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A B S T R A C T

Background: Increased atmospheric particulate matter (PM) concentrations are commonly observed during
desert dust days in Iran, but there is still no evidence of their effects on human health. We aimed to evaluate the
association between daily mortality and exposure to PM10 and PM2.5 during dust and non-dust days in Tehran
and Ahvaz, two major Middle Eastern cities with different sources, intensity, and frequency of desert dust days.
Methods: We identified desert dust days based on exceeding a daily PM10 concentration threshold of 150 µg/m3

between 2014 and 2017, checking for low PM2.5/PM10 ratio typical of dust days. We used a time-stratified case-
crossover design to estimate the short-term effects of PM10 and PM2.5 concentrations on daily mortality during
dust and non-dust days. Data was analyzed using conditional Poisson regression models.
Results: Higher concentrations of PM and frequency of desert dust days were observed in Ahvaz rather than
Tehran. In Ahvaz, the effect of PM10 at lag 0 was much higher during dust days, an increment of 10 μg/m3 was
associated with 3.28% (95%CI= [2.42, 4.15]) increase of daily mortality, than non-dust days, 1.03%
(95%CI= [−0.02, 2.08]), while in Tehran, was slightly higher during non-dust days, 0.72% (95%CI= [0.23,
1.23]), than in dust days, 0.49% (95%CI= [−0.22, 1.20]). No statistically significant associations were ob-
served between PM2.5 and daily mortality in Ahvaz, while in Teheran the effect of PM2.5 increased significantly
during non-dust days at lag 2, 1.89% (95%CI= [0.83, 1.2.95] and lag 3, 1.88% (95%CI= [0.83, 1.2.95]).
Conclusion: The study provides evidence that exposure to PM during Middle East dust days is an important risk
factor to human health in arid regions and areas affected by desert dust events.

1. Introduction

The major source of airborne particles in our Planet is known to be
natural sources, including dust from arid areas and marine aerosols
(IPCC, 2007 and references therein). Certain meteorological conditions
convey desert dust to inhabited areas (Marsham et al., 2013) and

exacerbate the concentrations of atmospheric particulate matter (PM)
several times higher than air quality health guidelines and standards
(Kang et al., 2012).

The Middle East is a hotspot for desert dust emissions, especially
during summer, frequently activated by the Shamal winds and cyclones
(Alizadeh-Choobari et al., 2016), especially when these are over Syria
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and Iraq (Trigo et al., 2002). Middle East Dust (MED) events are re-
ported to raise highest concentrations of PM with an aerodynamic
diameter < 10 μm (PM10) of 5,038 and 5,338 µg/m3 in Kuwait and
Iran, respectively (Al-Taiar and Thalib 2014; Shahsavani et al., 2012).
Major dust sources in the region are located in northern Iraq and along
the Syria-Iraq border (Middleton, 1986), where sediment availability
for emission is enhanced by aridity, reduced vegetation cover, and soil
disturbance; factors that may be linked to land use dynamics and
human activity, including conflicts (Modarres and Sadeghi, 2017). The
production of MED events are also effected by high wind speed and
temperature, low rainfall, low moisture of soil, low relative humidity
(Klingmüller et al., 2016), and by certain synoptic meteorological
patterns, such as frontal and cyclonic systems (Rao et al., 2003).

Kelley et al. (2015) and Parolari et al. (2016) identified two major
severe drought periods in the region, 2007–2010 and 2013–2014; co-
inciding those identified as MED peaking years (Alizadeh-Choobari
et al., 2016; Shao et al., 2013). In South and Western Iran, Gashem et al.
(2012) reported two MED peaking periods, in 1982–1990 and
2005–2008, associated with the above anthropogenic influence and
meteorological-climate variability. Alizadeh-Choobari et al. (2016)
found a 1990–2010 increasing trend of MED storms over Iran and this
was attributed mostly to human intervention in Iraq. MED trends seem
to follow a decreasing pattern across the North and North-Western re-
gions of Iran, where both intensity and frequency are lower, and a
positive one across South and South-Eastern regions (Modarres and
Sadeghi, 2017). Concerning future trends, South of Iran is likely to
experience more extended periods of extreme maximum temperatures,
extended drought periods, torrential rain and floods (Vaghefi et al.,
2019). Some of these trends might favor the increase of MED days.

