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Abstract 18 

Middle Eastern sand and dust storms (SDSs) can deteriorate air quality and human health of 19 

millions of inhabitants in downwind areas such as Tehran, Iran. Limited information is available 20 

about severity, frequency, magnitude, and duration of PM10 episodes in Tehran. To identify PM10 21 

episodes between 2015 and 2021, the Seasonal-Trend decomposition procedure based on Loess 22 

(STL) method was applied to measured PM10 concentrations at 15 sites across Tehran. The PM10 23 

episodes were separated into 3 duration categories (PE1, PE2, and PE3). The PM10 24 

concentrations and related meteorological characteristics of the episodes were analyzed to assess 25 

the differences. All sites had higher PM10 concentrations compared to AQG levels for daily (24-26 

hour) PM10 (45 μg m-3). PM10 episode frequency, magnitude, and duration were 2.60/year, 35.0 27 

percent, and 1 day/episode over the 7-years study period, respectively. The overall frequency of 28 

PM10 PE1, PE2, and PE3 events were 205, 54, and 14, respectively.  Events dissipated under 29 

strong westerly winds. PM10 accumulation occurred periods of weakening of the westerly winds 30 

to stagnant conditions. Site-specific bivariate polar plots (BBPs) also supported this finding. The 31 

increase of regional dust during high wind speeds on dusty days led to lower PM2.5/PM10 ratios at 32 

most sites. Back trajectory analyses of PM10 concentrations showed that the transboundary 33 
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transport from westerly directions produced the high PM10 concentrations. Understanding the 34 

PM10 pollution episode characteristics could permit planning of practical anthropogenic 35 

emissions reductions and support the joint air pollution control strategies for regional air 36 

pollution. 37 

 38 

Keywords: PM10, Severity, STL method, Bivariate Polar Plots, concentration weighted 39 

trajectories (CWTs)    40 
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1. INTRODUCTION 41 

Sand and dust storms (SDSs) occur naturally in arid and semi-arid regions of the world as a 42 

result of wind erosion. The mineral dust particles become associated with anthropogenic 43 

particles from dry and bare soils can be transported far from their emission sources in the 44 

atmosphere (Filonchyk, 2022; Miri et al., 2021; Prospero et al., 2021; Salvador et al., 2024; 45 

WHO, 2021). Globally, the major source regions of these mineral dust particles are the arid and 46 

semi-arid areas of northern Africa, the Arabian Peninsula, and central and eastern Asia 47 

(Filonchyk, 2022; Ginoux et al., 2004; Middleton, 1986; Middleton and Goudie, 2001). SDSs are 48 

related to significant adverse socio-economic, environmental, ecological, and human health (e.g., 49 

asthma, pneumonia, COPD exacerbations, and respiratory and cardiovascular mortality) effects 50 

(Kok et al., 2023; Lwin et al., 2023, Pouri et al., 2024, and references therein). Moreover, high 51 

dust concentrations can affect the earth’s climate by disrupting earth’s energy budget via 52 

interlinkages with clouds and radiation (Gui et al., 2023; Kok et al., 2017).  53 

Globally, Middle East-Central Asia is recognized as the second largest contributor to dust 54 

emissions and is capable of the annual emissions of 6.1-9.4 Tg of mineral dust particles to the 55 

atmosphere, accounting for ~30% of global dust loading (Goudie, 2014; Kok et al., 2023, 2021). 56 

Since early 2000s, the Middle East region has been involved in wars involving military activities 57 

and heavy trucks and other vehicles (Li et al., 2020; Yassin et al., 2018) that have influenced the 58 

land surfaces. Desertification and climate change have also increased dust emissions in this 59 

region (Li et al., 2020).  60 

As the dust is aerosolized in strong convective storms, SDS particles can be elevated to the upper 61 

troposphere via the ascending flows and turbulent mixing (Filonchyk, 2022; Hermida et al., 62 

2018; Jugder et al., 2011). The frequency and intensity of SDSs are influenced by surface 63 

conditions and meteorological factors (Miri et al., 2021). Depending on their particle size and 64 

meteorological factors, they can remain airborne for substantial periods before settling back to 65 

the surface (Filonchyk, 2022). While fine particles can be transported far from their sources 66 

producing a major health hazard, major interest is also focused on coarse particles (2.5 ≤ D <10 67 

µm) that are transported long distances over many hours and even days  (Maring et al., 2003; 68 

Middleton et al., 2001; Reid et al., 2008). Overall, more than 60% of the PM10 concentration in 69 

the Middle East countries may be attributed to Saharan dust during severe dust episodes and pose 70 

significant risks to the populations residing in the affected areas (Pey et al., 2013; Querol et al., 71 
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2009). SDSs will cause exceedances of the WHO daily average interim target 4 for PM10 72 

concentration of 50 μg m-3.  73 

In recent years, both climate change and human activities have worsened the concern of desert 74 

storm generation. Thus, the natural composition of desert dust can be affected by human 75 

activities (Mori et al., 2003; Rodriguez et al., 2011). There exist distinctions among natural PM 76 

and anthropogenic PM sources making evaluation of the health effects of desert dust difficult 77 

(Querol et al., 2019b). Recent studies show that the contribution of anthropogenic sources to dust 78 

emissions ranged from 10% to 50% of the total dust emissions, which increase because of human 79 

impacts on climate variability and land use (Salvador et al., 2024).  80 

Different approaches have used to investigate PM10 pollution during episode and non-episode 81 

days in Iran. Pirsaheb et al. (2020) evaluated the carcinogenic risks of particulate matter during 82 

Middle Eastern dust days and non-dust days and indicated that dust intensity positively 83 

influenced the carcinogenic risks. Yunesian et al. (2019) in a study investigated the exposure to 84 

high PM2.5 and PM10 concentrations in Tehran, Iran by assessing the associated health hazards 85 

between 2016-2017. This work reported that the annual PM10 concentrations exceeded the WHO 86 

AQG limit. Study of fine and coarse particles concentrations during dust storms with local events 87 

in urban and rural sites in Tehran was conducted by Jaafari et al. (2018). Their results showed 88 

that daily WHO threshold for outdoor PM10 were exceeded for 95% of measurements in winter 89 

and 82% of the total measurement days in urban locations. In addition, the daily average PM10 90 

levels exceeded the WHO value ~59% in winter and ~36% of all measurement days at adjacent 91 

rural locations. During dust storms, the daily average PM10 concentrations were 4.7 and 2.0 times 92 

higher than those in urban and rural for all measurement days, respectively. The contribution of 93 

the Middle Eastern dust source regions to PM10 in Tehran during dusty days of 2009-2010 was 94 

studied by Givehchi et al. (2013).  They found that the dust sources located in eastern Syria and 95 

northern Iraq contributed averages of 32% and 44%, respectively, to PM10 in Tehran. 96 

Sotoudeheian et al. (2016) studied the contribution of different locations for Middle Eastern dust 97 

origins to PM10 in several receptor cities in Iran including Tehran. Their findings indicated that 98 

the Tigris-Euphrates River basins were the primary dust sources contributing 70-95% of 99 

emission from their fluvial deposits. They also suggested that the possibility that the fully dried 100 

Urmia Lake could lead to ~ 30-60% increases in PM10 in nearby cities during the dust events.  101 
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In the present study, the Seasonal-Trend decomposition procedure based on Loess (STL) method 102 

