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A B S T R A C T

The urban particulate matter (PM) carbonaceous and water-soluble ions were investigated in Amman, Jordan
during May 2018–March 2019. The PM2.5 total carbon (TC) annual mean was 7.6 ± 3.6 μg/m3 (organic carbon
(OC) 5.9 ± 2.8 μg/m3 and elemental carbon (EC) 1.7 ± 1.1 μg/m3), which was about 16.3% of the PM2.5. The
PM10 TC annual mean was 8.4 ± 3.9 μg/m3 (OC 6.5 ± 3.1 μg/m3 and elemental carbon (EC) 1.9 ± 1.1 μg/m3),
about 13.3% of the PM10. The PM2.5 total water-soluble ions annual mean was 7.9 ± 1.9 μg/m3 (about 16.9%),
and that of the PM10 was 10.1 ± 2.8 μg/m3 (about 16.0%). The minor ions (F− , NO2

− , Br− , and PO4
3− ) constituted

less than 1% in the PM fractions. The significant fraction was for SO4
2− (PM2.5 4.7 ± 1.6 μg/m3 (10.0%) and PM10

5.3 ± 1.9 μg/m3 (8.3%)). The NH4
+ had higher amounts of PM2.5 (1.3 ± 0.6 μg/m3; 2.7%) than that PM10 (0.9 ±

0.4 μg/m3; 1.4%). During sand and dust storm (SDS) events, TC, Cl− , and NO3
− were doubled in PM, SO4

2− did not
increase significantly, and NH4

+ slightly decreased. Regression analysis revealed: (1) carbonaceous aerosols come
equally from primary and secondary sources, (2) about 50% of the OC came from non-combustion sources, (3)
traffic emissions dominate the PM, (4) agricultural sources have a negligible effect, (5) SO4

2− is completely
neutralized by NH4

+ in the PM2.5 but there could be additional reactions involved in the PM10, and (6) (NH4)2SO4,
was the major species formed by SO4

2− and NH4
+ instead of NH4HSO4. It is recommended to perform long-term

sampling and chemical speciation for the urban atmosphere in Jordan.

1. Introduction

Long periods of drought could also increase air pollutants and that
was indicated in lower organic matter content within pollen traps in the
year 2010–2011 compared to 2009–2010 by 9.9% (Al-Dousari et al.,
2018). The long drought periods, water scarcity, and the huge precipi-
tation variations are enhancing aeolian activities as part of pollutants on
the regional scale (Doronzo et al., 2016).

Salts (such as SO4
2− , NO3

− , Cl− , and NH4
+) are observed to constitute

the majority of the inorganic ions in fine particulate matter (PM2.5),

accounting for more than 80% of all water-soluble inorganic ions
(WSIIs) (Tsai et al., 2021). WSIIs impact air quality, visibility, health,
and climate (Delfino et al., 2005; Goudarzi et al., 2019; Hong et al.,
2022; Khan et al., 2010; Komaba and Fukagawa, 2016; Naimabadi et al.,
2016; Organización Mundial de la Salud, 2021; Pui et al., 2014; Zhang
et al., 2011). For example, someWSIIs are known for causing smogwhen
relative humidity exceeds 60%. Furthermore, their light extinction co-
efficient is relatively high, and plays a major role in reducing visibility in
many cities (Hong et al., 2022). SO4

2− contributes to the effect of acid
rain, while phosphate (PO4

3− ) can harm the cardiovascular system in
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humans and animals as well (Komaba and Fukagawa, 2016). Excessive
emissions of some ions (e.g. NO2

− ) potentially alter the ozone cycle in
addition to its contribution to the absorption of visible solar radiation,
which has two consequences: (1) impaired atmospheric visibility, and
(2) contribution to global warming (Organización Mundial de la Salud
(OMS), 2021).

Contrary to carbonaceous aerosols, sources of atmospheric WSIIs are
relatively easier to identify. The common sources of WSIIs in the at-
mosphere are either natural sources (e.g., photochemical reactions, the
NOx cycle in the atmosphere, and certain microbiological activities) or
anthropogenic sources and processes. (Freyer et al., 1993; Gupta et al.,
2023; Lestari et al., 2024; Pui et al., 2014; Tran et al., 2024; Williams
et al., 2021; YAHAYA et al., 2023). For example, PO4

3− is commonly
emitted during fertilizer production (YAHAYA et al., 2023). NO2

− , NO3
− ,

and NH4
+ are agents in the primary chemical reactions and cycles in the

atmosphere and the production of other nutrients such as N2. SO4
2− ,

NO3
− , and NH4

+ are significant precursors for secondary inorganic aerosol
(SIA) formation. Elevated concentrations of NO3

− and SO4
2− are influ-

enced by meteorological factors that enhance oxidation rates of NO2 and
SO2. NH4

+ is formed through the conversion of NH3, mainly contributed
by agriculture and vehicle exhaust (Rattanapotanan et al., 2023).

The Mediterranean basin, where the northern Sahara of the African
continent meets the southern coastal lands of southern Europe and the
Levantine coast (i.e., the eastern Mediterranean), is considered a typical
example of the long-range transport of many species of air pollutants
carried by dust particles during sand and dust storm (SDS) episodes
(Bozkurt, 2018; Cheng et al., 2022; Galindo et al., 2020; F.F. Ghasemi
et al., 2023a,b; Goudarzi et al., 2019; Hussein et al., 2022; Naimabadi
et al., 2016). These events have a substantial impact on the concentra-
tions of the carbonaceous and non-carbonaceous aerosol species
(Behrooz et al., 2017; Bozkurt, 2018; Cheng et al., 2022; F.F. Ghasemi
et al., 2023a,b; Remoundaki et al., 2013; Saraga et al., 2017; Shahsavani
et al., 2012; Tepe and Doğan, 2021). However, these previous studies
reporting the chemical characterization focusing on WSIIs did not
include urban areas within the Levant. It was only recently when we
previously considered an urban area in Jordan affected by SDS episodes
originating from different major sources of dust and classified into three
main categories: S (Sahara), SL (Saharan and Levant), SA (Sahara and
Arabia), and SLA (Sahara, Levant, and Arabia) (Hussein et al., 2020,
2022). In these previous two studies, we presented the PM2.5 and PM10
concentrations during these SDS events with chemical characterization
of carbonaceous aerosols. There is a clear gap in scientific knowledge
about the WSIIs in the Levant.

In this study, we present, for the first time the concentrations of
OCEC and WSIIs as observed in PM2.5 and PM10 collected at an urban
site in Amman, Jordan. The characterization of WSIIs was investigated
with respect to previously classified SDS episodes. We explore the
sources of aerosol particles based on their chemical composition and
provide an assessment of aerosol sources in the region.

2. Materials and methods

2.1. Aerosol measurement

The aerosol measurement campaign was conducted from May
2018–March 2019 on the rooftop of the Department of Physics at the
University of Jordan [32.0129 N◦, 35.8738 E◦]. The measurements were
conducted approximately 20 m above the ground. The site was catego-
rized as having an urban background location in the northern region of
Amman, Jordan. The surrounding area consisted of a blend of residential
areas and a network of roads.

The aerosol measurement instrumentation included two high-
volume samplers (model CAV-A/mb, MCV, S.A., Spain) and a cascade
head (model PM1025-CAV, MCV, S.A.) to collect filter samples for PM10
and PM2.5. The filter media used in these samplers was quartz (Pallflex,
PALLXQ250ETDS0150, TISSUQUARTZ 2500 QAT-UP) with a diameter

of 15 cm. The sampling flow rate was set to 30 m3 h–1, and the sampler
automatically recorded the overall mean ambient temperature and at-
mospheric pressure during the sampling sessions.

Each sample was collected over 24 h every 6 days. Accordingly, we
acquired 51 and 48 valid samples of PM10 and PM2.5, respectively.
Additionally, we collected six blank samples.

