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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The carbon content of atmospheric par
ticulate matter (PM) worldwide is 
assessed.

• Data from hundreds of sites in Africa, 
Asia, America, and Europe are 
compared.

• Organic carbon/PM ratios are highest in 
North America.

• Elemental carbon/PM ratios are highest 
at urban sites.

• Organic carbon/Elemental carbon ratios 
are highest in North America and 
Europe.

A B S T R A C T

Elemental carbon (EC), organic carbon (OC), and particulate matter (PM) concentrations in the inhalable (PM10) and fine (PM2.5) size fractions are measured 
worldwide, albeit with different analytical methods. These measurements from many researchers were collected and analyzed for Africa, America, Asia, and Europe 
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for 2012–2019. EC/PM, OC/PM, and OC/EC ratios were examined based on region, site type, and season to infer potential sources and impacts. These analyses 
demonstrate that carbonaceous materials are important PM constituents throughout the world. Mean EC/PM ratios were lowest in PM10 in Sahelian Africa and 
Europe (~0.01), highest (>0.07) in PM2.5 at urban sites in North America, South America, and Japan. Mean OC/PM ratios were lowest in PM10 in the Sahel (~0.06) 
and in PM2.5 in China and Thailand (0.10), and highest in central and eastern Europe (~0.3) and North America (~0.4). OC/EC ratios were elevated in western and 
northern Europe, and at regional background sites in North America. EC/PM increased with PM10 in Thailand, while OC/PM increased with higher PM mass in 
Thailand, India, and North America, highlighting the specific contribution of carbonaceous aerosols to PM pollution in these regions. At European and North 
American background sites, OC/EC ratios increased with PM mass. Higher OC/EC ratios in dry periods indicate influence of wildfires, prescribed burns, and sec
ondary aerosol formation. Elevated wintertime EC/PM ratios coincide with residential heating in temperate climate zones.

1. Introduction

The inhalable fraction of airborne particulate matter (PM10), and 
especially its fine fraction (PM2.5), is recognized as threats to human 
health (Atkinson et al., 2014; Beelen et al., 2014; Lee et al., 2015; Li 
et al., 2022; US-EPA, 2019). Combustion particles, containing mostly 
elemental carbon (EC) and organic carbon (OC), have been identified as 
disproportionately harmful (Lewtas, 2007; Shiraiwa et al., 2012; Tang 
et al., 2024). However, the specific factors driving the toxicity of par
ticulate pollution are still uncertain (Schtaufnagel, 2020; Thangavel 
et al., 2022). Airborne particles also play a climatic role through their 
scattering and absorption of solar radiation, and as cloud condensation 
nuclei (Chen et al., 2018; Lohman et al., 2020; Thornhill et al., 2021). 
Particulate matter (PM) health and climate effect both depend on par
ticle size and chemical composition.

While PM components including sulfate, nitrate, ammonium, and 
elements ranging from sodium to uranium can be accurately identified 
and measured, carbonaceous compounds are so various and numerous 
that only a limited fraction of them are quantifiable or even identified 
with current molecular analytical techniques (Johnston and Kerecman, 
2019). However, total carbon (TC) content and operationally defined 
sub-fractions such as OC and EC can be quantified by thermal techniques 
(Watson et al., 2005). EC is a primary pollutant emitted as solid black 
particles from incomplete combustion processes. Specific EC health 
impacts (morbidity and mortality) and possible mechanisms were 
recently listed by Hang et al. (2023). In the atmosphere, internally and 
externally mixed EC particles absorb light, contributing to climate 
warming (Kelesidis et al., 2022). In contrast, particulate OC does not 
come only from combustion processes, but also from natural biogenic 
sources and from the photochemical conversion of organic gases to 
particles. Particulate organic matter can contain toxic substances such as 
carcinogenic polycyclic aromatic hydrocarbons and quinones (Bolton 
et al., 2000). Globally, OC is currently believed to cause negative radi
ative forcing (Szopa et al., 2023). However, some organic materials, 
such as those from the smoldering phase of biomass burning and sec
ondary aerosol production, absorb more visible light at wavelengths 
shorter than 500 nm (Zhang et al., 2020), and this “brown carbon” can 
cause positive radiative forcing. An OC coating of an EC core can also 
result in a lensing effect that enhances EC light absorption (Zhang et al., 
2018).