The health burden induced by dust is different from that caused by
anthropogenic PM (Ostro et al., 2011; WHO, 2007). Several epide-
miological studies have reported stronger effects of PM concentrations
on daily mortality during dust days than non-dust days (Mallone et al.,
2011; Neophytou et al., 2013; Perez et al., 2008; Tobias et al., 2011).
During atmospheric transport, dust clouds can incorporate pollutants
his way to receptors, and that local gaseous pollutants, such as SO2,
might intensively condensate on the large number of particles from the
dust cloud (Mori, 2003; Rodríguez et al., 2011). Moreover, it has also
been shown that during dust events the local pollutants can also be
intensively concentrated due to the thinning of the boundary layer
caused by the thick (4–7 km) high dust and warm air masses (Pandolfi
et al., 2014). These processes of accumulation, transport and con-
densation of pollution during desert dust episodes might make dust
more hazardous. However, others have found the opposite, reporting
stronger effects of PM concentrations during non-dust days (Lee et al.,
2007, Samoli et al., 2011, Zauli Sajani et al., 2011).

There are a several reviews, systematic or not, on the health effects
of desert dust (Hashizume et al., 2010, Karanasiou et al., 2012, de
Longeville et al., 2013, Zhang et al., 2016). According to them, most of
the published studies mainly investigated the short-term effects of PM
during Saharan dust events or Asian dust storms, but limited evidence
has been released about for MED days. In Iran, only Delgazian and
Motlag (2013) and Geravandi et al. (2017) reported an increase of
cardiorespiratory mortality and respiratory hospitalizations during dust
storms in Kermansah and Ahvaz, respectively, but did not estimate the
effects of PM during desert dust and non-desert dust days. The city of
Ahvaz, is ranked as one of the most polluted cities in the world (WHO,
2016), mainly affected by MED episodes, while Tehran reported annual
PM concentrations markedly higher than the WHO guidelines
(Yarahmadi et al., 2018) was also affected by dust events other than
MED during the past years.

Despite the high PM levels recorded, there are limited studies re-
garding the short-term health effects of PM in Iran (Dehghan et al.,
2018), and no study has been conducted yet to quantify the short-term
health effects of PM during desert dust days. The aim of this study is to
quantify the association between PM concentrations and daily mortality

in the cities of Ahvaz and Tehran during desert dust and non-desert dust
days.

2. Methods

2.1. Study area

Tehran is the capital of Iran and Tehran Province (Fig. A1 in the
Appendix). It has a population of 8.4 million, with a land area of
730 km2, being the most populated city of Iran and Western Asia, and
the second-largest metropolitan area in the Middle East. Vehicle ex-
haust is the main source of PM in Tehran (Shahbazi et al., 2016).
Tehran’s fleer contains more than 3 million passenger cars and 0.75
million motorcycles, with 75% and 95% meeting only Euro-2 standards
or less, respectively. In addition to the local emission sources, desert
dust days markedly influence PM levels in Tehran during a number of
days every year (Shahbazi et al., 2016). Taghvaee et al. (2018) con-
ducted a PM with an aerodynamic diameter < 2.5 μm (PM2.5) source
apportionment analysis at two sites from Central Tehran, from May
2012 through June 2013, and found seven major contributing sources,
namely vehicle exhaust (50% of the averaged PM2.5 concentration),
secondary inorganic aerosols (25%), industrial emissions (17%), bio-
mass burning, soil, and road dust (20% as the sum of the three later
sources).

The city of Ahvaz is located at the Southwest of Iran (Fig. A1 in the
Appendix) and it is the capital of Khuzestan Province, with a population
of about 1.3 million, with a land area of 815 km2. As stated above,
Ahvaz is ranked as one of the most polluted cities in the world in terms
of PM10 levels (WHO 2016). In addition to PM emissions released from
petrochemical industries and mobile sources, MED days have affected
its air quality significantly. Sowlat et al. (2013) performed a detailed
PM10 source apportionment in Ahvaz and found eight major con-
tributing sources, namely mineral dust (41.5%), petrochemical in-
dustries and fossil fuel combustion (13.0%), vehicle exhaust (11.5%),
secondary inorganic aerosols (9.5%), marine aerosols (8.0%), me-
tallurgical plants (6.0%), road dust (5.5%), and biomass burning
(5.0%). This city is close to the main source regions of MED, including
Southern Iran, Iraq, Kuwait and Saudi Arabia. In particular, Ahvaz is
influenced by MED transported by the Shamal wind, a hot north-wes-
terly wind that prevails in spring, and transports large amounts of dust
from southern Iraq (Middleton 1986). Shahsavani et al. (2012) reported
a frequency of intense MED events of 72 days in the above 6-month
period, with MED days lasting up to 5 days, in July, and peak daily
concentrations reaching up to 2028 μg/m3 PM10.