(Cleveland et al., 1990) was applied to the identification of PM10 pollution episodes over a study 103 

period (2015-2021) in Tehran, Iran using the approach described by Morawska et al. (2021). 104 

Using the PM10 pollution episodes durations, we then analyzed the PM10 pollution and related 105 

meteorological characteristics. We linked high PM10 pollution concentrations to the local 106 

circulation and identify the most possible local sources. In addition, the concentration weighted 107 

trajectories were computed to identify the likely geographical origins of high PM10 pollution 108 

days in Tehran.      109 

 110 

2. MATERIALS AND METHODS 111 

2.1. Data sources  112 

Hourly PM10 concentrations measured from January 2015 to December 2021at 15 monitoring 113 

stations in Tehran were provided from Tehran’s Air Quality Control Company. The location of 114 

air quality measurement stations deployed in a map of Tehran province, Iran are depicted in 115 

Figure 1.  Their standard procedures including their  monitoring and analysis procedures, quality 116 

assurance and quality control for measurement of pollutants are summarized in Supplementary 117 

Material Text S1. Daily average PM10 concentrations were computed when 16 h of valid data 118 

were available on that day from 2015 to 2021. We also ensued that the missing data did not bias 119 

the results for any specific season. Surface meteorological data, including wind speed, wind 120 

direction, atmospheric pressure, air temperature, relative humidity, and visibility) for Mehrabad 121 

Airport (35.68ºN, 51.35ºE), Tehran were collected from the Integrated Surface Database (ISD) of 122 

NOAA (National Oceanic and Atmospheric Administration) using the R package “worldmet”. 123 

The hourly values of boundary layer height (BLH) were retrieved from ERA5 reanalysis data 124 

(ERA5 on single levels from 1979 to present) from the European Center for Medium-Range 125 

Meteorological Forecasts (ECMWF) 126 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form).  127 
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 128 

Figure 1, Map of Tehran, Iran showing the location of the 15 air pollution monitoring sites. 129 

 130 

2.2. PM10 pollution episodes selection 131 

The PM10 air pollution episodes were selected using the analysis procedure  described by 132 

Morawska et al. (2021) who provided a detailed description of the methodology. The daily 133 

average PM10 concentration data from each of the 15 monitoring stations were analyzed using 134 

their modified seasonal-trend decomposition procedure based on Loess (STL) (Cleveland et al., 135 

1990; Morawska et al., 2021). The STL method decomposes a time series of data into three 136 

components, seasonal, trend, and remainder. Thus, the seasonal variation and longer term trend 137 

components can be separated from the time series PM10 dataset thereby providing the residuals. 138 

The residuals represent the unusual values such as those that occur in an episode. In the next 139 

step, the standard deviations (SD) of the residuals were calculated. A criterion of 3*SD was used 140 

as the threshold to identify those days on which the PM10 pollution concentrations are considered 141 

to be episodes (Hirata et al., 2005; Morawska et al., 2021). This approach (3*SD of the residuals) 142 

focused on the variation in the PM10 concentrations rather than the absolute PM10 values. Since 143 

different locations in the city showed different  magnitude residuals, we used the site-specific 144 

episode counts to provide a comparison between highly and moderately polluted locations. 145 
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Three indices described by Morawska et al. (2021) were used for investigating the identified 146 

PM10 episodes at each site. These indices included: (1) the annual frequency of PM10 episodes 147 

(If) defined by the number of episodes per year); (2) the annual average PM10 for the episode 148 

magnitudes (Im) expressed as the  percentage above the criterion threshold. The percentage by 149 

which the episode’s level surpasses the threshold was calculated, and then the mean percentage 150 

for all of the pollution episodes occurring during a given year were determined; and (3) the 151 

annual average PM10 episode duration (Id), i.e., the mean duration for all PM10 pollution episodes 152 

occurring during a given year in days per episode. Other statistical methods such as 153 

normalization statistics and linear regression slope have been applied to these indices to provide 154 

trend information.  155 

Principal component analysis (PCA) was used to evaluate the variance of each of the three 156 

indices as per Morawska et al. (2021). The results of the PCA were applied to the PM10 episodes 157 

for each location in each year, and a rating value (defined as Rpe, unitless) represented the PM10 158 

episode severity. The normalized Rpe values of  were used to rate the episode severity. Rpe,norm has 159 

a range of 0 to 100, where 0 represented the lowest PM10 episode severity across all locations 160 

during 2015-2021, while 100 represented the highest severity. The slope of the linear regression 161 

of Rpe,norm (defined as Spe,norm) provided the trend in each site’s rating. If SPE,norm value is positive, 162 

then the severity of a site’s PM10 pollution episodes had become more severe in the 7 years, and 163 

vice versa. In the next step, the trends in Rpe,norm and in the baseline PM10 concentrations for a 164 

given site were examined to assess the effectiveness of mitigation controls and determine 165 

whether those controls designed to reduce the baseline PM10 were also effective in reducing the 166 

PM10 episode severity. Based on the comparisons, the sites were classified into four groups: (1) 167 

Slopes of Rpe,norm and the baseline are both positive, (2) Slopes of Rpe,norm and the baseline are 168 

both negative, and (3) Slope of Rpe,norm is positive while the slope of baseline is negative, and (4) 169 

Slope of Rpe,norm is negative while the slope of baseline is positive.  170 

 171 

2.3. PM10 pollution episodes duration analysis 172 

The PM10 episodes were classified by their durations of 1, 2, and 3 or more days as PE1, PE2, 173 

and PE3, respectively. The sum of episodes for any duration was defined as PE1-3. The average 174 

and peak PM10 concentrations were calculated for each site and for each year for PE1, PE2, PE3, 175 
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and PE1-3. Additionally, the If and Im indices were calculated for the different PM10 episode 176 

durations across 2015-2021.  177 

The basic mechanisms for the formation of high pollution episodes were investigated in recent 178 

studies (Li et al., 2016, 2021; Morawska et al., 2021; Shu et al., 2019; Wang et al., 2021; Yu et 179 

al., 2019; Zhao et al., 2020). However, in the study area, local and regional hypotheses of what 180 

phenomena exacerbated the episodes had not developed. In such studies, the key mechanisms 181 

behind episodes were described as: (1) High insolation and high temperature producing favorable 182 

meteorological factors resulting in higher secondary pollutant formation (Brines et al., 2015; 183 

Millán et al., 2000; Saiz-Lopez et al., 2017), (2) Low planetary boundary layer heights, low wind 184 

speeds, low temperatures, and descending airflows as unfavorable meteorological conditions 185 

resulting in trapping and accumulating pollution in the stagnant air (Molepo et al., 2019; Ren et 186 

al., 2022; Wang et al., 2017), and (3) Interaction of the meteorological conditions and emissions 187 

in a positive feedback loop leading to trap pollution near the earth surface (Shi et al., 2020; 188 

Zhang et al., 2018). Therefore, meteorological factors must be investigated for identifying 189 

effective emission control measures and ultimately achieving air quality goals during periods of 190 

severe PM10 episodes. 191 

Prior studies have indicated that air mass transport pathways vary under different local 192 

meteorological conditions and source emission levels (Dong et al., 2020; Li et al., 2018; Liu et 193 

al., 2021; Wang et al., 2021, 2015). Relating these meteorological factors, the transported dust 194 

can be near the earth’s surface or extend to high altitudes, resulting in long-range transport 195 