2.2. Gravimetric and PM chemical composition analysis

Before the chemical composition analysis of the PM samples, gravi-
metric analysis was performed to determine the PM10 and PM2.5 mass
concentrations according to the European directive EN1234-1. Accord-
ingly, the particulate matter concentration can be calculated from the
filter weights (difference between post-sampling (weight mpost) and pre-
sampling (weight mpre)) divided by the sampling flow rate (Q [30 m3

h− 1]) and sampling period (Δt [24 h]).
After the determination of the air sample mass, a 1/4 fraction of each

filter was bulk acid digested and leached to extract WSIIs (F− , Cl− , NO2
− ,

Br− , NO3
− , PO4

3− , SO4
2− and NH4

+) and subsequent analysis by ion chro-
matography (IC) and flow injection analysis (FIA). Another 1/4 of the
sampled filter was taken to the OC and EC analysis according to the
EUSAAR2 protocol employing a Sunset Laboratory Dual-Optical
Carbonaceous Analyzer (Birch and Cary, 1996; Cavalli et al., 2010;
Viana et al., 2007a).

The results of ion concentrations from IC were expressed in ppm, and
the ppm-μg/m3 conversion was processed using the blank sample con-
centration (Cblk), leachate volume (Vl = 30 m3), sample filter portion (p
= 4, ¼ filters per analysis) and total sampled air volume (Vair = Q*Δt =
720 m3). The equation for the ion concentration calculation is shown as
follows:

Cion
[μg
m3

]
=
Cion[ppm] − Cblk[ppm]

Vair
×Vl × p (1)

2.3. Weather conditions

In addition to the aerosol measurement, the ambient meteorology
conditions (Temperature, Pressure, Relative Humidity, Wind Speed and
Wind Direction, and precipitation) were monitored with a 5-min reso-
lution by using a weather station (WH-1080, Clas Ohlson: Art. no.
36–3242).

The monthly mean ambient temperature (T) was around 24 ◦C
during the summer and around 9 ◦C in winter. Throughout the campaign
(May 2018–March 2019), the daily mean T was in the range of 3–30 ◦C
(overall mean 17± 7 ◦C). The monthly mean relative humidity (RH) was
about 55% and 82% during the summer and the winter; respectively.
The daily mean RHwas in the range 20–100% (overall mean 68± 21%).
The absolute pressure (P) was about 896 hPa and 901 hPa during the
summer and the winter; respectively. The daily mean P was in the range
890–908 hPa (overall mean 899 ± 4 hPa). The monthly mean wind
speed (WS) during the autumn (September–November) was lower than
in the summer. The maximum monthly WS was reported 2.1 m/s in
August, and the minimum was 0.8 m/s in November.

By the end of the measurement campaign, the cumulative precipi-
tation was about 470mm. The rainy season started in October 2018 with
a small amount (cumulative ~13 mm). During December 2018, the
cumulative precipitation was about 180 mm. During January–February
2019, the cumulative precipitation was about 120 mm.

3. Results

3.1. An overview of the PM concentrations

Our results show that the particulate matter (PM10 and PM2.5) con-
centrations were below 200 μg/m3 during the measurement period
(Fig. 1). On average, the PM2.5 concentration was 47 ± 32 μg/m3 and
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the PM10 was about 63 ± 39 μg/m3 with an overall ratio PM2.5/PM10
about 0.74 (Table 1) indicating the dominance of fine particulate matter
(PM2.5). The minimum concentration was 19 μg/m3 and 15 μg/m3,
respectively, for PM10 and PM2.5.

The aerosol mass concentrations in the region were influenced by
frequent Sand and Dust Storms (SDS); in total ten SDS were observed.
Here, SDS events were identified when PM10 exceeded 70 μg/m3 based-
on visual observation during the sampling. For example, on October 23,
2018, a severe SDS was observed with a concentration of around 189 μg/
m3 for both PM10 and PM2.5. In general, the PM10 and PM2.5 concen-
trations were increased during SDS events and the ratio PM10/PM2.5 was
generally larger indicating a larger relative contribution of larger dust
particles than one except for that severe event on October 23rd.

The carbonaceous and water-soluble conistituients will be presented
and discussed in detail in the following subsections. The remaining
contents, mainly mineral-related elements and trace metals, indicated
by “others,” were not identified according to our analytical procedure.
On average, this remaining fraction accounts for about 67% and 70% of
the PM2.5 and PM10, respectively.

3.2. Chemical characterization

3.2.1. Elemental and organic carbon
Since the SDS event on October 23 was a severe event, it was

excluded from further analysis. Accordingly, the total carbon (TC)
concentration in the fine fraction (PM2.5) was in the range 1.7–13.6 μg/
m3. The overall average TC was 7.6 ± 3.6 μg/m3, accounting for 16.3%
of the PM2.5 content (Fig. 2b and Table 1). The elemental carbon (EC)
constitutes about 1.7 ± 1.1 μg/m3 (3.5% of PM2.5) whereas the organic
carbon (OC) was 5.9 ± 2.8 μg/m3 (12.7% of PM2.5); see Fig. 3.

Similarly, PM10 TC content ranged from 2.7 to 20.0 μg/m3. The
overall average TC was 8.4 ± 3.9 μg/m3, accounting for 13.3% of PM10

(Fig. 2a and Table 1). The PM10 EC constitutes about 1.9 ± 1.1 μg/m3

(3.0%), whereas the OC was 6.5 ± 3.1 μg/m3 (10.3%); see also Fig. 3.
In both the PM10 and PM2.5 the EC fraction was less than the OC

fraction (Fig. 4). The TC, EC, and OC concentrations were also higher in
the PM10 than in the PM2.5; ratios respectively were 0.91, 0.87, and 0.92
(Table 1). However, the TC, EC, and OC percentage was slightly lower in
the PM10 than in the PM2.5. This is expected because the coarse fraction
is expected to include more fractions of other components than the
carbonaceous contents.

3.2.2. Water-soluble ions
Excluding the severe SDS event on October 23, 2018, the total water-

soluble ions (TI) was about 7.9 ± 1.9 μg/m3 (about 16.9%) and 10.1 ±

2.8 μg/m3 (about 16.0%); respectively in the PM2.5 and PM10 (Table 1,
Fig. 3). The TI amount was relatively similar to those for the TC within
the PM2.5 but they were less within the PM10. The minor ions (F− , NO2

− ,
Br− , and PO4

3− ) constituted less than 1% in the PM fractions. The sig-
nificant fraction among all ions was found for SO4

2− with an overall
average 4.7 ± 1.6 μg/m3 (10.0%) in PM2.5 and 5.3 ± 1.9 μg/m3 (8.3%)
in PM10 (Table 1).

The ions Cl− , NO3
− and SO4

2− amounts within the PM2.5 (0.2 ± 0.2,
1.6 ± 0.9, and 4.7 ± 1.6; respectively) were less than those within the
PM10 (0.6 ± 0.5, 3.3 ± 2.0, and 5.3 ± 1.9; respectively) (Table 1).
Interestingly, the SO4

2− percentage fraction within the PM2.5 (about
10%) was more significant than that within the PM10 (about 8%),
indicating that this water-soluble ion is mainly concentrated within the
fine fraction. An interesting thing was found for NH4

+, which had a
higher mass concentration within the PM2.5 (average 1.3 ± 0.6 μg/m3;
about 2.7%) than that within the PM10 (average 0.9 ± 0.4 μg/m3; about
1.4%) indicating that this water-soluble ion is reactive with other
components in the coarse fraction.

3.3. Warm versus cold conditions

Taking into consideration the conditions with temperature T> 15 ◦C
(warm) versus temperature T < 9 ◦C (cold) revealed that the PM (both
PM2.5 and PM10) concentrations were relatively higher during warm
conditions. However, the chemical characteristics changed significantly
with respect to EC and some major water-soluble ions (including Cl− ,
NO3

− , and NH4
+).

The concentrations of EC and some water-soluble ions (Cl− , NO3
− ,

Fig. 1. Concentrations of 24-h average PM10 and PM2.5 during the measure-
ment period. The Sand and Dust Storm (SDS) events were chosen when PM10 >

70 μg/m3. During the sampling period, ten SDS were observed.

Table 1
Overall particulate matter (PM10 and PM2.5) concentrations (μg/m3) and their
carbon and water-soluble ions contents with the corresponding percentage.