2.2. Data collection

2.2.1. Mortality data
Daily counts of all-natural cause mortality (ICD 10th revision: A00-

R99) were collected for the cities of Ahvaz, from 21st March 2015 to
22nd September 2017, and Tehran, from 21st March 2014 to 20th
March 2017. Mortality data were provided by the Iran Ministry of
Health and Medical Education and the database of Tehran Municipality.

2.2.2. Air quality data
Daily average (24-h) concentrations of PM10 and PM2.5 were ob-

tained from Iran Department of Environment of Iran. Concentrations of
particulate matter have been measured based on the Beta attenuation
monitoring technique. The cities of Tehran and Ahvaz have 31 and 2
monitoring stations, respectively, but only data from monitors with at
least 75% of data coverage during the year were included. Eventually,
12 monitors were valid for Tehran and 2 for Ahvaz, from which daily
averages were calculated only for the days with at least 75% hourly
coverage. The mean temperature was recorded by the Iran
Meteorological Organization at the two cities.
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2.3. Definition of desert dust days

Desert dust days were defined using the Iranian official procedure,
based on the exceedance of the EPA standard of PM10 daily average of
150 µg/m3 (Arhami et al., 2017). Moreover, we estimated the PM2.5/
PM10 ratio from data available to confirm that low ratios pointing to
dust dominated PM10. Combustion related PM10 is characterized by a
high PM2.5/PM10 ratio, whereas dust is usually presenting a low ratio
(Querol et al., 2019). In this study dust affected days recorded a median
and 90th percentile values for the PM2.5/PM10 ratio were 0.3 and 0.4
for both cities. The two extremes corresponding to measurements per-
formed in receptor sites far from and close to the source desert, re-
spectively. Goudie (2014) and Engelbrecht et al. (2009) reported that
the PM2.5/PM10 ratio at receptor sites during dust events with high
concentrations of particulate matter felt in the range of 0.1 to 0.4. Thus,
for days exceeding 150 µg/m3 PM10, in addition to the high PM10 levels
the PM2.5/PM10 ratios also pointed out the influence of MED days.
However, we noticed the extremely high PM10 levels measured in
Ahvaz (Fig. S2 in the Appendix), in a number of days exceeding at least
350 µg/m3 (10% of the MED days), 500 µg/m3 (5% of the MED days)
and 1000 µg/m3 (3% of the MED days). One should take into account
that air quality instruments are designed and calibrated to measure
typical concentrations of PM in ambient air. For this reason, the accu-
racy of the measurements for the extreme MED days cannot be guar-
anteed, and this might bias the PM-mortality association during for
these acute days. The EN 12341:2015 European standard for PM10 and
PM2.5 give calibration ranges from 1 to 150 µg/m3 PM10, and 1 to
120 µg/m3 for PM2.5; and it states that instruments might be reliable for
concentrations up to 200 µg/m3. For this reason, we further divided
desert dust days below and above 350 µg/m3 of PM10.

2.4. Design and statistical analysis

The association between daily mortality and desert dust days and
daily concentrations of PM10 was investigated using a case-crossover
design (Jaakkola, 2003). This uses the day on which the outcome of
interest (i.e., mortality) occurs as a case day. Exposure on case days is
compared with exposure on days on which the outcome of interest does
not occur (control days). A time-stratified approach used to represent
exposure on control days from the same day of the week, month, and
year as case days, minimizing bias from time trends in the exposure
series and from other short-term time-varying confounders (Levy et al.,
2001).