(Querol et al., 2019b). Therefore, it is important to identify the characteristics of the high PM10 196 

and the transport pathways during high pollution episodes. 197 

 198 

2.4 Temporal-Spatial Variation Analyses 199 

2.4.1. Temporal Variations 200 

The diel, weekdays, and monthly variations of high PM10 concentrations were analyzed using the 201 

timeVariation function in the “openair” R package (Carslaw and Ropkins, 2012). The 202 

timeVariation plots show the 95% confidence intervals of the mean. These bounds can be helpful 203 

for differentiating one candidate source from another and they calculated through bootstrap re-204 
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sampling, particularly when there are few data available such as high PM10 concentrations in 205 

episode days (Carslaw and Ropkins, 2012).  206 

2.4.2. Spatial Correlations 207 

Correlation coefficients (CCs) were calculated between hourly air pollutant concentrations for 208 

each monitoring site for all episode days of 2015 to 2021. Hierarchical clustering presented as a 209 

dendrogram groups the pollutants that are most similar to one another and visualizes how the 210 

pollutants are interlinked (Friendly, 2002; Sarkar, 2007). The correlation matrices were plotted 211 

using corPlot function in the “openair” R package (Carslaw and Ropkins, 2012).  212 

 213 

2.5 Meteorological Based Methods 214 

Since the high concentrations of PM10 can originate from both local and distant sources during 215 

episode days, we investigated the location of the sources via meteorological receptor modeling 216 

(Ali-Taleshi et al., 2022a). To understand the wind characteristics, wind roses via the WindRose 217 

function in the package “openair” in R.  To explore the likely impacts of local sources bivariate 218 

polar plots were prepared.  219 

2.5.1.  Bivariate Polar Plots  220 

 Bivariate polar pollutant plots (BPPs) were computed via package “openair” in R to link high 221 

PM10 concentrations to the local atmospheric circulation and determine the most likely sources 222 

(Carslaw and Ropkins, 2012; Masiol et al., 2014). Details of this method are provided elsewhere 223 

(Ashbaugh et al., 1985; Carslaw et al., 2006; Carslaw and Ropkins, 2012).   224 

2.5.2 Concentration-Weighted Trajectories 225 

Air parcel back trajectories were computed using the Hybrid Single Particle Lagrangian 226 

Integrated Trajectory (HYSPLIT) model (Stein et al., 2015). The 120 h BTs started every hour 227 

(00:00-23:00) from the SHF site at a height of 500 m AGL using the Global Data Assimilation 228 

System (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/) data set. The trajectories were combined 229 

with the hourly PM10 data and concentration weighted trajectory plots (CWT) (Seibert et al., 230 

1994; Hsu et al., 2003) were produced using the trajLevel routine in openair  (Carslaw and 231 

Ropkins, 2012). 232 

 233 
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3. RESULTS AND DISCUSSIONS  234 

3.1. Episode Identification and Evaluation  235 

The PM10 data retrieved from the 15 monitoring sites in Tehran were assessed to ensure there 236 

was no seasonality in the missing data for each site. The data were subjected to the STL analyses 237 

and the various indices were estimated.  Based on the three severity indices, the yearly averages 238 

and overall yearly averages of these indices related to each site were calculated and are 239 

summarized in Table 1. We also calculated the average PM10 and peak PM10 peak concentrations 240 

during the PM10 episode days for each site (Table 1) and their normalized slopes for each 241 

parameter. The severity of PM10 episodes was investigated based on the annual and overall rating 242 

for each site for each year using all three indices (Rpe,norm) and their normalized slopes. The 243 

average baseline values and baseline trends of PM10 during 2015-2021 for all monitoring sites 244 

are also summarized in Table 1.  245 

Table 1. The annual averages and overall annual averages of If, Im, Id, PM10 concentrations, and PM10 peak 246 
concentrations during PM10 episode days for each site listed as well as the slopes of the related normalized values. The 247 
annual and overall annual averages rating of the severity of PM10 episodes for each site, considering all three indices 248 
(RPE,norm), along with the normalized values slopes are also determined. The average baseline values and baseline 249 
trends of PM10 pollution during the 2015/2021 for all the sites are summarized.           250 

Site Year  2015 2016 2017 2018 2019 2020 2021 
Average 

2015/2021 
Snorm 

Average 

value  

Slong-term  

(10
-2

) 

AGH 

If 4 1 2 2 0 0 7 2.29 2.55 

59.1 -0.15 

Im 41.2 7.5 38.7 40.7   24.5 30.5 -9.0 

Id 1 1 2 1   1.6 1.3 -3.93 

Average Concentration 91.6 69.8 82.1 90.1   78.1 82.3 -10.2 

Peak Concentration 91.6 69.8 90.0 91.3   80.8 84.7 -10.2 

RPE,norm 74.4 42.8 74.0 67.5 0 0  51.2 -2.96 

FTH 

If 6 4 1 3 2 0 2 2.6 -11.3 

98.9 -0.98 

Im 47.1 33.1 28.3 40.0 31.4  7.8 31.3 -13.7 

Id 1.2 1 2 1.7 1  1 1.3 -6.43 

Average Concentration 137 132 119 123 130  107 125 -8.94 

Peak Concentration 145 132 127 138 130  107 130 -9.24 

RPE,norm 100 80.3 62.9 87.9 63.4 0 59.4 64.9 -10.1 

GOL 

If 0 7 2 1 2 0 2 2 -4.08 

67.0 -1.41 

Im  52.7 27.8 0.5 10.5  24.8 23.3 -3.27 

Id  1.9 1.5 1 1  1 1.3 -2.44 

Average Concentration  104 87.7 70.8 77.8  87.9 86.8 1.57 

Peak Concentration  108 90.1 70.8 77.8  87.9 86.8 1.17 

RPE,norm 0 100 57.8 37 48.1 0 50.1 41.9 -2.12 

MAH 

If 3 3 1 1 3 1 4 2.29 1.19 

82.6 
-0.59 

 
Im 41.3 27.0 20.8 27.3 20.5 13.9 21.5 24.6 -11.2 

Id 1.3 1.3 2 2 1.3 1 1.3 1.5 -4.64 
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Average Concentration 110 99.5 98.9 95.1 96.6 94.7 101 99.4 -9.08 

