreparable damage in southwest Iran. The
region’s ecosystem has been deteriorated by the lack of economic development, poverty,
as well as an increase in urban population. Political and social unrest in the western neigh-
bor (Iraq) has also hastened desertification in recent decades. An obvious consequence of
this phenomenon is an increase in the frequency of dust activity, even during the cold
season, which contributed to short- and long-term threats to the cardiovascular health and
economic wealth of the region’s residents. Desertification-induced poverty has also accel-
erated the migration process over time. Overall, dust storms constitute a major economic
loss for Khuzestan province, and the future climatic projections of increased temperatures
and decreased moisture and precipitation over the Middle East will be a real threat to the
province’s and nation’s economy. Regional scientific cooperation and land-restoration
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projects are the real solutions to controlling the main source areas of dust and reducing
its socioeconomic effects.
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