Data was analyzed using conditional Poisson regression (Armstrong
et al., 2014). To control for weather, we included two smooth terms of
temperature in order to better account for both high and low tem-
peratures at different reference lags. For high temperatures, we calcu-
lated the average temperature on the current and previous day (lag 0–1)

and fit a natural spline with three degrees of freedom on the lagged
variable only for days on which the lag 0–1 temperature was higher
than the median annual temperature for the city as a whole. Similarly,
we adjusted for low temperatures by fitting a natural spline with two
degrees of freedom for the average temperature on previous 6 days (lag
1–6) only for days on which the lag 1–6 temperature was below the
median annual value (Stafoggia et al., 2016). To account for possible
over-dispersion of daily counts of deaths, we used quasi-likelihood es-
timation. We evaluated if the effects of PM10 and PM2.5 on daily mor-
tality would be enhanced during dust days by the fitting dust-PM in-
teractions in the regression model (Mallone et al., 2011; Perez et al.,
2008; Tobias et al., 2011). We investigated lagged short-term effects for
the same day (lag 0) to four days after exposure (lag 4) using single lag
models.

Estimated effects are reported as percent increase of risk of mor-
tality (%IR) and 95% confidence interval (95% CI) for a rise of 10 μg/
m3 increase of PM10 and PM2.5 exposures, for desert and non-desert
dust days. All analyses were done using Stata, release 15, statistical
software (StataCorp, College Station, TX, 2016).

3. Results

During the study period, 33.5% of days were affected by desert dust
days (302 days) in Ahvaz and only 6.2% (68 days) in Tehran. Mean
PM10 concentrations during non-dust days were 1.2 fold higher in
Ahvaz than Tehran (100.6 and 82.5 μg/m3, respectively), and 1.4 folds
higher during dust days (256.8 and 191.8 µg/m3). Daily concentrations
during MED days rose dramatically in Ahvaz, up to 2066.4 μg/m3 of
PM10 and 423.5 μg/m3 of PM2.5, while in Tehran maximum values
reached up to 334.1 μg/m3 for PM10 and 90.9 μg/m3 of PM2.5. PM10 and
PM2.5 were highly correlated in both cities (r= 0.88 in Ahvaz and 0.77
in Tehran). Similarly, during non-dust days, 92% of the days exceeded
the WHO threshold for PM10 24-h average of 50 μg/m3 in Ahvaz and
87% in Tehran (see Table 1).

Table 2 shows the associations between PM concentrations with
daily mortality in Ahvaz. The effect of PM10 was three times higher
during dust days than non-dust days at lag 0. During dust days an in-
crement of 10 μg/m3was associated with 3.28% (95%CI= [2.42, 4.15])
increase of daily mortality, while for non-dust days the increase was
1.03% (95%CI= [−0.02, 2.08]), showing a strong evidence for effect
modification (p < 0.001). Extreme dust days did not show a significant
increase of risk, 0.16% (95% CI= [−0.15, 0.46]). Similar effects were
found at lag 1 for non-dust days, 0.65% (95%CI= [0.27, 1.03]); dust
days, 0.55% (95%CI= [0.19, 0.92]); and extreme dust days, 0.48%
(95%CI = (−0.19, 1.06)], with no evidence of effect modification
(p= 0.866). Moreover, the effects of PM10 decreased from lag 2, not
showing evidence of effect modification between dust and non-dust
days. No statistically significant associations were observed between

Table 1
Summary statistics for daily mortality, particulate matter (PM10 and PM2.5) and mean temperature during desert and non-desert dust days in Ahvaz and Tehran.

Non-dust days Dust days

Centile distribution Centile distribution

City N (%) Mean (sd) Min. p25 p50 p75 Max. N (%) Mean (sd) Min. p25 p50 p75 Max.

Ahvaz 599 (66.5%) 302 (33.5%)
Mortality 13.1 (3.4) 4.0 11.0 13.0 15.0 31.0 17.5 (4.9) 7.0 13.0 17.0 21.0 31.0
PM10 (μg/m3) 100.6 (30.5) 18.0 79.0 103.1 125.9 149.9 265.8 (281.1) 150.0 171.1 199.7 254.8 2066.4
PM2.5 (μg/m3) 41.5 (13.3) 7.7 32.0 40.5 49.3 106.6 80.0 (56.5) 34.9 26.2 64.9 77.5 423.6
Temperature (°C) 26.6 (10.0) 7.5 17.5 26.6 36.7 42.7 31.7 (8.4) 5.8 27.0 34.6 38.6 42.1

Tehran 1028 (93.8%) 68 (6.2%)
Mortality 134.3 (16.3) 84.0 123.0 133.0 144.0 271.0 133.6 (14.2) 109.0 123.5 132.0 140.0 170.0
PM10 (μg/m3) 82.5 (28.1) 18.6 62.0 81.6 101.2 149.5 191.8 (40.6) 150.5 164.9 175.7 212.1 334.1
PM2.5 (μg/m3) 28.7 (11.1) 6.1 21.4 27.2 33.4 78.6 48.8 (12.3) 19.1 41.8 46.2 58.2 90.9
Temperature (°C) 19.2 (9.9) −5.8 10.5 19.3 28.4 36.8 20.4 (9.3) 2.4 12.9 20 28.6 35.4
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PM2.5 and daily mortality in any lag and consequently neither effect
modification between dust and non-dust days.