Peak Concentration 118 106 100 106 100 94.7 101 103.6 -11.3 

RPE,norm 94.4 86.4 38.1 41.1 82.6 0 100 63.2 -3.98 

MAS 

If 4 5 1 1 2 1 4 2.57 -6.25 

71.1 -1.14 

Im 37.4 53.8 25.8 83.6 26.5 30.7 25.7 40.5 -4.97 

Id 1.25 1.40 2 1 1 1 1.25 1.27 -6.43 

Average Concentration 97.9 105 93.1 137 94.1 97.3 92.4 102 -2.47 

Peak Concentration 102 114 93.6 137 94.1 97.3 93.6 105 -4.78 

RPE,norm 72.4 100 23.9 11.8 24.1 0 67.5 42.8 -7.66 

MOD 

If 3 5 3 3 2 0 3 2.71 -7.86 

84.1 -1.17 

Im 81.1 38.9 7.4 29.6 25.8  27.1 35.0 -9.75 

Id 1 1.2 1.3 1.3 1  1.7 1.3 -1.26 

Average Concentration 153 114 89.1 106 107  107 114 -8.13 

Peak Concentration 153 118 91 110 107  108 114 -8.29 

RPE,norm 86.7 100 80.2 85.4 67.1 0 91.4 73.0 -7.11 

PI 

If 3 4 1 3 3 0 7 3 3.06 

87.7 -0.72 

Im 62.9 40.7 35.0 20.4 8.4  14.3 30.3 -14.4 

Id 1 1.3 3 1 1  1.1 1.4 -5.12 

Average Concentration 145 123 107 107 96.7  102 113 -9.49 

Peak Concentration 145 125 120 107 96.7  102 116 -9.91 

RPE,norm 81.1 91.6 76.2 73.4 70.8 0 100 70.5 -4.71 

PO 

If 5 3 0 3 0 0 4 2.14 -6.43 

63.9 -0.80 

Im 136 22.1  68.6   11.6 59.6 -11.0 

Id 1.2 1  1.7   1 1.2 -5.46 

Average Concentration 186 95.1  118   88.1 122 -9.29 

Peak Concentration 186 96.4  133   88.1 126 -9.34 

RPE,norm 100 75.5 0 84.1 0 0 44.1 46.8 -8.82 

SH2 

If 6 4 1 1 0 3 4 2.71 -5.36 

58.9 0.27 

Im 60.6 41.7 62.7 98.3  6.6 37.4 51.2 -7.36 

Id 1.2 1 3 3  1 1.3 1.7 -3.21 

Average Concentration 95 92.1 91.6 103  69.3 85.9 89.5 -5.70 

Peak Concentration 104 92.1 106 129  69.3 89.3 98.3 -5.42 

RPE,norm 100 79.6 75.7 80.9 0 65.8 84.8 69.5 -5.32 

SH19 

If 4 0 0 1 3 2 5 2.14 7.14 

90.4 2.48 

Im 35.8   20.4 37.1 29.3 29.4 30.4 7.36 

Id 1   1 1.67 1 1 1.13 7.85 

Average Concentration 144   128 142 137 137 138 9.80 

Peak Concentration 144   128 146 137 137 139 9.76 

RPE,norm 92.6 0 0 31.5 56.2 40.6 55.1 59.8 9.33 

SH21 

If 0 6 1 3 3 0 6 2.71 4.76 

95.2 -0.03 

Im  58.4 45.3 43.5 30.8  24.7 40.5 -3.50 

Id  1.50 3 2 1  1.33 1.77 -1.20 

Average Concentration  138 124 122 125  116 125 1.89 

Peak Concentration  151 138 137 125  119 134 0.99 

RPE,norm 0 100 67.4 84.5 65.1 0 88.8 58.0 2.29 

SHD 
If 7 6 1 2 3 1 5 3.57 -8.33 

101 -0.51 
Im 27.1 39.1 5.78 45.1 17.3 4.1 20.4 22.7 -6.84 
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Id 1.29 1.50 1 1.50 1 1 1.60 1.27 -0.42 

Average Concentration 115 123 101 128 112 99.4 111 113 -6.02 

Peak Concentration 121 133 101 139 112 99.4 115 117 -6.69 

RPE,norm 94.7 100 0.42 47.3 38.8 0 85.1 52.3 -6.80 

SHF 

If 7 5 3 3 2 0 4 3.43 -10.2 

85.6 -0.64 

Im 77.2 40.3 18.5 17.1 10.2  18.8 30.3 -12.2 

Id 1.29 1.40 1.33 1.33 1.50  1.50 1.39 -4.76 

Average Concentration 156 126 103 103 99.8  105 116 -9.35 

Peak Concentration 162 129 109 107 101  109 120 -9.37 

RPE,norm 100 85.1 66.7 66.5 59.2 0 76.5 64.8 -8.87 

SHR 

If 7 2 3 2 1 1 3 2.71 -9.52 

92.3 -0.71 

Im 97.2 68.2 18 8.7 19.6 28 8 35.4 -13.9 

Id 1.3 1.5 2 1.5 1 1 1 1.3 -10.4 

Average Concentration 173 146 114 107 118 127 107 127 -12.6 

Peak Concentration 195 167 117 108 118 127 107 134 -13.9 

RPE,norm 100 42.2 55.5 27.2 0 1.57 27.0 36.2 -12.7 

STB 

If 6 2 1 3 1 0 2 2.14 -9.52 

64.7 -0.53 

Im 89.9 39.8 63 17.3 3.29  24.3 39.6 -13.4 

Id 1 1 3 1 1  1 1.33 -4.76 

Average Concentration 132 97.5 96.4 81.8 72.0  86.7 94.5 -9.61 

Peak Concentration 132 97.5 114 81.8 72.0  86.7 97.3 -10.1 

RPE,norm 100 62.6 75.4 67.6 44.9 0 60.2 58.7 -9.83 

 251 

 252 

Threshold values for the PM10 episodes at each site showed a minimum value of 64.9 μg m-3 at 253 

AGH and the maximum value of 106 μg m-3 at SH19, with an average threshold value of 84.5 μg 254 

m-3. Over the 7 years, the highest average baseline PM10 concentration was observed at SHD 255 

(101 μg m-3), while the lowest average baseline PM10 concentration was at SH2 (58.9 μg m-3), 256 

resulting in an overall average value of 80.2 μg m-3 across all sites. All sites in the study area 257 

showed higher average baseline PM10 concentrations compared to the recommended AQG level 258 

for daily (24-hour) PM10 (45 μg m-3) (WHO, 2021). Thus, control measures are needed for 259 

Tehran to come into attainment of the AQG criterion. All sites also showed baseline PM10 260 

concentrations higher than the WHO interim target-4 (IT-4) of 50 μg m-3, and for 60% of the 261 

sites, the baseline PM10 concentrations exceeded the WHO interim target-3 (IT-3) (75 μg m-3). 262 

SHD site was the only site that showed higher values than the WHO interim target-2 (IT-2) (100 263 

μg m-3).  264 

Ali-Taleshi et al. (2022a, 2021b) reported that the highest PM10 concentrations were observed at 265 

the western to southern locations (e.g., SHD, SH21, FTH, SH19, and SHR), consistent with the 266 

present findings. Higher PM10 concentrations in the southwestern part of city can be related to 267 
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the nearby sand and gravel mine emissions (Ali-Taleshi et al., 2022a, 2021b). The high PM10 268 

concentrations across Tehran in the warm seasons were also affected by regionally transported 269 

mineral dust originating from the west and northwest of Iran coming from the northern and 270 

central Iraq and Syria deserts (Givehchi et al., 2013; Sotoudeheian et al., 2016) and the transport 271 

of local dust from uninhabited areas west of Tehran (Ali-Taleshi et al., 2021b; Alizadeh-272 

Choobari et al., 2016b).  273 

The highest annual average PM10 episode frequency (If) over the 7 years was at SHD (3.57 per 274 

year), while the lowest was observed at GOL (2.00 per year). The overall annual average of 275 