PM2.5 PM10 PM2.5

PM10Mean Std % Mean Std %

PMx 46.75 31.96 ​ 62.97 39.40 ​ 0.74
EC a 1.65 1.08 3.54 1.90 1.08 3.01 0.87
OC b 5.94 2.79 12.71 6.48 3.08 10.29 0.92
Cl− 0.23 0.16 0.49 0.60 0.50 0.96 0.38
NO3

− 1.64 0.92 3.50 3.29 1.96 5.23 0.50
SO4

2− 4.68 1.59 10.02 5.25 1.86 8.34 0.89
NH4

+ 1.27 0.60 2.71 0.88 0.44 1.40 1.44
Other Ions c 0.06 0.02 0.13 0.06 0.03 0.10 1.01
Others 31.30 28.84 66.91 44.52 35.32 70.70 0.70

a EC: elemental carbon.
b OC: elemental carbon.
c Other ions include F− , NO2

− , Br− , and PO4
3− .

Fig. 2. Concentrations of total carbon (TC) and total ions (TI) with corre-
sponding (a) PM10 and (b) PM2.5 during the measurement period.
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and NH4
+) were higher during cold conditions than during warm con-

ditions (Tables 2 and 3, Fig. S1). The OC and other water-soluble ions
(SO4

2− and other ions including F− , NO2
− , Br− , and PO4

3− ) did not
significantly change between warm and cold conditions.

3.4. The influence of sand and dust storm (SDS) events

An interesting part of the analysis is to consider comparing the
conditions with SDS events against clean air conditions. The picture is

clear regarding the PM concentrations, which almost tripled (Tables 4
and 5, Fig. S2). The concentrations of the unknown components (indi-
cated as “others”) were quadrupled.

With respect to the PM10 contents of PM components analyzed
(Table 4), the EC, OC, Cl− , and NO3

− almost doubled concentrations
during SDS events. Whereas the concentrations of SO4

2− did not increase
significantly during SDS events compared to conditions without SDS
events. The concentrations of NH4

+ slightly decreased during SDS events.
As for the PM2.5 contents (Table 5), the EC, OC, Cl− , and NO3

− almost
doubled concentrations during SDS events, which is similar to that of
PM10. Meanwhile, the concentrations of SO4

2− did not increase signifi-
cantly, and that of NH4

+ slightly decreased during SDS events when
compared to conditions without SDS events. The other minor water-
soluble ions (F− , NO2

− , Br− , and PO4
3− ) increased by a factor of 1.6

during SDS events for PM2.5 and PM10.

Fig. 3. Chemical speciation for (a) PM10 and (b) PM2.5.

Fig. 4. Carbonaceous concentrations as total carbon (TC), elemental carbon
(EC), and organic carbon (OC) in the (a) PM10 and (b) PM2.5 during the mea-
surement period.

Table 2
PM10 concentrations (μg/m3) and their chemical contents and corresponding
percentage during warm and cold conditions.

Cold a Warm b cold
warm

Mean Std % Mean Std %

PM10 60.04 34.75 ​ 62.79 43.64 ​ 0.96
EC c 2.22 1.07 3.70 1.52 0.99 2.41 1.47
OC d 6.39 2.89 10.64 6.37 2.67 10.15 1.00
Cl− 1.03 0.50 1.72 0.33 0.26 0.52 3.16
NO3

− 3.69 2.66 6.14 2.82 1.19 4.49 1.31
SO4

2− 5.18 1.63 8.63 5.17 1.89 8.24 1.00
NH4

+ 0.95 0.45 1.58 0.77 0.35 1.23 1.22
Other Ions e 0.06 0.02 0.10 0.06 0.03 0.10 0.90
Others 40.54 30.62 67.52 45.76 39.67 72.88 0.89

a Cold was taken with daily mean temperature T < 9 ◦C.
b Warm was taken with daily mean temperature T > 15 ◦C.
c EC: elemental carbon.
d OC: elemental carbon.
e Other ions include F− , NO2

− , Br− , and PO4
3− .
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4. Discussion

4.1. Compliance with WHO and Jordanian air quality standards

A detailed literature review of PM concentrations and their chemical

speciation in different regions of the world can be found in Table S1 and
Table S2.

The Jordanian standards (JS-1140/2006) sets the annual limit for
PM10 and PM2.5 as 70 μg/m3 and 15 μg/m3; respectively. Accordingly,
the reported mean annual PM10 was below its limit value, but the annual
PM2.5 was three times higher than its limit value. Following the 24-h
mean limit value, PM10 and PM2.5 have limit values of 120 μg/m3 and
65 μg/m3, respectively. Here, the daily mean PM10 exceeded the limit
values six times, and the PM2.5 exceedance occurred seven times. These
exceedances were during the SDS events. The World Health Organiza-
tion’s (WHO) previous air quality guidelines in 2005 for PM10 recom-
mended that the annual and 24h average not to exceed 20 μg/m3 and 50
μg/m3, respectively. And that for the PM2.5 annual and 24h average not
to exceed 10 μg/m3 and 25 μg/m3; respectively. Accordingly, the
observed annual PM10 and PM2.5 here exceeded the annual WHO limit
value. As for the 24h mean, only six days did not exceed their PM2.5 limit
value and twenty-five days did not exceed their PM10 limit value.

The WHO published an update on global air quality during
2008–2016 (World Health Organisation, 2018). According to that
database, the world’s overall annual mean PM10 was ~72 μg/m3 during
2008–2016, which is slightly higher than what was observed during our
measurement campaign. Compared to Jordanian cities reported in that
database, the annual mean PM10 and PM2.5 for Al-Zarqa’, Amman, and
Irbid in 2017 was 82, 68, and 53 μg/m3; respectively. These are in
accordance with our observation here. Compared to countries around
the Mediterranean Sea in 2016, the annual mean PM10 in Jordan was
higher than reported in the WHO database in urban, suburban, and
residential sites. For example, the annual mean PM10 in Cyprus (4 sites)
was 37 ± 6 μg/m3 (range 29–41 μg/m3), Greece (12 sites) was 52 ± 18
μg/m3 (range 21–43 μg/m3), Turkey (80 sites) was 52 ± 18 μg/m3

(range 17–91 μg/m3), Italy (231 sites) was about 25 ± 6 μg/m3 (range
10–43 μg/m3), and Malta (2 sites) was 38 ± 8 μg/m3 (range 32–43
μg/m3). And compared to other cities in the Middle East as reported by
the WHO database, the annual mean PM10 in Jordan was lower than
what was observed in Egypt (249–284 μg/m3; two sites), Kuwait (130 ±

35 μg/m3; 9 sites), and the United Arab of Emirates (122–153 μg/m3;
three sites).

4.2. Comparison with previous observations worldwide

With respect to previous PM2.5 observations in the region, the re-
ported values in this study remain within the range (22–66 μg/m3) as
compared to East Jerusalem (Palestine (von Schneidemesser et al.,
2010)), Beirut (Lebanon (Fadel et al., 2023; Fakhri et al., 2023; Waked
et al., 2013)), Riyadh (Saudi Arabia (Bian et al., 2018)), Kuwait (Kuwait
(Brown et al., 2008)), Doha (Qatar (Javed and Guo, 2021)), and Busher
and Tehran (Iran (Arfaeinia et al., 2016; F.F. Ghasemi et al., 2023a,b)) in
addition, Amman (Jordan (von Schneidemesser et al., 2010)).