Table 3 shows the associations between PM concentrations with
daily mortality in Tehran. Here, the effect of PM10 was slightly higher
during non-dust days than in dust days at lag 0. An increment of 10 μg/
m3 was associated with 0.72% (95%CI= [0.23, 1.23]) of daily mor-
tality during non-dust days, while for dust days the increase was 0.49%
(95%CI= [−0.22, 1.20]), without evidence for effect modification
(p=0.535). Similarly, no statistically significant associations were
observed from lag 1, nor evidence of effect modification between dust
and non-dust days was found. The effect of PM2.5 during non-dust days
increased from lag 1 up to lag 4, showing statistically significant as-
sociations at lags 2 and 3, 1.89% (95%CI= [0.83, 1.2.95] and 1.88%
(95%CI= [0.83, 1.2.95], respectively. No statistically significant as-
sociations were observed between PM2.5 and daily mortality in any lag
during dust days.

4. Discussion

To our knowledge, this is the first epidemiological study to in-
vestigate the short-term effects of PM10 and PM2.5 during desert and
non-desert dust days on daily mortality in Iran, and probably in the
Middle East. The multi-city design of our study provided the opportu-
nity to compare the effects between two of the most populated cities in
Iran, Tehran and Ahvaz, with different sources and composition of PM.

The effect of short-term exposure to PM10 on daily mortality was

three times larger during MED than non-MED days in Ahvaz but did not
find any effect for PM2.5. Although desert dust has the size-mass mode
at around 4.5 µm (Reid, 2003), there is a relevant fraction of dust af-
fecting PM2.5. Kandler et al. (2017) showed for a Sahara site that 3% of
total suspended desert dust was made of PM10, and < 35% of PM10

was PM2.5. In Ahvaz very high levels of PM10 are reached during dust
events, exceeding up to 2000 µg/m3 in a number of days, and accord-
ingly, very high dust-related PM2.5 absolute concentrations are also
reached. This could cause a high correlation between PM10 and PM2.5

observed in Ahvaz, which might hinder the effects of PM2.5. The main
sources of PM in Ahvaz are crustal dust, industrial and mining activ-
ities, followed by motor vehicles, marine aerosols, secondary inorganic
aerosols, petrochemical industries, vegetative burning, and road dust
(Ashrafi et al., 2018; Sowlat et al., 2013; Tsiouri et al., 2014). The arid
areas of Kuwait, Iraq and Iran are the major sources of dust in Ahvaz
(Shahsavani et al., 2012; Tsiouri et al., 2014). The chemical composi-
tion of PM is different between MED and non-MED days. Although
crustal elements such as Al, Si, Fe, Mn, Ca, and Na were the major
components of TSP and PM10 on both non-MED and MED days, their
concentrations were considerably lower during non-MED days
(Shahsavani et al., 2017). In general, the concentrations of all the ele-
ments (except for Cd, Cr, and Cu) and carbonaceous components (ex-
cept for organic carbon) in MED days were higher than in non-MED
days (Shahsavani et al., 2017). It should also be noted that Ahvaz is
located close to the border with South Iraq, a region where a high load
of anthropogenic pollutants in MED has been described (Chudnovsky
et al., 2017). Najafi et al. (2013) and Broomandi et al. (2017) also re-
ported a high anthropogenic metal load of MED in the study area. A
study conducted in Ahvaz showed that cytotoxicity and the risk of PM10

to the human lung may be more severe during MED storms than normal
days due to inhalation of a higher mass concentration of airborne
particles. (Naimabadi et al., 2016). This is consistent with our findings.
However, the lack of effects during extreme MED days may be due to
the lower concentrations of some toxic PM components, such as Cd, Cr,
Cu, and organic carbon in dust events, but also due to the fact that the
accuracy of the PM measurements cannot be guaranteed, see the dis-
cussions of the methodology section. In this study we cannot find a solid
scientific explanation for this finding.