PM10 episode frequency was 2.60 per year. The highest annual average PM10 episode frequency 276 

was observed in 2015 (seven sites), followed by 2021 (five sites) and 2016 (four sites). The 277 

highest annual average PM10 concentration magnitude (Im) over 2015-2021 was recorded at PO 278 

(59.6%), while the lowest was observed at SHD (22.7%), resulting in an overall annual average 279 

of PM10 pollution magnitude of 35.0%. At 60% of the sites, the highest annual average severe 280 

PM10 episode magnitudes were observed in 2015. In addition, the overall annual average severe 281 

PM10 episode duration was approximately 1 day/episode over the 7 years for all sites. The 282 

normalized rating values for the severe PM10 pollution (Rpe,norm) for each site over the 7 years 283 

demonstrated that the highest severity PM10 episode was observed at MOD (73.0), while the 284 

lowest severity PM10 episode was observed at SHR (36.2), with the overall annual severity of 285 

56.9. The highest rated severity PM10 episodes were observed in 2015 at eight sites, followed by 286 

2016 (five sites), and 2021 (two sites). Overall, the severe PM10 pollution frequency (If) was the 287 

most significant aspect of  episodes in Tehran and had the highest impacts on the overall PM10 288 

episode severity ratings during the study period.  289 

The increased rating of severe PM10 pollution in 2021 may be related to the return to normal 290 

public activities following the COVID-19 lockdown after the opening of administrative centers 291 

and change in travel styles from public transportation to private transportation (Ali-Taleshi et al., 292 

2022a). The higher severity ratings for PM10  episodes in 2015-2016 may be attributed to the 293 

higher frequency of dust-related PM10 episodes affecting Tehran (Alizadeh-Choobari et al., 294 

2016a; Torbatian et al., 2020). Urban mineral materials can be integrated into the SDSs particles 295 

and resuspended by traffic extending the episode duration and possible severity (Ali-Taleshi et 296 

al., 2024; Givehchi et al., 2013; Sotoudeheian et al., 2016).  297 

 298 
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3.2. Trends of PM10 episodes  299 

Table 1 also presents the annual trends for the overall severity of PM10 episodes over the 7-year 300 

period at each site. The annual trends were positive for SH19 and SH21, indicated that the 301 

severity of episodes at these sites increased over the 7 years. Annual and seasonal average spatial 302 

interpolation of PM10 air pollutant over the study period also indicated the highest PM10 levels at 303 

SH19 and SH21 (Ali-Taleshi et al, 2022a). The positive slopes in the overall severity of PM10 304 

episodes at these sites  likely due to the increased emissions of PM10 from the sand and gravel 305 

mines near these sites (Figure S1) during episodes of transported dust (Ali-Taleshi et al., 2022a; 306 

Querol et al., 2019a). Therefore, actions such as reducing local dust emissions during dust 307 

episodes are essential to reduce local exposures.  308 

The other sites experienced decreases in PM10 events over the 7 years period. Table 1 shows the 309 

linear regression slopes for the annual normalized frequencies, normalized average PM10 310 

magnitudes, and the normalized average PM10 episode durations (If,norm, Im,norm, and Id,norm) of all 311 

monitoring sites. These slopes represent the changes occurring over the study period. MAH, 312 

AGH, PI, SH21, and SH19 experienced increased PM10 event frequencies (If,norm) between 2015 313 

and 2021, while the other sites showed decreases. Except for SH19 that experienced increased 314 

PM10 event magnitude (Im,norm) and duration (Id,norm), the other sites showed decreased 315 

magnitudes. Thus, at SH19, the three indices support the identification of the increased overall 316 

severity of PM10 episodes. While at SH21, the frequency of PM10 episodes increased.  317 

The slopes for the baseline PM10 episodes at all sites are summarized in Table S1. The slopes of 318 

the normalized ratings of the severity of PM10 (Rpe,norm) was compared with the slopes of baseline 319 

PM10 pollution for every site. Results showed that 12 sites had negative Rpe,norm values, baseline 320 

PM10 decreasing and severe PM10 episode rates decreasing. SH2 showed a negative Rpe,norm with 321 

baseline PM10 pollution increasing, but the severe PM10 episode rate decreased. SH19 322 

experienced a positive Rpe,norm, and both baseline PM10 pollution and severe PM10 episode rate 323 

increased. SH21 showed a positive Rpe,norm, baseline PM10 pollution decreased but the event rate 324 

increased.  325 

Table 2 shows the calculated If and Im indices for different PM10 pollution episode durations 326 

(PE1, PE2, PE3, and PE1-3). The PM10 average and peak concentrations for each site between 327 

2015 and 2021 were calculated for each episode duration category. At all sites, the highest 328 
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frequency of PM10 pollution events lasted 1-day (PE1). The overall frequency of PM10 events 329 

belonging to PE1, PE2, and PE3 were 205, 54, and 14, respectively. MOD, SH19, and SHF 330 

recorded the highest number of PM10 events for PE1. While FTH, GOL, MAH, MAS, SH21, 331 

SHD, SHR, and SH2 showed the highest number of PM10 events for PE2, AGH, PI, PO, and 332 

STB experienced the highest number of PM10 events for PE3. The overall percentage of values 333 

over the PM10 event criterion  for PE1, PE2, and PE3 were 32.9, 55.2, and 54.5, respectively. 334 

MOD, PI, SH19, SHF, and STB had the highest average PM10 concentrations for PE1. AGH and 335 

PO showed the highest average PM10 concentrations for PE3, while the other remaining sites 336 

including FTH, GOL, MAH, MAS, SH2, SH21, SHD, and SHR recorded those values for PE2 337 

events.  338 

The average concentrations for PM10 events (PE1, PE2, and PE3) were 113, 119, and 107 μg m-3, 339 

respectively. Except PI and STB that showed the highest peak PM10 concentrations for PE3, 340 

similar peak PM10 pollution concentrations compared to the average PM10 concentrations were 341 

observed at the other sites. The peak concentrations for PM10 events corresponding to PE1, PE2, 342 

and PE3 were 113, 136, and 124 μg m-3, respectively. Therefore, higher PE2 events led to higher 343 

average and peak PM10 concentrations compared to other durations.  344 

Table 3 summarizes the calculated If and Im indices for different PM10 pollution episode 345 

durations. In all years, the highest frequency of PM10 pollution events was observed for PE1 346 

events, but PM10 pollution concentrations were higher in PE2 and PE3 events. The frequency of 347 

all PM10 events was 2015 (65) > 2021 (62) > 2016 (57) > 2018 (32) > 2019 (27) > 2017 (21) > 348 

2020 (9) for PE1-3. The very low value for 2020 reflects the measures taken to minimize the 349 

spread of COVID-19. The PM10 episode magnitudes had their highest percentage in 2015 (66%) 350 

and the lowest percentage in 2020 (17.2%) for PE1-3. This finding was similar to the results 351 

observed for average and peak PM10 concentrations with the highest values in 2015 (135 and 141 352 

μg m-3) and the lowest values in 2020 (100 μg m-3), respectively. Ali-Taleshi et al. (2024) also 353 

reported the lowest PM10 increment level for traffic as 6.89 μg m- 3 in 2020 as a result of the 354 