A 2019 global emission inventory found major EC emission con
tributors from the residential sector (30 %), industries (24 %), trans
portation (18 %), and biomass burning (9 %), with a total annual 
emission of 5 TgC/yr (EDGAR, 2024). In comparison, primary anthropic 
global OC emissions were estimated at 11 TgC/yr (EDGAR, 2024), 
mainly from the residential sector (48 %), biomass burning (27 %), in
dustries (15 %), and transportation (4 %). Emissions from natural 
sources remain uncertain. Leon-Marcos et al. (2024) estimated global 
OC emissions from the sea surface microlayer to range between 6 and 17 
TgC/yr. Additionally, Samaké et al. (2020) estimated global terrestrial 
primary biogenic organic aerosol (PBOA) emissions at 50 to 1000 Tg/yr. 
An important part of PBOA particles could be larger than 10 μm. 
However, PBOA contributions to PM10 were reported by Bozzetti et al. 
(2016) and Yttri et al. (2021). Particulate OC is also produced through 
atmospheric reactions yielding condensable organic species from 

volatile and semi-volatile precursors. Estimates of global secondary 
organic aerosol (SOA) production range from 12 to 1820 Tg/yr (Kelly 
et al., 2018). Hallquist et al. (2009) estimated a global SOA flux of 115 
TgC/yr, primarily derived from biogenic (75 %), biomass burning (15 
%), and anthropogenic (10 %) precursors. OC and EC sources are vari
able in time and space, resulting in large spatial and temporal variations 
in particulate OC and EC concentrations.

A recent meta-analysis of OC and EC data compiled from 625 
worldwide datasets and several PM size fractions found OC and EC 
concentration differences between rural and highly-trafficked areas, as 
well as the dependence of OC/EC ratios on the PM size fraction (Fakhri 
et al., 2024). The current study focuses on the carbonaceous content of 
PM10 and PM2.5 over the period 2012–2019, as described by the EC/PM, 
OC/PM and OC/EC ratios. Such ratios are less dependent on source 
strengths and pollution dispersion than atmospheric concentrations and 
can be related to emission sources and atmospheric processes leading to 
the observed PM concentrations and composition. They are also crucial 
metrics for constraining regional and global models that aim to describe 
human exposure to inhalable carbonaceous PM, as well as the impact of 
carbon-containing particles on climate. The dependence of PM carbon 
content on seasons and PM mass concentrations is first analyzed for each 
of the world regions from which relevant data were collected. The OC 
and EC data used in this study (Fig. 1) were all obtained from 
thermal-optical analyses, albeit employing different analytical pro
tocols. Data were eventually harmonized (Section 3.5) to account for 
differences between the various methods.

2. Experimental

2.1. Data collection

The sites from which data were used are shown in Fig. 1 and listed in 
Table S1. Ninety percent (90 %) of the PM10, PM2.5, OC and EC mass 
concentration data was obtained from open access databases. Data from 
174 sites in North America and the Caribbean were downloaded from 
the Interagency Monitoring of Protected Visual Environments 
(IMPROVE) network web site (vista.cira.colostate.edu/Improve). Data 
from 28 European sites were accessed via the Aerosol, Clouds and Trace 
Gases Research Infrastructure (ACTRIS) Data Center at ebas-data.nilu. 
no. Data from 110 sites in Japan were downloaded from the Japanese 
Ministry of Environment web site (www.env.go.jp, in Japanese), except 
for the Noto site, for which data were provided by its originator. Data 
from four west and central African sites were downloaded from the In
ternational Network to study Deposition and Atmospheric composition 
in Africa (INDAAF) web site (indaaf.obs-mip.fr/catalogue), whereas 
data from South Africa were provided by their originator. Large parts of 
the world are not covered by open access databases. Data sets from these 
regions were identified by members of the WMO-GAW-SAG-Aerosol 
(World Meteorological Organization-Global Atmospheric Watch- 
Scientific Advisory Group). Data from 4 sites in South America were 
made available by the data originators, as were data from 9 sites in 
China, 14 sites in India, and 3 sites in both South Korea and Thailand. All 
data used in this study are available at zenodo.org/uploads/14036033, 
except for data from boreal Africa, North America and Europe, which are 
easily accessible from the web sites listed above.
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Data sets were deemed representative for the actual sites when 
measurements covered at last one year, with at least ten data points per 
season.

2.2. Measurements

The data used in this study primarily comes from off-line analyses of 
particulate matter (PM) collected on quartz fiber filters. Measurements 
in PM10 and PM2.5 were available for 23, and 335 sites, respectively. 
Data for both PM10 and PM2.5 were collected from eight sites only 
(Table S1).