Moreover, in Tehran we found significant effects of both, PM10 and
PM2.5, during non-dust days, pointing to the typical urban health im-
pact of PM observed worldwide in most of the large populated cities
where vehicle exhaust is the main source for ambient air pollution, such
as in Tehran (Taghvaee et al., 2018). There is also a large difference, in
comparison with Ahvaz, on the frequency of desert dust days and the
average levels of PM, during both non-dust and dust days (6% vs. 33%).
The higher frequency of MED days in Ahvaz might yield to a higher

Table 2
Association between daily mortality and particulate matter (PM10 and PM2.5) during desert and non-desert dust days in Ahvaz, 2015–2017. Percent increase in risk of
mortality (%IR) and 95% CI for a PM rise of 10 μg/m3.

Non-dust days Dust days Extreme dust days* p value for

%IR (95% CI) %IR (95% CI) %IR (95% CI) interaction

PM10

Lag 0 1.03 (−0.02 , 2.08) 3.28 (2.42 , 4.15) 0.16 (−0.15 , 0.46) < 0.001
Lag 1 0.65 (0.27 , 1.03) 0.55 (0.19 , 0.92) 0.43 (−0.19 , 1.06) 0.866
Lag 2 0.50 (0.11 , 0.82) 0.25 (−0.13 , 0.62) 1.31 (−0.62 , 3.27) 0.539
Lag 3 0.47 (0.16 , 0.84) 0.77 (−0.00 , 1.55) −0.42 (−1.05 , 0.22) 0.065
Lag 4 0.13 (−0.18 , 0.45) 0.58 (−0.19 , 1.35) −0.67 (−3.36 , 2.09) 0.531

PM2.5

Lag 0 −0.70 (−3.08 , 1.75) −0.56 (−3.01 , 1.95) −0.22 (−1.37 , 0.94) 0.943
Lag 1 0.83 (−1.02 , 2.70) −0.32 (−1.75 , 1.14) −1.04 (−3.22 , 1.18) 0.485
Lag 2 0.33 (−1.39 , 2.08) 0.07 (−1.43 , 1.59) −3.30 (−9.05 , 2.81) 0.603
Lag 3 −0.87 (−2.24 , 0.52) −1.86 (−4.12 , 0.45) 2.65 (−0.76 , 6.17) 0.154
Lag 4 −0.52 (−1.87 , 0.84) −1.93 (−4.25 , 0.44) 2.97 (−4.53 , 11.05) 0.417

* Defined as PM10 > 350 μg/m3.

Table 3
Association between daily mortality and particulate matter (PM10 and PM2.5)
during desert and non-desert dust days in Tehran, 2014–2017. Percent increase
in risk of mortality (%IR) and 95% CI for a PM rise of 10 μg/m3.

Non-dust days Dust days p value for

%IR (95% CI) %IR (95% CI) interaction

PM10

Lag 0 0.72 (0.23, 1.23) 0.49 (−0.22, 1.20) 0.535
Lag 1 0.13 (−0.26, 0.51) −0.22 (−0.89, 0.46) 0.318
Lag 2 −0.33 (−0.68, 0.01) 0.61 (−0.60, 1.83) 0.090
Lag 3 −0.66 (−1.01, −0.31) 0.64 (−0.53, 1.82) 0.057
Lag 4 −0.38 (−0.74, −0.03) 0.39 (−0.84, 1.63) 0.167

PM2.5

Lag 0 −0.58 (−1.80, 0.65) −1.98 (−3.89, −0.03) 0.158
Lag 1 0.99 (−0.11, 2.09) −0.75 (−2.90, 1.44) 0.102
Lag 2 1.89 (0.83, 2.95) −0.99 (−3.89, 2.01) 0.040
Lag 3 1.88 (0.82, 2.95) −1.81 (−4.71, 1.17) 0.008
Lag 4 0.81 (−0.25, 1.88) −1.41 (−4.55, 1.84) 0.135
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statistical power to describe the effect modification. However, the
chemical composition of PM is also different between non-desert dust
and desert dust days in Tehran. Crustal elements such as Mg, Ca, Al, Si,
Fe and Ti are the main components of PM10 during desert dust days,
while secondary inorganic species (NO3− and SO42−) are dominant in
non-desert dust days. Furthermore, concentrations of polycyclic aro-
matic hydrocarbons were higher during non-desert dust days (Rezaei
et al., 2018), is consistent with our findings.