COVID lockdowns (Ali-Taleshi et al., 2022a), while the highest concentration was 21.9 μg m- 3 355 

in 2015. The higher values for severe PM10 pollution of 2015 may be related to the higher 356 

frequency of episodes in dust related-PM10. In addition, resuspended road dust is assumed to 357 

become more significant when the number of vehicles on the road increases (Ali-Taleshi et al., 358 

2024; Alizadeh-Choobari et al., 2016a).  359 
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Table S2. The calculated indices (If and Im) and values (average and peak concentrations of PM10) 360 

for each site between 2015 and 2021 based on the categories of episodes durations.  361 
Site Id 1 2 3 1~3 

AGH 

If 13 1 2 16 
Im 25.7 26.2 79.9 31.4 
Average Concentration 81.6 79.5 93.7 83.0 
Peak Concentration 81.6 81.9 111 85.3 

FTH 

If 14 4  18 
Im 26.4 68.0  35.6 
Average Concentration 125 140  128 
Peak Concentration 125 166  134 

GOL 

If 11 2 1 14 
Im 31.0 52.5 48.9 35.4 
Average Concentration 92.3 99.5 88.2 93.0 
Peak Concentration 92.3 107 105 95.4 

MAH 

If 10 6  16 
Im 18.7 38.0  25.9 
Average Concentration 98.6 104  101 
Peak Concentration 99.8 115  106 

MAS 

If 13 5  18 
Im 30.5 63.5  39.7 
Average Concentration 97.1 107  100 
Peak Concentration 97.1 122  104 

MOD 

If 15 3 1 19 
Im 36.7 35.8 24.0 35.9 
Average Concentration 116 104 104 113 
Peak Concentration 116 115 105 115 

PI 

If 18 2 1 21 
Im 27.8 19 35 27.3 
Average Concentration 114 99.6 106 112 
Peak Concentration 114 106 120 114 

PO 

If 11 3 1 15 
Im 61.6 66.6 123 66.6 
Average Concentration 127 129 131 128 
Peak Concentration 127 131 176 131 

SH2 

If 15 2 2 19 
Im 30.3 123 80.5 45.3 
Average Concentration 84.7 110 97.5 88.7 
Peak Concentration 84.7 145 117 94.5 

SH19 

If 14  1 15 
Im 32.4  26.8 32.0 
Average Concentration 141  124 140 
Peak Concentration 141  135 140 

SH21 

If 12 4 3 19 
Im 32.6 64.7 38.7 40.3 
Average Concentration 126 132 116 126 
Peak Concentration 126 157 132 134 

SHD 

If 16 9  25 
Im 17.5 44.2  27.1 
Average Concentration 112 122  116 
Peak Concentration 112 138  121 

SHF 

If 15 9  24 
Im 40.8 36.8  39.3 
Average Concentration 129 114  124 
Peak Concentration 129 126  128 

SHR 

If 14 4 1 19 
Im 34.6 113 23.4 50.5 
Average Concentration 133 161 114 138 
Peak Concentration 133 211 122 149 

STB 

If 14  1 15 
Im 51.6  63 52.4 
Average Concentration 106  96.4 105 
Peak Concentration 106  114 106 

All 

If 205 54 14 273 
Im 32.9 55.2 54.5 38.5 
Average Concentration 113 119 107 113 
Peak Concentration 113 136 124 118 

 362 

  363 
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Table 3. The calculated indices (If and Im) and values (average and peak concentrations of PM10) 364 

for each year between 2015 and 2021 based on the categories of episodes durations.  365 
Year Id 1 2 3 1~3 

2015 If 54 11  65 

Im 57.3 113  66.0 

Average Concentration 132 152  135 

Peak Concentration 133 187  141 

2016 If 40 15 2 57 

Im 37.4 57.6 44.4 43.0 

Average Concentration 114 118 102 115 

Peak Concentration 114 137 119 120 

2017 If 9 6 6 21 

Im 7.04 31.7 49.6 26.3 

Average Concentration 93.3 104 104 99.5 

Peak Concentration 93.3 110 118 105 

2018 If 20 9 3 32 

Im 24.2 43.7 84.0 35.3 

Average Concentration 104 116 114 108 

Peak Concentration 104 130 143 115 

2019 If 24 2 1 27 

Im 21.0 21.8 26.8 21.2 

Average Concentration 108 99.6 124 108 

Peak Concentration 108 106 135 109 

2020 If 9   9 

Im 17.2   17.2 

Average Concentration 100   100 

Peak Concentration 100   100 

2021 If 49 11 2 62 

Im 20.6 23.3 48.8 21.1 

Average Concentration 102 101 98.9 101 

Peak Concentration 102 108 109 103 

 366 

Across the urban background sites, long-range transport of dust related-PM10 events can increase 367 

the annual average PM10 at the city scale. The potential of transboundary transport of ≤10 μm 368 

particles depends on environmental factors such as strong winds in the free troposphere, 369 

atmospheric instability, strong convection, and turbulent within the boundary layer or elevated 370 

dust layer (Adebiyi et al., 2023 and references therein). The effects of meteorological factors on 371 

PM10 pollution for different PM10 pollution episode durations were investigated over 2015-2021 372 

(Supplemental Table S1). Compared to PE1 and PE2, PE3 PM10 episodes in Tehran occurred 373 

under unfavorable meteorological conditions with much lower planetary boundary layers (PBL), 374 
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wind velocities, surface temperatures, high relative humidity, and strong temperature inversions. 375 

These meteorological factors inhibit PM10 dispersion and led to high PM10 in PE3 events.  376 

Other dust-transport mechanisms may also cause thermal inversions, resulting in increased local 377 

PM10 concentrations (Alastuey et al., 2005; Pandolfi et al., 2014). Karanasiou et al. (2014) 378 

reported that higher winter PM2.5/PM10 ratios show that fine particles constitute a significant 379 

fraction of the PM10. Increased anthropogenic emissions and stagnant meteorological conditions 380 

also enhanced conversion of precursor gases to their corresponding particulate species that made 381 

substantial contributions in severe PM10 episodes (Lv et al., 2022; Ren et al., 2022; Wang et al., 382 

2021).  383 

Modeling results from previous studies suggest that the threshold value for dust outbreaks was 384 

wind speeds >6 m s-1 (Li et al., 2023). Therefore, the high PM10 concentrations and wind speeds 385 

greater than the threshold were likely related to SDSs rather than local PM10 pollution episodes. 386 

Thus, the effects of natural sources were a non-negligible cause of PM10 and controls of 387 

transboundary transport of dust from upwind source regions are necessary. However, according 388 

to the windRose plots (Figure S2), dissipation of PM10 concentrations can be caused by strong 389 

westerly winds while accumulation of PM10 can be related to the weakening of local westerly 390 

winds under stagnant meteorological conditions. Thus, the differences in synoptic patterns can 391 

result in differences in transport characteristics among pollution episodes with various durations.  392 

 393 

3.3. Local source analysis in PM10 episodes 394 

The correlation coefficients (CCs) between hourly concentrations of air pollutants were 395 

calculated for each pair of the monitoring sites during the PM10 episode days (Figure S3). As 396 

shown, the highest correlation for PM10 concentrations with PM2.5 concentrations were identified 397 

at AGH, PO, SH2, and STB (0.6 ≤ r2 < 1), resulting from similar emission sources. Re-398 

suspended dust and road dust generated by traffic turbulence may be the major local source of 399 