Data from Thailand were derived from the analysis of PM collected 
with a multi-stage impactor followed by a backup filter, as described by 
Phairuang et al. (2019). While low pressure drops in such an impactor 
likely limit negative sampling artefacts, positive artefacts affecting the 
sampling of PM by the back-up filter have been reported (Kuwabara 
et al., 2016). It is to be noted that OC and EC were not measured on the 
inertial filter of the impactor (0.1–0.5 μm) where the PM mass collected 
was generally (99th percentile) less than 10 % of the total sub-2.5 μm 
mass.

Filter sampling is prone to positive and negative artefacts (Chow 
et al., 2010; Maimone et al., 2011; Watson et al., 2009), affecting mainly 
the collection of semi-volatile species (e.g., NH4NO3, semi-volatile or
ganics). Such artefacts can cause an overestimation or underestimation 
of the actual particulate OC and total PM10 or PM2.5 mass concentra
tions. There are no means to consistently account for these artefacts in 
this study. Therefore, they were disregarded in our analysis, which is in 
line with the meaning of the term “phenomenology”, being the study of 
appearances, as opposed to reality (Smith, 2018).

2.2.1. OC and EC measurements
In PM carbonaceous content thermal analyses, the carbon released 

by the sample by volatilization (in an inert gas) is considered to be OC, 
while the remaining carbon that combusts in an oxidizing atmosphere is 
assigned to EC. Carbonate carbon can evolve as OC and/or EC depending 
on carbonate structure, grain size, and the thermal protocol applied. 
This simple method is complicated by OC charring in the inert atmo
sphere that can positively bias the EC concentration. This is compen
sated by monitoring reflected (R) and/or transmitted (T) light from a 
laser that quantifies darkening of the aerosol deposit during the inert 

phase, with whitening during the oxidization phase. Pyrolyzed OC is 
determined as the carbon that evolves in the oxidation phase until R 
and/or T achieve their initial values; carbon evolving after this is clas
sified as EC. The OC/EC split depends on the temperature protocol, and 
time spent at each temperature plateau, and whether the pyrolysis 
correction is determined by T or R. EC determined by reflectance can be 
twice EC determined by transmittance. Chow et al. (2004) attributed 
this discrepancy to charring of adsorbed organic vapors within the 
quartz filter that affect transmittance more than reflectance that is 
dominated by charring of particle deposits on the filter surface. Since OC 
is the major fraction of TC, the correction is not as large as it is for EC. 
Differences between the various thermal-optical protocols used to 
determine OC and EC were discussed by Karanasiou et al. (2015). To 
enable comparisons in Section 3.5, OC and EC data obtained using these 
different methods were harmonized, as described in Section 2.3.

Table S1 identifies the different thermal-optical protocols applied to 
the acquired data sets. Data from most sites in Africa, from South 
America, and from Europe were produced using the EUSAAR_2 protocol 
(Cavalli et al., 2010) that uses transmittance corrections. Data from 
North America and most sites in Asia were obtained using the IMPRO
VE_A protocol (Chow et al., 2007), which reports both reflectance and 
transmittance corrections, but accepts the reflectance EC values for 
reporting. Data from four of the Asian sites result from semi-continuous 
OC and EC monitors following a NIOSH-5040-like protocol (Peterson 
and Richards, 2002) with a transmittance correction.

OC, EC, and PM2.5 mass concentrations from North American 
IMPROVE sites have been consistently measured by the same labora
tories (Desert Research Institute for carbon and University of California 
at Davis for mass) since 1986. More than ¾ of the sites in India are part of 
the COALESCE (Carbonaceous Aerosol Emissions, Source Apportion
ment and Climate Impacts) network (Venkataraman et al., 2020), which 
ensures data quality. Data from Europe and most sites in Africa and 
South America, were produced by laboratories that participate in annual 
inter-laboratory comparisons (ILC) to ensure data quality. Recent ILC 
exercises showed a reproducibility of about 5 % for Total Carbon (TC =
OC + EC) and about 10 % for the EC/TC ratio. Comparable levels of 
uncertainties can be expected for data from other sites, mainly located in 
eastern Asia.

Fig. 1. Location of the sites from which OC, EC, and PM mass data in PM2.5 (crosses) and PM10 (circles) were selected.
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2.2.2. Total mass concentrations measurements
PM mass measurements were mostly performed by gravimetric 

analysis, except for 18 sites in Africa, Asia and Europe that used 
continuous β-Ray Attenuation Monitors, Tapered Element Oscillating 
Microbalance – with or without Filter Dynamic Measurement System), 
or Optical Particle Counter, as listed in Table S1. The equivalence of 
these automatic devices with the gravimetric method has been examined 
(Waldén et al., 2010).