Few studies have previously been conducted in the Middle East to
evaluate the short-term health effects of dust in the Middle East.
Delgazian and Motlag (2013) reported an increase of cardiorespiratory
mortality and hospitalizations during dust storms in Kermansah, Iran,
and similarly Geravandi et al. (2017) in Ahvaz, and Al et al. (2018) in
Gaziantep, Turkey. On the other hand, Al-Taiar and Thalib (2014) did
not find a significant increase in mortality in Kuwait due to dust storms.
However, none of these attempted to quantify and compare the short-
term effects during desert and non-desert dust days. The main strength
our study has been the application of the same methodological ap-
proach as in previous studies conducted in Southern Europe, evaluating
the possible role of desert dust advection as an effect modifier in the
relationship between PM exposure and mortality. Similarly to our
findings in Ahvaz, Pérez et al. (2008) reported a higher association of
the coarse PM with natural mortality on dust days than no-dust days in
Barcelona, Spain, though no differences were found for PM2.5. Studies
in Rome, Italy (Mallone et al., 2011), Madrid, Spain (Tobias et al.,
2011) and Nicosia, Cyprus (Neophytou et al., 2013) reported similar
findings. On the other hand, studies conducted in Seoul, South Korea
(Lee et al., 2007), Athens, Greece (Samoli et al., 2011) and Emilia-
Romagna region, Italy (Zauli Sajani et al., 2011) questioned its poten-
tial role as modifier because they estimated similar associations in dust
and no-dust days (Zauli Sajani et al., 2011) or higher effects of PM
during non-dust days (Lee et al., 2007; Samoli et al., 2011). The in-
consistent effects can be explained by the sources of desert dust, since
different regions of the Sahara desert have been shown to have distinct
mineralogical properties affecting their toxicological potential (Moreno
et al., 2006), and by the transport processes, since dust transport over
the western and eastern sides of the Mediterranean is characterized by
different mechanisms that may be enhanced the frequency and intensity
of Saharan dust events (Karanasiou et al., 2012; Pey et al., 2013). Thus,
a similar rationale can be applied in our study to explain the different
effects of PM between Ahvaz and Tehran. As previously described, both
cities are affected by different sources and composition of PM during
desert and non-desert dust days, leading stronger effects of PM10 during
MED days in Ahvaz and of fine particles during non-dust days in Te-
heran.

Still, limitations should also be acknowledged. Specifically, the de-
finition of dust days is prone to bias, as previously reported. We iden-
tified dust days using the official Iranian the PM10 exceedance of
150 μg/m3 as a daily threshold. Such definition does not account for the
relative contributions to daily PM10 from desert dust and anthropogenic
sources on dust days, which might differ across different ranges of PM
concentrations, with consequences on their health effects.
Unfortunately, the lack of data on PM composition on dust days, and
the lack of an operating monitor in a remote non-urban area precludes
the possibility to decompose daily particulate matter concentrations
into their major sources, as previously done (Perez et al., 2012; Pey
et al., 2013; Stafoggia et al., 2016). We try to overcome such limitation
by checking the PM2.5/PM10 ratio. However, we believe that alternative
methods, based on observed particulate matter data from remote sites,
would be an important improvement in future studies for better iden-
tification of dust days and more accurate quantification of source-spe-
cific particulate matter concentrations. Further research is also needed
to investigate the chemical composition and associated allergenic and
inflammatory properties of desert dust in the Middle East and their
effects on cause-specific morbidity and mortality.

5. Conclusion

Our study provides compelling evidence that exposure to PM ori-
ginated by natural events is not harmless, and this was especially true in
the city of Ahvaz, characterized by large and frequent dust episodes
compared with Tehran, where traffic sources dominated air mixture.
Exposure to PM during MED days is an important risk factor to human
health in arid regions and areas affected by MED events, particularly if
desert dust events will increase in a near future as consequence the
acceleration of desertification processes because of climate change
(IPCC, 2018). It is therefore of primary importance to document and
monitor the effects of PM on health during dust episodes over time and
across different locations of the world, in order to better elucidate the
mechanisms underlying dust toxicity and to inform policy makers on
the necessity to target preventive measures to reduce population ex-
posure and mitigate impacts on public health.
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