PM10 and PM2.5. PM10 concentrations were moderately (0.3 ≤ r2 < 0.6) correlated with PM2.5 at 400 

GOL, MAS, SH19, SH21, SHD, SHF, and SHR. Only two sites (MOD and PI) showed weak 401 

correlation between PM10 and PM2.5, showing the distinction of the emission sources of these 402 

two pollutants at these sites.  403 
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PM10 was weakly correlated (0.0 < r2 < 0.3) or anticorrelated (-0.3 < r2 < 0.0) with other primary 404 

and secondary gaseous air pollutants at all the sites. The negative correlation between PM10 and 405 

O3 can be due to the dust particles effects on decreased solar radiation (SR) transmittance and 406 

atmospheric ozone production (Yu et al., 2019). In contrast, volatilization of the semivolatile 407 

aerosol compounds under high SR may be a factor in lower PM10 values (Ali-Taleshi et al., 408 

2022). The weakly positive or negative correlations between PM10 and primary gaseous 409 

pollutants during episode days can be due to the secondary particles generated by heterogeneous 410 

and some homogenous secondary chemical processing of precursors including SO2, NOx, and 411 

VOCs, and regional transport (Huang et al., 2021; Li et al., 2018; Liu et al., 2021; Y. Lv et al., 412 

2022; Ren et al., 2022; Yang et al., 2021). However, studies have shown that the effect of 413 

secondary particles on the PM concentrations is low and precursors gaseous reductions could 414 

only lead to ~1% PM concentration reductions (Ali-Taleshi et al., 2022a; Daneshpajooh et al., 415 

2020). In addition, it is expected that during PM10 episode days the PM10 concentrations 416 

increased while the primary gaseous pollutants from primary combustion sources decreased 417 

(Givehchi et al., 2013). This phenomenon can be explained by the interaction of dust-related-418 

PM10 with local anthropogenic gaseous pollutants as condensation or adsorption and the air 419 

pollutants local accumulation because of the thinning of the BLH during severe dust episodes 420 

(Dominguez-Rodriguez et al., 2020; Morawska et al., 2021; Querol et al., 2019b). 421 

Site-specific bivariate polar plots (BPPs) were used to identify the likely local source origins of 422 

severe PM10 pollution during episodes (Figure 2). Table S2 provides an indication of the likely 423 

local sources in the vicinity of each sampling site as obtained by examining Google Earth images 424 

(Figure S1). Shahbazi et al. (2016) provide an emissions inventory for Tehran and plots outlining 425 

major industrial areas and road impact regions in the city. Although these results are about a 426 

decade old, Tehran has not changed substantially in the intervening years. 427 

These BPP plots indicate how the mean PM10 concentration varies jointly with wind parameters 428 

(speed and direction) bins in polar coordinates at each receptor location. The polar plots of PM10 429 

concentrations during episodes can be summarized as: (1) At AGH, PM10 polar plot indicate high 430 

concentrations when the wind blows from north northeast (NNE) and northeast (NE) with wind 431 

speeds of 4-5 m s-1. (2) At FTH, the highest PM10 concentrations were experienced for westerly 432 

winds (W) when high wind speeds were observed (10-15 m s-1). (3) At GOL, MAH, and MAS, 433 

the increasing average PM10 concentrations were experienced when high wind speeds (10-14 m 434 
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s-1) blow from west (W) and west northwest (WNW). (4) At MOD, polar plot of PM10 highlights 435 

increasing average concentrations when 2-8 m s-1 wind speeds blow from west northwest 436 

(WNW) and west southwest (WSW). (5) At PI, 4-12 m s-1 wind speeds blow from west 437 

northwest (WNW) and 6-8 m s-1 blow from east southeast (ESE) show the highest PM10 438 

concentrations. (6) At PO, polar plot shows the increasing concentration of PM10 when wind 439 

direction belonged from west northwest (WNW) to east northeast (ENE) with wind speeds of 10 440 

and 5 m s-1, respectively. (7) At SH2, polar plot of PM10 concentrations show high values with 441 

northeast (NE) wind at wind speeds of 5 m s-1. (8) At SH19, the highest values of PM10 were 442 

experienced for west (W) and west-southwest (WSW) winds with 10-15 m s-1. (9) At SH21 and 443 

SHD, the highest PM10 concentrations were experienced for west winds when high wind speeds 444 

were depicted (10-15 m s-1). (10) At SHR, polar plot of PM10 highlights increasing average 445 

values when wind speeds of 5-10 m s-1 blow from west north west (WNW). (11) At STB, polar 446 

plot of PM10 show high average concentrations when 5-10 m s-1 wind speeds blow from west 447 

north west (WNW) and north west (NW). Generally, site-specific polar plots of PM10 show that 448 

AGH, PO, and SH2 were not affected by SDSs and were more influenced by dominant local 449 

PM10 pollution sources such as highways and local streets. In contrast, the other sites were more 450 

affected by SDSs caused by the remote transport from the west locations of Iran such as northern 451 

and center Iraq and Syria (Ali-Taleshi et al., 2022a; Givehchi et al., 2013; Sorooshian et al., 452 

2011) and local dust transport originated from western uninhabited arid lands near Tehran (Ali-453 

Taleshi et al., 2021b; Alizadeh-Choobari et al., 2016b). Several anthropogenic sources (e.g., sand 454 

and gravel mines and metal and chemical facilities) situated predominantly upwind to the west of 455 

Tehran can contribute to increasing the natural source emissions of PM10 during SDSs when air 456 

parcels pass through these areas (Ali-Taleshi et al., 2022a).  457 

The bivariate polar plots in Figure 3 show the PM2.5/PM10 ratio patterns at the sites for which 458 

both PM size fraction data were available during episodes. Local sources indicated the main 459 

contribution to the PM2.5/PM10 ratio hotspots at AGH, MOD, PI, SH2, and SH21 when the wind 460 

speeds were ~ 2-4 m s-1 and at SHF and SHR with the wind speeds of ~ 5 m s-1. The site-specific 461 

wind directions are illustrated as wind roses in Figure S2. The hotspots of PM2.5/PM10 ratio at 462 

local scales showed that PM2.5 particles contributed to a large fraction of PM10 (Karanasiou et al., 463 

2014). 464 



 465 

Figure 2. Site-specific bipolar plots for PM10 concentrations at each site over the whole study period. 466 

 467 
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 468 

Figure 3, Bipolar plots of the PM2.5/PM10 ratios for all sites for which data are availble for both size fractions. 469 



Most of anthropogenic pollution of PM consisted in the PM2.5 and when those increased at local 470 

scales the PM2.5/PM10 ratio will increase  (Li et al., 2021; Querol et al., 2019b). At AGH, GOL, 471 

MAS, SHD, SHR, and STB, atmospheric transport of dust particles associated to anthropogenic 472 

sources showed a significant contribution to the PM2.5/PM10 ratio hotspots, mainly during the 473 

wind speeds were ~ 10 m s-1. This process can decrease the PM2.5/PM10 ratio at local scales and 474 

increase those at remote locations of these sites. Engelbrecht et al. (2009) determined the mean 475 

levels of annual PM10 in the Middle East region in a range of 72-303 μg m-3, resulting to a 476 