The concentrations in Jordan and its neighboring countries are
higher than those observed around the Mediterranean EU countries
(Turkey, Greece, Italy, and Spain), with a range 11–30 μg/m3 (Cesari
et al., 2018; Grivas et al., 2012; Mertoglu et al., 2022; Paraskevopoulou
et al., 2015; Siciliano et al., 2018; Sillanpää et al., 2005; Tolis et al.,
2014; Viana et al., 2006, 2007b) and other Eu countries (Portugal,
France, Belgium, Germany, Netherland, Czech Republic, Poland, and
Finland) with a range 8–34 μg/m3 (Bencs et al., 2008; Juda-Rezler et al.,
2020; Moufarrej et al., 2020; Pio et al., 2020; Schwarz et al., 2019;
Sillanpää et al., 2005; Viana et al., 2007b). Also, in the USA and South
Korea, the PM2.5 concentrations reported were lower than what was
observed in this study (Blanchard et al., 2008; Kim et al., 1999; Shon
et al., 2013). In Chinese and Indian cities, PM2.5 remains to be at a record
high compared to other regions in the world, with a range 30–200 μg/m3

and 50–310 μg/m3; respectively (Das et al., 2015; Devi et al., 2020; He
et al., 2001; Mahapatra et al., 2021, 2018; Niu et al., 2022; Panda et al.,
2023; Pipal et al., 2016; Sharma et al., 2016; Su et al., 2021; Tao et al.,
2014; Wang et al., 2005, 2022; Zhang et al., 2011; Zhang et al., 2021a,b;

Table 3
PM2.5 concentrations (μg/m3) and their chemical contents and corresponding
percentage during warm and cold conditions.

Cold a Warm b cold
warm

Mean Std % Mean Std %

PM2.5 42.58 22.37 ​ 51.01 39.15 ​ 0.83
EC c 1.99 0.98 4.68 1.41 1.15 2.76 1.42
OC d 5.77 2.84 13.56 6.27 3.03 12.29 0.92
Cl− 0.37 0.16 0.86 0.14 0.09 0.27 2.61
NO3

− 2.05 0.98 4.82 1.26 0.64 2.47 1.63
SO4

2− 4.48 1.36 10.52 4.75 1.54 9.32 0.94
NH4

+ 1.36 0.53 3.20 1.08 0.40 2.12 1.26
Other Ions e 0.06 0.01 0.13 0.07 0.03 0.13 0.87
Others 26.52 20.22 62.27 36.06 35.01 70.69 0.74

a Cold was taken with daily mean temperature T < 9 ◦C.
b Warm was taken with daily mean temperature T > 15 ◦C.
c EC: elemental carbon.
d OC: elemental carbon.
e Other ions include F− , NO2

− , Br− , and PO4
3− .

Table 4
PM10 concentrations (μg/m3) and their chemical contents and corresponding
percentage during conditions with SDS events and days without SDS events.

Without SDS a SDS b SDS
nonSDS

Mean Std % Mean Std %

PM10 36.51 7.94 ​ 120.98 29.46 ​ 3.31
EC c 1.50 0.89 4.11 2.54 1.28 2.10 1.70
OC d 4.91 1.48 13.45 9.59 3.67 7.92 1.95
Cl− 0.48 0.43 1.33 0.77 0.53 0.64 1.59
NO3

− 2.52 0.92 6.91 4.89 2.76 4.05 1.94
SO4

2− 4.90 1.60 13.42 6.43 2.31 5.32 1.31
NH4

+ 0.93 0.43 2.56 0.81 0.54 0.67 0.87
Other Ions e 0.05 0.01 0.13 0.08 0.03 0.06 1.62
Others 21.22 6.04 58.14 95.87 28.70 79.24 4.52

a Conditions without Sand and Dust Storm (SDS) events were taken with
respect to PM10 < 50 μg/m3.
b Conditions with SDS events were taken with respect to PM10 > 70 μg/m3.
c EC: elemental carbon.
d OC: elemental carbon.
e Other ions include F− , NO2

− , Br− , and PO4
3− .

Table 5
PM2.5 concentrations (μg/m3) and their chemical contents and corresponding
percentage during conditions with SDS events and days without SDS events.

Without SDS a SDS b SDS
nonSDS

Mean Std % Mean Std %

PM2.5 29.08 7.00 ​ 85.58 41.19 ​ 2.94
EC c 1.26 0.77 4.33 2.39 1.41 2.80 1.90
OC d 4.69 1.32 16.13 8.00 3.63 9.35 1.71
Cl− 0.17 0.14 0.60 0.30 0.17 0.36 1.74
NO3

− 1.19 0.67 4.08 2.39 0.87 2.79 2.01
SO4

2− 4.56 1.47 15.69 5.36 2.01 6.26 1.18
NH4

+ 1.32 0.47 4.53 1.20 0.88 1.40 0.91
Other Ions e 0.05 0.01 0.17 0.08 0.03 0.09 1.60
Others 15.86 5.65 54.53 65.87 38.43 76.97 4.15

a Conditions without Sand and Dust Storm (SDS) events were taken with
respect to PM10 < 50 μg/m3.
b Conditions with SDS events were taken with respect to PM10 > 70 μg/m3.
c EC: elemental carbon.
d OC: elemental carbon.
e Other ions include F− , NO2

− , Br− , and PO4
3− .
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Zhou et al., 2016a,b).
As can be recalled from Table S1, the PM2.5 OC and EC concentra-

tions within the fine fraction (PM2.5) reported in this study were smaller
than those reported in the regions Palestine, Lebanon, Kuwait, Qatar,
and Iran that were in the range EC (1.8–2.6 μg/m3) and OC (1.8–15.4
μg/m3) (Arfaeinia et al., 2016; Brown et al., 2008; Javed and Guo, 2021;
von Schneidemesser et al., 2010; Waked et al., 2013). Our values were
within the range observed in European cities: EC (0.4–6.6 μg/m3) and
OC (2.1–14.8 μg/m3) (Cesari et al., 2018; Grivas et al., 2012; Juda-Re-
zler et al., 2020; Paraskevopoulou et al., 2015; Pio et al., 2020; Schwarz
et al., 2019; Siciliano et al., 2018; Sillanpää et al., 2005; Viana et al.,
2006, 2007b). Again, Chinese and Indian cities recorded higher con-
centrations of OC (12–31 μg/m3) and EC (2.7–17.9 μg/m3) than the
values reported in this study (Devi et al., 2020; He et al., 2001; Maha-
patra et al., 2021; Niu et al., 2022; Pipal et al., 2016; Sharma et al., 2016;
Tao et al., 2014; Wang et al., 2022; Zhang et al., 2021a,b; Zhou et al.,
2016a,b).

In comparison to other cities in the region, the PM2.5 SI concentra-
tions reported in this study is less than those observed in Qatar (NO3

− =

1.5 μg/m3 and SO4
2− = 14.2 μg/m3) and Iran (2.1, 3.9, and 6.8 respec-

tively for Cl− , NO3
− and SO4

2− ) (Ghasemi et al., 2023a,b; Javed and Guo,
2021); see Table S1. The concentrations of Cl− , NO3

− and NH4
+ reported

in this study are within the range reported (0.03–0.94, 0.04–8.7, and
0.08–4.94 μg/m3, respectively for Cl− , NO3

− and NH4
+) in other cities in

the EU but the concentration of SO4
2− (0.23–3.89 μg/m3) was slightly

higher (Bencs et al., 2008; Cesari et al., 2018; Grivas et al., 2012;
Juda-Rezler et al., 2020; Mertoglu et al., 2022; Moufarrej et al., 2020;
Paraskevopoulou et al., 2015; Pio et al., 2020; Schwarz et al., 2019;
Sillanpää et al., 2005; Tolis et al., 2014). However, the PM2.5 SI is
significantly higher in Indian and Chinese cities (Devi et al., 2020;
Mahapatra et al., 2021; Niu et al., 2022; Panda et al., 2023; Sharma
et al., 2016; Su et al., 2021; Tao et al., 2014; Verma et al., 2010; Wang
et al., 2005, 2022; Zhang et al., 2021a,b; Zhang et al., 2011; Zhou et al.,
2016a,b); see Table S1.