PM2.5/PM10 percentage ratios of 21-60%. Goudie (2014) also reported data about maximum 477 

PM10 levels at receptor locations and found a range of 700 to 5619 μg m-3 for the Middle East 478 

region. Goudie (2014) and Engelbrecht et al. (2009) gathered data on PM2.5/PM10 ratios from 479 

desert dust affected receptor locations. With PM2.5 levels higher than 100 μg m-3, in 92% of the 480 

samples the PM2.5/PM10 percentage ranged between 10 and 40%, and in 67% of the samples the 481 

range of percentage was between 10 and 30%. The highest PM2.5/PM10 percentage was observed 482 

at SHD with 140% and the other sites showed a ranging of percentage between 26% (SH2) and 483 

60% (STB). However, the hotspot of PM2.5/PM10 at SHD was a small spot in the north east (NE) 484 

of this site with the wind speeds of 4-6 m s-1 and the PM2.5/PM10 pattern shows isotropic cold 485 

spots for SHD. The increase of regional dust particles with high wind speeds during dusty days 486 

led to lower PM2.5/PM10 ratio at most of the monitoring sites. This can show the differences 487 

between the source of emissions and region. PM10 particles indicated enrichment process, which 488 

come from SDSs (Yu et al., 2019). 489 

In the current study, the short-term variations (diel, weekday, and monthly) of PM10 490 

concentrations were computed for each site during all detected episodes (Figure S4). There were 491 

little difference between the PM10 diel cycles at different sites during severe PM10 pollution 492 

episodes. While in midday, the diel cycle of PM10 showed an upward trend in SH21, the other 493 

sites showed a uniform trend (a little up and a little down) of the diel cycle of PM10. In addition, 494 

while two diel PM10 peaks were observed at the sites over the study period (Ali-Taleshi et al., 495 

2022a), there was only one diel PM10 peak around nigh or midnight for PM10 episode days. The 496 

rush hour traffic PM10 peak in the morning was removed during episode days. Based on the 497 

monthly cycles of PM10 concentrations at most of the sites, the highest PM10 concentration was 498 

identified in warm months of the year which can be due to the regional mineral dust transport 499 

associated with anthropogenic dust to receptor sites.  500 
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 501 

3.4. Transport Analysis for PM10  502 

Figure 4 shows the CWT pattern for the whole data set over the whole sampling period. Figure 503 

S5 presents the seasonal CWT patterns. Figure S6 provides the year-by-year patterns, and Figure 504 

S7 provides the combined year-by-year-by-season. It can be seen that in general (Figure 4), the 505 

highest contributing areas were in the Arabian Peninsula, North Africa, and central Russia.  The 506 

first two areas are obvious sources of sand and dust. Central Russia likely represents areas of 507 

major wildfires. There was a major wildfire in southern Siberia and Kazakhstan from April 12 to 508 

16, 2015 that can be seen in the 2015 pane in Figure S6. Another fire occurred in June 18–25, 509 

2021 that shows itself in the 2021 pane of 2021. The likely wildfire aerosol was highest in 510 

summer when high temperatures and low relative humidity provide ideal conditions for the 511 

spread of large wildfires. The highest dust impacts come in autumn (lower left pane of Figure 512 

S5) and to a lesser extent in winter (lower right pane of Figure S5) given the high values seen in 513 

Saudi Arabia and North Africa. However, there is an indication of North African dust being 514 

important during the summer (upper right panel of Figure S5). 515 

To explore the conditions for enhanced transport, the related meteorological regimes were 516 

explored. The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Aqua was 517 

used for retrieving aerosol optical depth (AOD) as an aerosol product using a 10 km resolution 518 

over land based on the deep blue (DB) algorithm (Figure S8). The MODIS AOD product has 519 

been extensively validated on global and regional scales, demonstrating good accuracy and 520 

regional applicability (Mhawish et al., 2019; Qin et al., 2021; Tao et al., 2019; Wang et al., 2020; 521 

Wei et al., 2019). The utility of the DB AOD results for PM10 episodes in the warm season (date: 522 

05/06/2016-07/06/2016) are illustrated by the NASA Worldview images in Figure S9. As shown, 523 

the highest AOD values (AOD > 3) were observed beyond the borders in western Iran (Iraq and 524 

Syria) and western vacant lands near the city. Thus, the transboundary transport of sand and dust 525 

from Iraq desert lands, showed significant contribution to PM10 concentrations in Tehran along 526 

with the local desert land near the city can be seen in the satellite image (Figure S9).  527 

 528 
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Figure 4.  CWT plot using a Lambert projection for all PM10 data over the 2015-2021 period. 529 

The black dot represents the location of Tehran. 530 

 531 

The meteorological conditions during PE3 episodes are presented if Figures S10 to S12. The 532 

temperature (K) and winds (m s-1) at 850 mb retrieved from NCEP/NCAR reanalysis data from 533 

NOAA physical Sciences Laboratory was also showed similar spatial patterns of SDSs areas in 534 

the warm and dry season. Based on NCEP/NCAR reanalysis data in the cold season, the 535 

accumulation of PM10 pollutant may be the cause of the weakening of the westerly winds in 536 

stagnant meteorological conditions (Figures S10-S12). The MODIS aerosol product of AOD and 537 

NASA Worldview maps for these selected episodes are provided in Figures S13-S21. 538 

                       539 

4. CONCLUSIONS 540 

To provide better protection of public health by providing better information on PM10 episodes. 541 

it is necessary to understand the characteristics of severe PM10 concentrations and their 542 
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durations. By studying the local and regional PM10 transport pathways during episodes in 543 

Tehran,  information can be provided to policy-makers, lawmakers and technical experts at  544 

local, national, and international scales. The findings of this study indicated that all sites in 545 

Tehran had higher average baseline PM10 concentrations compared to the recommended AQG 546 

level for daily (24-hour) PM10 (45 μg m-3). Desert dust and wildfire aerosol may lead to 547 

exceedances of the daily average interim target-4 value for PM10 of 50 μg m-3 in Tehran. Local 548 

sources can affect the natural composition of desert dust and increase the overall concentrations. 549 

Severe PM10 pollution frequency (If) was the most significant aspect of severe PM10 pollution in 550 

terms of average PM10 concentrations and have the highest influence on the severity ratings of 551 

the PM10 episodes. The positive slope in the overall severity of PM10 pollution at these sites can 552 

be attributed to increased anthropogenic PM10 concentration from sand and gravel mines near 553 

specific sites during events. Based on duration analysis of PM10 pollution episodes, the 554 

frequency of events with longer duration was lower than the shorter duration episodes. PM10 555 

pollution magnitudes and concentrations had higher values for PE2 and PE3. The sites were 556 

affected by SDSs with the transport from the west vacant areas of Iran and longer range transport 557 

from the Arabian Peninsula and North Africa as well as Iraq and Syria. Increased regional dust 558 

occur with high wind speeds during dusty days leading to lower PM2.5/PM10 ratios at most sites.  559 

These results indicated that understanding the PM10 pollution episodes characteristics could 560 

provide the basis for plans for practical reductions in anthropogenic emissions when early 561 

warnings of dust storms are provide. They also support the need for joint air pollution control 562 

strategies for regional air pollution. These actions can help faster reductions leading to 563 

achievement of AQG limits and improve their public health.  564 
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