4.3. Warm versus cold conditions and SDS versus nonSDS events

The high concentrations of the carbonaceous and water-soluble ions
during cold conditions (i.e. winter) were also reported in other urban
environments in India and China (Niu et al., 2022; Sharma et al., 2016;
Su et al., 2021; Zhou et al., 2016a,b). It is very well known that during
cold conditions, the boundary layer height is lower than during warm
conditions. Recalling this fact, it is most likely leading to two probable
reasons: (1) the formation/emission of EC, Cl-, NO3-, and NH4+ is
enhanced, or (2) the chemical reactions removing these components
from the atmosphere are reduced. The speculation remains uncertain
regarding the unchanged concentration for OC, SO4

2− , F− , NO2
− , Br− , and

PO4
3− between warm and cold conditions.
Similar results were reported in Qatar with respect to increased

concentrations of carbonaceous and some water-soluble ions (namely
NH4

+ and SO4
2− ) during SDS (Javed and Guo, 2021). In that study, the

PM10 concentration was around 120 μg/m3 during SDS versus 200
μg/m3. The corresponding increase was from 6 μg/m3 to 12 μg/m3 for
OC, from 3 μg/m3 to 4 μg/m3 for EC, from 7 μg/m3 to 10 μg/m3 for NH4

+,
and from 19 μg/m3 to 22 μg/m3 for SO4

2− .

4.4. General discussion on aerosol chemical composition

The carbonaceous (OC and EC) and water-soluble ions (TI) fractions
in the PM fractions were inversely proportional to the PM concentra-
tions (Fig. 5). The fraction decrement rate of the TI/PM was more than
that of the OC/PM and EC/PM. The secondary versus primary sources in
the urban atmosphere of Amman can be revealed from the correlation
and the regression between OC and EC (Fig. 6). The correlation between
EC and OC was around 0.6 for both PM2.5 and PM10. This can be
considered as an intermediate correlation indicating that the

carbonaceous aerosols in Amman come equally from primary and sec-
ondary sources. The y-intercept of the regression line (OC = m EC + b)
represents the contribution from non-combustion sources of OC, such as
road pavement dust. An intercept value of about 3 μg/m3 indicates about
50% of the OC came from non-combustion sources.

The contribution of traffic emissions with respect to stationary
sources is illustrated in Fig. 7a–b. Since the slope of the regression line
(SO4

2− = m NO3
− + b) is less than one, which indicates traffic emissions

dominate the PM in the urban atmosphere of Amman.
The contribution of agricultural sources in Amman urban atmo-

sphere is very weak because the regression line (NH4
+ =m NO3

− + b) has
a low regression slope of about 0.3 for PM2.5 and almost negligible for
PM10 (Fig. 7c–d).

Finally, the regression analysis suggests complete neutralization of
SO4

2− by NH4
+ because the slope (SO4

2− = m NH4
+ + b) was about 1.6 for

PM2.5 (Fig. 7e–f). However, additional reactions could be involved in the
PM10 samples because the slope for the PM10 (about 1.2) was less than
that for the PM2.5. The complete neutralization suggests that (NH4)2SO4,
was the major species formed by SO4

2− and NH4
+ instead of NH4HSO4.

High EC and some water-soluble ions (Cl− , NO3
− , and NH4

+) con-
centrations in winter can be related to a less developed boundary layer,
which tends to be shallower in the winter (cold conditions) than in the
summer. High concentrations of NO3

− and NH4
+ can be related to the

thermal instability of NH4NO3 (volatile at relatively high temperatures);
NO3

− may react with coarse CaCO3 and NaCl; forming coarse Na–CaNO3.
High concentrations of Cl− can be linked to higher impact of marine air
masses.

5. Conclusions

The Eastern Mediterranean is a unique region for air pollution
because it is the junction point between three continents, exchanging air
pollution transported between Africa, Asia, and Europe. In this study, we
investigated, for the first time, the concentrations of carbonaceous
aerosols (elemental carbon (EC) and organic carbon (OC)) and water-
soluble ions (WSIIs) as observed in PM2.5 and PM10 collected during
11 months at an urban site in Amman, Jordan.

The PM2.5 total carbon (TC) annual mean was 7.6 ± 3.6 μg/m3,
which accounted for 16.3% of the PM2.5. The corresponding PM2.5 OC

Fig. 5. The ratio of the chemical species to their corresponding particulate
matter (a) PM10 and (b) PM2.5.
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and EC concentrations were 5.9 ± 2.8 μg/m3 and 1.7 ± 1.1 μg/m3;
respectively. The PM10 TC annual mean was 8.4 ± 3.9 μg/m3, which
accounted 13.3%. The corresponding PM10 OC and EC were 6.5 ± 3.1
μg/m3 and 11.9 ± 1.1 μg/m3, respectively.

The PM2.5 total water-soluble ions (TI) annual mean was 7.9 ± 1.9
μg/m3, which accounted to about 16.9%. The PM10 was 10.1 ± 2.8 μg/
m3, accounting for about 16.0%. The minor ions (F− , NO2

− , Br− , and
PO4

3− ) constituted less than 1% in the PM fractions. The major fraction

Fig. 6. Regression relationship between OC and EC in the PM observed in the urban atmosphere of Amman.

Fig. 7. Regression relationship between different ions (a–b) SO4
2− versus NO3

− , (c–d) NH4
+ versus NO3

− , (e–f) SO4
2− versus NH4

+ in the PM2.5 (left panel) and PM10
(right panel).
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was for SO4
2− with an average 4.7 ± 1.6 μg/m3 (10.0%) as PM2.5 and 5.3

± 1.9 μg/m3 (8.3%) as PM10. The SO4
2− fraction of PM2.5 (10%) was

larger than PM10 (8%), indicating that it is mainly emitted within the
fine fraction. NH4

+ had higher amounts as PM2.5 (1.3± 0.6 μg/m3; 2.7%)
than that in PM10 (0.9 ± 0.4 μg/m3; 1.4%).

During sand and dust storm (SDS) events, TC, Cl− , and NO3
− were

doubled in both PM2.5 and PM10, SO4
2− did not increase significantly, and

NH4
+ slightly decreased. Afterall, more extensive long-term measure-

ments and monitoring are needed in this region to include an advanced
chemical and physical characterization for urban aerosols.

Regression analysis revealed that carbonaceous aerosols in Amman’s
urban atmosphere came equally from primary and secondary sources
and about 50% of the OC came from non-combustion sources. Further-
more, traffic emissions dominated the PM2.5, and agricultural sources
had negligible effect. It is clear that SO4

2− was completely neutralized by
NH4

+ in the PM2.5 but there could be additional reactions involved in the
PM10. As such, (NH4)2SO4, was the significant species formed by
SO4

2− and NH4
+ instead of NH4HSO4.

After all, further monitoring and long-term sample collection are
needed to quantify ions, anions, carbonaceous, and elemental specia-
tion. This will provide an insight into the source apportionment of
aerosols in the urban atmosphere of Amman, Jordan.
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Table S1
PM2.5 concentrations and corresponding carbonaceous (OC and EC) and some water-soluble ions (SI) concentrations reported in selected previous studies and
investigations.

Location Year Background PM2.5 OC2.5 EC2.5 Cl− NO3
− NH4

+ SO4
2- References

Jordan, Amman 2007 Residence
and
commerce

40± 9 6.7± 0.5 2.6± 0.8 – – – – (von
Schneidemesser
et al., 2010)

Palestine, East
Jerusalem

2007 Residence
and
commerce

27± 10 5.6± 1.4 2.2± 0.5 – – – – (von
Schneidemesser
et al., 2010)

Lebanon, Beirut 2011 Urban 21.9 5.6 1.8 – – – – (Waked et al.,
2013)

Lebanon, Beirut April–October 2014 Urban 29± 16 4.4± 1.6 1.0± 0.5 0.3± 0.6 0.9± 0.9 1.4± 0.6 8.9± 4.4 (Fakhri et al.,
2023)Semi-urban

USJ
32± 14 4.6± 1.8 0.9± 0.6 0.3± 0.5 0.7± 0.6 1.2± 0.6 8.1± 3.7

Lebanon, Beirut December
2018–October 2019

Urban 33.6
(4.1–145)

4.6
(1.3–11.9)

1.3
(0.3–4.4)

0.58
(<4.7)

1.6 (0.1–8.0) 1.8
(0.1–5.4)

5.6
(0.9–15.3)

(Fadel et al., 2023)

Urban 26.0 (3.9–96) 3.0
(0.5–8.9)

0.5
(0.1–1.8)

0.22
(<3.6)

1.1 (<7.3) 1.9
(0.1–5.0)

5.7
(0.9–13.6)

(continued on next page)
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Table S1 (continued )

Location Year Background PM2.5 OC2.5 EC2.5 Cl− NO3
− NH4

+ SO4
2- References

Saudi Arabia,
Riyadh

2012 Urban – 4.7± 4.4 2.1± 2.5 – – – – (Bian et al., 2018)

Kuwait, Kuwait 2004–2005 Residence 30.8± 16.6 3.4± 1.4 1.9± 0.9 – – – – (Brown et al.,
2008)

Qatar, Doha May–December
2015

Urban
Overall

39.81± 14.00 1.79± 1.13 2.63± 1.11 – 1.51± 1.20 – 14.16± 8.74 (Javed and Guo,
2021)

SDS 53.06± 8.90 2.79± 1.48 2.85± 1.22 – 1.82± 0.68 – 13.08± 4.62
Non SDS 36.29± 14

0.00
1.55± 0.88 2.58± 1.08 – 1.43± 1.28 – 14.45± 9.49

Iran, Busher December
2016–September
2017

Industrial
and Urban

65.77± 49.84 – – 2.06± 1.21 3.88± 3.70 – 6.76± 4.63 (Ghasemi et al.,
2023)

Iran, Tehran 2013–2014 Urban 41.19 15.35± 6.05 2.25± 0.65 – – – – (Arfaeinia et al.,
2016)

Turkey, Istanbul January
2017–January 2018

Urban – – – – 0.042 0.076 0.228 (Mertoglu et al.,
2022)

Greece, Kozani December
2009–January 2010
July 2010

Urban ​ – – ​ ​ – ​ (Tolis et al., 2014)
Warm 25.75± 11.19 0.03 0.78 3.89
Cold 14.68± 8.39 0.07 1.41 2.25

Greece, Athens 2008–2013 ​ 20± 11 2.1± 1.3 0.54± 0.39 – 0.45± 0.19 0.67± 0.26 3.1± 0.8 (Paraskevopoulou
et al., 2015)

Greece, Athens 2003 Urban – 6.8 2.2 – – – – (Grivas et al.,
2012)

Greece, Athens June–July 2003 Urban,
summer

25.3 6.6 1.7 – – – – (Sillanpää et al.,
2005)

Italy, Apulia region 2015 Costal rural 11± 6 3.5± 2.8 0.35± 0.18 – – – – (Siciliano et al.,
2018)

Italy 2012–2013 Veneto
Province

– 5.5 1.3 – – – – (Khan et al., 2016)

Italy, Lecce July 2013–July 2014 Urban
Overall

18.7± 11.3 5.4± 4.8 0.6± 0.4 0.17± 0.21 0.77± 1.15 – 2.61± 1.78 (Cesari et al.,
2018)

Warm 15.2± 6.4 3.0± 1.7 0.4± 0.2 0.08± 0.13 0.33± 0.17 3.11± 2.06
Cold 22.5± 14.0 7.3± 6.0 0.8± 0.5 0.26± 0.24 1.22± 1.51 2.05± 1.19

Spain, Barcelona November–December
2004
July–August 2004

Urban ​ ​ ​ ​ ​ ​ ​ (Viana et al.,
2007)Winter 29.1± 15.3 6.9± 2.5 2.6± 1.4 – – – –

Summer 17.7± 6.0 3.6± 1.4 1.5± 0.7 – – – –
Spain, Barcelona 2004 Urban 16.4–17.7 3–4

(summer)
1–2
(summer)

– – – – (Viana et al.,
2006)

Spain, Barcelona March–May 2003 Urban,
spring

20.0 3.2 1.5 – – – – (Sillanpää et al.,
2005)

Portogal, Porto 2013–2014 Urban,
Overall

25.8± 15.2 5.86± 4.79 4.80± 3.04 0.55± 0.68 1.07± 1.00 0.61± 0.69 2.10± 1.95 (Pio et al., 2020)

Summer 28.8± 16.6 5.96± 4.57 4.21± 2.69 0.22± 0.23 0.81± 0.68 0.82± 0.89 3.17± 2.54
Winter 28.8± 6.2 8.34± 6.14 6.58± 0.59 0.94± 0.93 1.64± 1.32 0.53± 0.41 1.14± 0.48

France, Dunkerque 2010–2011 Urban,
Industrial
Winter and
spring

29.2± 24.4 – – 0.7± 0.4 8.7± 10.7 2.0± 1.3 2.8± 2.0 (Moufarrej et al.,
2020)

Belgium, Ghent January–February
2005
June–July 2004

Urban ​ ​ ​ ​ ​ ​ ​ (Viana et al.,
2007)Winter 20.8± 18.3 5.4± 4.5 1.2± 0.6 – – – –

Summer 15.7± 4.9 2.7± 1.0 0.8± 0.3 – – – –
Belgium, Flanders September

2001–April 2003
Rural 11–45 – – 0.09–0.20 0.34–6.53 1.31–3.54 0.79–3.26 (Bencs et al.,

2008)Suburban 0.07–0.35 0.40–3.60 0.89–2.62 0.43–4.48
Urban 0.10–0.19 3.22–7.63 2.40–4.94 4.23–4.30
Industrial 0.07–0.12 0.76–3.15 1.74–2.48 2.69–4.12

Netherland,
Amsterdam

January–February
2006
July–August 005

Urban ​ ​ ​ ​ ​ ​ ​ (Viana et al.,
2007)Winter 34.4± 15.8 6.7± 3.8 1.7± 0.9 – – – –

Summer 17.8± 7.8 3.9± 1.6 1.9± 0.7 – – – –
Netherland,
Amsterdam

January–March 2003 Urban,
winter

25.4 6.0 1.4 – – – – (Sillanpää et al.,
2005)

Germany,
Duisburg

October–November
2002

Urban,
autumn

14.7 3.5 1.3 – – – – (Sillanpää et al.,
2005)

Czech Republic,
Prague

November
2002–January 2003

Residential,
winter

29.6 14.8 1.7 – – – – (Sillanpää et al.,
2005)

Czech Republic,
Prague

April 2008–March
2009

Suburban ​ ​ ​ ​ ​ ​ ​ (Schwarz et al.,
2019)Libus ̌ 24.4± 13.0 5.09 1.29 0.13 2.36 1.77 2.63

Suchdol 25.1± 22.1 5.22 10.53 0.14 2.62 0.14 3.14
Poland, Warsaw 2016 Urban 18.8± 11.9 5.56 1.47 – 2.44 1.17 2.17 (Juda-Rezler et al.,

2020)Winter 27.5 8.33 1.91 – 4.25 1.74 2.73
Spring 2.0.6 5.62 1.57 – 2.54 1.58 2.20
Summer 11.5 3.79 0.12 – 0.53 0.50 1.77
Autumn 15.7 4.27 1.23 – 2.40 0.77 1.95

Finland, Helsinki March–May 2003 Urban,
spring

8.3 2.8 0.7 – – – – (Sillanpää et al.,
2005)

USA, Seattle 1996–1999 Urban 8.9± 7.5 2.2
(modeled)

0.852
(modeled)

– – – – (Maykut et al.,
2003)

(continued on next page)
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Table S1 (continued )

Location Year Background PM2.5 OC2.5 EC2.5 Cl− NO3
− NH4

+ SO4
2- References

USA 2001–2004 ​ ​ ​ ​ ​ ​ ​ ​ (Blanchard et al.,
2008)Birmingham Urban 17.1 4.3 1.8 – 1.0 2.1 4.4

Atlanta Urban 16.1 4.2 1.4 – 0.9 2.2 4.6
Centreville Rural 12.0 2.8 0.5 – 0.4 1.2 3.7
Yorkville Rural 13.2 2.7 0.6 – 0.8 2.4 4.4
Gulfport Urban 11.0 2.1 0.6 – 0.4 1.2 3.4
Pensacola Urban 12.5 2.8 0.8 – 0.4 1.3 3.4
Oak Grove Rural 11.4 2.6 0.5 – 0.3 1.0 3.4
Brazil, Rondonia 2002 ​ – 19.5–86.4 0.6–3.6 – 2.1± 1.4 1.26± 0.51 2.7± 0.3 (Kundu et al.,

2010)
Australia, Brisbane October 2010–August

2012
Urban
overall

– 2.6 0.6 – – – – (Crilley et al.,
2016)

Summer 2.69± 0.86 0.46± 0.22
Winter 2.36± 1.11 0.68± 0.45

Japan, Nagoya 2003–2019 Residence – 3.3 0.7 – – – – (Yamagami et al.,
2021)

South Korea, Seoul 1997 Urban – 2.97 0.32 – – – – (Kim et al., 1999)
South Korea, Seoul 2010 ​ 25.2± 19.0 – – 0.49± 0.64 12.3± 7.17 3.73± 3.59 5.19± 4.58 (Shon et al., 2013)
China, Beijing 2000 Urban and

residence
127 29.1 10.1 – – – – (He et al., 2001)

China,
Chegongzhuang

2000 Urban and
residence

115 21.5 8.7 – – – – (He et al., 2001)

China, Beijing 2001–2003 ​ 154.3± 145.7 – – – 11.52± 11.37 8.72± 7.66 17.07± 16.52 (Wang et al.,
2005)

China, Xi’an 2006–2007 ​ 194.1± 78.6 – – 3.07± 3.13 16.4± 10.1 11.4± 6.8 35.6± 19.5 (Zhang et al.,
2011)

China, Chengdu 2011 ​ 119± 56 17± 8 7± 4 – 10.7± 7.8 11.6± 7.3 25.0± 14.1 (Tao et al., 2014)
China, Shanghai 2011 Spring 55± 35 9.72± 4.95 2.35± 1.64 3.50± 1.60 12.07± 9.93 6.53± 5.73 11.29± 7.71 (M. Zhou et al.,

2016)Summer 34± 26 9.10± 6.51 2.06± 1.52 2.21± 1.20 6.43± 7.58 5.41± 4.75 9.54± 6.99
Fall 40± 39 8.27± 6.95 1.93± 1.56 1.20± 1.28 7.67± 10.66 5.62± 6.26 9.67± 8.78
Winter 65± 55 11.18± 7.24 2.43± 2.01 4.21± 6.21 13.33± 11.23 8.11± 6.05 11.70± 10.16

China Nov 2012–Jul 2013 Urban ​ ​ ​ ​ ​ ​ ​ (J. Zhou et al.,
2016)Wuqing, Tianjin 148.9± 91.1 14.1± 13.8 1.6± 0.5 6.0± 5.1 19.6± 16.5 8.5± 5.9 24.2± 21.8

Haining, Zhejiang 109.6± 59.4 9.0± 3.7 1.4± 0.5 2.3± 1.8 13.9± 12.0 6.1± 4.3 16.5± 9.9
Zhongshan,
Guangdong

60.5± 46.5 7.0± 5.0 1.2± 0.6 1.2± 1.1 6.4± 7.7 2.8± 2.8 9.8± 6.3

Deyang, Sichuan 121.5± 101.1 13.8± 13.2 1.4± 0.7 2.0± 2.0 10.2± 12.7 6.3± 6.4 21.6± 18.3
China, Hangzhou 2016 Urban ​ ​ ​ ​ ​ ​ ​ (Niu et al., 2022)

Winter 100.3 8.3 3.8 4.0± 2.8 24.0± 15.4 9.9± 5.1 16.7± 9.2
Summer 52.3 6.6 2.0 0.5± 0.3 3.2± 3.5 3.9± 2.3 7.1± 3.8

China, Beijing Apr 2016–Feb 2018 Urban ​ ​ ​ ​ ​ ​ ​ (Su et al., 2021)
Spring 55.05 – – 0.86 12.78 6.80 8.51
Summer 40.94 – – 0.41 9.80 7.83 9.40
Autumn 50.39 – – 1.12 19.12 8.21 5.99
Winter 35.01 – – 1.61 6.75 3.42 4.14

China, Tianjin Oct 2017–Aug 2018 Urban 61.7± 37.7 6.9± 5.0 2.3± 1.8 1.6± 2.0 9.4± 11.8 6.6± 5.9 6.0± 4.7 (Zhang et al.,
2021)

China, Hangzhou 2018 Urban ​ ​ ​ ​ ​ ​ ​ (Niu et al., 2022)
Winter 65.6 7.2 1.9 1.6± 1.1 21.7± 17.2 10.5± 5.8 11.6± 7.8
Summer 29.7 9.7 1.7 0.3± 0.3 2.4± 0.1 0.9± 0.3 5.1± 3.8

China, Jinan May–Dec 2019 Industrial 53.4± 43.9 9.3± 5.5 2.2± 1.5 0.2± 0.1 14.6± 14.2 8.1± 6.8 9.1± 6.4 (Wang et al.,
2022)

India,
Bhubaneswar

August 2015–April
2016

Rural 50.2± 23.2 6.2 3.2 1.0 2.0 5.0 12.0 (Panda et al.,
2023)

India,
Bhubaneswar

November
2014–January 2015

Reference 107 13.5 8.8 1.1 6.1 8.9 19.5 (Mahapatra et al.,
2021)Residential 101 16.3 11.1 1.2 3.0 8.0 18.5

Industrial 142 18.1 11.6 1.3 4.7 8.0 17.5
Traffic 129 14.2 12.1 1.3 5.9 8.5 18.2

India,
Bhubaneswar

January
2012–December 2014

Urban ​ ​ ​ ​ ​ ​ ​ (Mahapatra et al.,
2018)Winter 55± 23.4 – – – – – –

Pre
monsoon

15.7± 6.2 – – – – – –

Monsoon 25.3± 15.7 – – – – – –
Post
monsoon

27± 15.8 – – – – – –

India, Kolkata 2013–2014 Urban,
Winter

313± 181 – – – – – – (Das et al., 2015)

India, Pune May 2013–April 2014 – 109.6± 23.2 31.3± 7.4 4.2± 2.4 ​ ​ ​ ​ (Pipal et al., 2016)
India, Raipur 2005–2006 Overall 167.0± 75.3 – – – 8.2± 7.1 8.8± 7.7 46.5± 32.8 (Verma et al.,

2010)Summer 239.0± 74.8
Fall 74.1± 23.0
Winter 110.3± 62.6
Spring 77.1± 50.0

India, New Delhi January
2013–December 2014

Overall 122± 94.1 17.9± 14.3 10.4± 8.04 7.77± 5.72 10.0± 9.82 9.40± 8.59 12.9± 8.08 (Sharma et al.,
2016)Winter 216± 93.2 31.0± 15.0 17.9± 7.77 10.9± 6.68 18.9± 11.4 16.2± 10.4 16.9± 11.2

Summer 81.8± 24.9 11.4± 3.72 7.15± 3.05 5.64± 3.00 5.82± 2.03 8.34± 2.97 10.3± 3.85

(continued on next page)
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Table S1 (continued )

Location Year Background PM2.5 OC2.5 EC2.5 Cl− NO3
− NH4

+ SO4
2- References

Monsoon 67.9± 56.1 10.1± 9.10 5.58± 5.41 6.48± 5.19 4.18± 3.16 3.43± 3.75 11.3± 5.13
India May–June 2017 Residential ​ ​ ​ ​ ​ ​ ​ (Devi et al., 2020)
New Delhi 91.5 20.3 4.92 0.46 0.09 3.78 0.81
Kanpur 83.2 20.3 3.82 0.22 0.05 4.41 1.16
Prayagraj 66.0 13.5 2.65 0.11 0.05 3.1 0.86
Varanasi 102 13.4 2.77 0.92 0.29 2.21 0.89
Patna 77.4 30.2 6.1 0.1 0.1 2.4 1
Bhagalpur 98.0 12 3.27 0.46 0.02 2.06 0.93
Kolkata 93.2 15.8 6.43 0.36 0.21 5.85 0.96

Table S2
PM10 concentrations and corresponding carbonaceous (OC and EC) and some water-soluble ions (SI) concentrations reported in selected previous studies and
investigations.

Location Year Background PM10 OC10 EC10 Cl− NO3
− NH4

+ SO4
2- References

Qatar, Doha May–December
2015

Urban Overall 145.54 6.97 3.20 – 7.65 – 19.45 (Javed and Guo,
2021)SDS 198.15 12.12 3.80 – 9.64 – 21.87

Non SDS 119.21 5.70 3.06 – 7.15 – 18.88
Saudi Arabia,
Dammam

2016–2019 Industrial and
Urban

177.4± 52.5 – – 8.1± 2.6 10.3± 1.8 – 33.4± 4.6 (ElSharkawy and
Ibrahim, 2019)

Spain, Barcelona March–May 2003 Urban, spring 46.3 13.1 1.8 – – – – (Sillanpää et al.,
2005)

Greece, Athens June–July 2003 Urban,
summer

54.0 30.6 2.0 – – – – (Sillanpää et al.,
2005)

Greece, Kozani December
2009–January 2010
July 2010

Urban ​ – – ​ ​ – ​ (Tolis et al., 2014)
Warm 35.29± 13.11 0.07 1.39 4.60
Cold 19.62± 12.00 0.12 1.64 2.71

Greece,
Thessaloniki

2012 Urban 51.1± 14 11.3± 5.0 6.56± 2.14 – – – – (Samara et al.,
2014)

Italy, Lecce July 2013–July 2014 Urban Overall 29.5± 19.2 5.7± 5.0 0.8± 0.7 0.85± 1.40 1.48± 1.51 – 3.05± 1.93 (Cesari et al.,
2018)Warm 24.8± 11.2 3.6± 2.0 0.5± 0.3 0.50± 1.07 1.05± 0.58 3.48± 2.08

Cold 34.7± 24.4 8.0± 6.1 1.1± 0.8 1.23± 1.60 1.93± 1.98 2.60± 1.67
Italy, Apulia
region

2015 Coastal rural 23± 14 5± 4 0.41± 0.19 – – – – (Siciliano et al.,
2018)

Spain, Barcelona 2004 Urban 29.5± 8.5 4 (summer) 1 (summer) – – – – (Viana et al.,
2006)

Portogal, Porto 2013–2014 Urban, Overall 34.7 6.20 4.83 2.16 1.96 0.67 2.48 (Pio et al., 2020)
Summer 37.4 6.41 4.25 1.16 1.97 0.85 3.73
Winter 36.6 8.62 6.62 2.54 2.17 0.54 1.30

Netherland,
Amsterdam

January–March 2003 Urban, winter 33.8 31.3 1.6 – – – – (Sillanpää et al.,
2005)

Germany,
Duisburg

October–November
2002

Urban,
autumn

21.9 29.9 1.5 – – – – (Sillanpää et al.,
2005)

Czeck Republi,
Prague

November
2002–January 2003

Residential,
winter

35.0 36.3 2.0 – – – – (Sillanpää et al.,
2005)

Czech Republic,
Prague

April 2008–March
2009

Suburban ​ ​ ​ ​ ​ ​ ​ (Schwarz et al.,
2019)Libus ̌ 26.68± 15.13 5.99± 6.24 1.59± 1.33 0.22± 0.38 3.15± 3.06 1.67± 1.52 2.86± 2.05

Suchdol 27.12± 23.24 6.53± 8.31 1.76± 1.80 0.25± 0.44 3.54± 3.06 0.14± 0.15 3.45± 3.34
Czech Republic,
Prague

– Suburb 33± 23 5.5 0.74 – – – – (Vodička et al.,
2013)Downtown 37± 22 4.8 0.8

Hungary,
Budapest

2002 Near-city 54 11 3.6 – – – – (Salma et al.,
2004)

Finland, Helsinki March–May 2003 Urban, spring 21.1 14.2 0.9 – – – – (Sillanpää et al.,
2005)

Pakistan, Lahore 2010 Urban 406.2 63 21 – – – – (Alam et al., 2014)
India, Indo-
Gangetic Plain

2015–2016 Residence 167± 45 44.3± 8.9
(Day)

– – – – – (Arif et al., 2018)

India,
Bhubaneswar

August 2015–April
2016

Rural 93.9± 47.8 – – – – – – (Panda et al.,
2023)

India,
Bhubaneswar

November
2014–January 2015

Rural 88.3± 30.6 – – – – – – (Mahapatra et al.,
2021)

India,
Bhubaneswar

January
2012–December 2014

Urban ​ ​ ​ ​ ​ ​ ​ (Mahapatra et al.,
2018)Winter 147.3± 42.4 – – – – – –

Pre monsoon 41.8± 15.3 – – – – – –
Monsoon 78.6± 27.6 – – – – – –
Post monsoon 85.47± 49.41 – – – – – –

India, Kolkata 2013–2014 Urban, Winter 445± 210 – – – – – – (Das et al., 2015)
India, Pune May 2013–April 2014 – 166.9± 4 34.2± 6.2 5.0± 2.3 ​ ​ ​ ​ (Pipal et al., 2016)
India May–June 2017 Residential ​ ​ ​ ​ ​ ​ ​ (Devi et al., 2020)
New Delhi 162 27.32 7.29 1.04 0.51 5.23 0.62
Kanpur 147 33.27 6.40 0.83 0.09 6.34 0.80
Prayagraj 118 18.56 5.81 1.01 0.07 5.49 0.81

(continued on next page)
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Table S2 (continued )

Location Year Background PM10 OC10 EC10 Cl− NO3
− NH4

+ SO4
2- References

Varanasi 165 24.54 6.52 1.93 0.22 3.63 0.81
Patna 149 36.1 6.61 0.32 0.33 3.34 0.79
Bhagalpur 194 17.40 7.03 0.58 0.05 2.42 0.69
Kolkata 151 25.6 7.32 1.03 0.08 8.61 0.67
India, Indo-
Gangetic Plain

2015–2016 Residence 283± 61 74.2± 14
(Night)

– – – – – (Arif et al., 2018)

China, Taiyuan 2001–2002 Urban 146.36 25.89
(summer)

6.82
(summer)

– – – – (Tian et al., 2013)

South Korea,
Seoul

1994 Urban – 11.1 8.39 – – – – (Kim et al., 1999)

USA, Mira Loma 2001 Urban plume – 15.91± 6.81 1.56± 0.56 – – – – Salmon et al. [76]

Data availability

Data will be made available on request.
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Hůnová, I., 2019. Assessment of air pollution origin based on year-long parallel
measurement of PM 2.5 and PM 10 at two suburban sites in Prague, Czech Republic.
Sci. Total Environ. 664. https://doi.org/10.1016/j.scitotenv.2019.01.426.

Shahsavani, A., Naddafi, K., Jaafarzadeh Haghighifard, N., Mesdaghinia, A.,
Yunesian, M., Nabizadeh, R., Arhami, M., Yarahmadi, M., Sowlat, M.H., Ghani, M.,
Motevalian, S.A., Soleimani, Z., 2012. Characterization of ionic composition of TSP
and PM10 during the middle eastern dust (MED) storms in Ahvaz, Iran. Environ.
Monit. Assess. 184, 6683–6692. https://doi.org/10.1007/s10661-011-2451-6.

Sharma, S.K., Mandal, T.K., Jain, S., Saraswati, Sharma, A., Saxena, M., 2016. Source
apportionment of PM2.5 in Delhi, India using PMF model. Bull. Environ. Contam.
Toxicol. 97. https://doi.org/10.1007/s00128-016-1836-1.

Shon, Z.H., Ghosh, S., Kim, K.H., Song, S.K., Jung, K., Kim, N.J., 2013. Analysis of water-
soluble ions and their precursor gases over diurnal cycle. Atmos. Res. 132–133.
https://doi.org/10.1016/j.atmosres.2013.06.003.

Siciliano, T., Siciliano, M., Malitesta, C., Proto, A., Cucciniello, R., Giove, A.,
Iacobellis, S., Genga, A., 2018. Carbonaceous PM10 and PM2.5 and secondary
organic aerosol in a coastal rural site near Brindisi (Southern Italy). Environ. Sci.
Pollut. Control Ser. 25. https://doi.org/10.1007/s11356-018-2237-2.
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