2.3. Data processing

Data from continuous monitors were averaged over 24 h for com
parison with the filter measurements. Concentrations were converted to 
standard pressure and temperature conditions. Samples with PM mass 
less than 0.2 μg/m3 or OC and/or EC concentrations less than 0.1 μg/m3 

were excluded from statistical analyses, unless otherwise specified. 
Samples where OC + EC was greater than PM were also rejected. PM10 
and PM2.5 data from Thailand were calculated by summing the con
centrations measured on the relevant stages of the impactor.

EC/PM, OC/PM, and OC/EC ratios for PM2.5 and PM10 were calcu
lated for each sample. These ratios were averaged into PM mass con
centration bins of constant width on a logarithmic scale. Bin boundaries 
started from 1.10 μg/m3 and included 6.25, 8.84, 12.5, 17.7, 25.0, 35.4, 
50.0, 70.7, 100, 141, and 200 μg/m3. Averages were considered repre
sentative if they were calculated from at least five entries. The vari
ability of PM concentrations and ratios within the bins were assessed 
using the 16th and the 84th percentiles, corresponding to one standard 
deviation in a Gaussian distribution. Seasonal variations in EC/PM, OC/ 
PM, and OC/EC ratios were assessed by calculating averages over 
December to February (DJF), March to May (MAM), June to August 
(JJA), and September to November (SON), or monthly averages when 
sufficient data were available (i.e. more than five data points per month 
and PM mass range).

Conversion factors were estimated from comparisons of EUSAAR_2/ 
T, IMPROVE_A/R, and NIOSH5040/T protocols applied to samples from 
Egbert, CA, Ispra, IT (Fig. S1), and various locations across the world 
(Bautista et al., 2015; Cheng et al., 2014; Yubero et al., 2014). The ratios 
between the OC and EC values determined using the different methods 
(Table S2) were arithmetically averaged. Given the variability of the 
values observed across the world, the uncertainty of the conversion 
factors (Table 1) is approximately ± 30 %.

3. Results and discussion

3.1. Africa

3.1.1. OC and EC in PM10
PM10 mass concentrations from the four African sites (Table S1) – 

Bambey (SN), Banizoumbou (NE), Lamto (CI), and Welgegund (ZA) – 
ranged from <10 μg/m3 to ~ 100 μg/m3 (Welgegund) or more. Data 
from Bambey and Banizoumbou, both in the Sahel biogeographical re
gion, were deemed similar enough (Fig. S2) to be averaged as “Sahel” 
(Fig. 2). The contributions of carbonaceous species to PM10 are on 
average much higher in Lamto, CI (equatorial Africa) and Welgegund, 
ZA (austral tropical Africa) than in the Sahel area. EC/PM and OC/PM 
ratios generally both decrease with increasing PM10 mass concentra
tions, indicating that carbonaceous aerosol are not primarily responsible 

for the high PM10 concentrations observed at these African sites. OC/EC 
ratios increase with PM10 mass up to concentrations of ~80 μg/m3 at the 
Sahel sites, and level off beyond. In contrast, OC/EC ratios in Welgegund 
(ZA) and Lamto (CI) decrease with increasing PM10 concentrations in 
the ranges 11–55 μg/m3 and 15–130 μg/m3, respectively (Fig. 2).

While no clear seasonal patterns are detected in OC/PM ratios, lower 
EC/PM ratios are observed in spring at all African sites (Fig. 3). This 
results in OC/EC seasonal cycles in ratios in the Sahel, with higher 
values in MAM, and lower values during JJA. In Sahelian Africa, the dry 
season extends from November to April–June, and is characterized by 
dry and dusty winds blowing from the Sahara, and biomass burning 
(Amoako and Gambiza, 2021). However, lower EC/PM10 ratios in DJF 
and MAM suggest that combustion processes are not major sources of 
PM10 during the dry season, while suspension of soil dust contributes 
coarse particles during this period (Kaly et al., 2015; Mahowald et al., 
2024; Marticorena et al., 2017). At Lamto (CI), EC/PM10 are higher in 
JJA, when PM concentrations are low due to wet removal, while black 
carbon emissions are attributed to domestic activities (Kouassi et al., 
2021). OC/EC ratios are lower than in the Sahel in DJF and MAM, which 
could be explained by a major contribution of biomass burning in the 
savanna area on the edge of the African semi-deciduous forest (Ossohou 
et al., 2019). Even lower OC/EC ratios were observed by Ouafo-Leumbe 
et al. (2018) in the wet savanna of Benin. In Welgegund (ZA), a clear 
seasonal cycle of OC/EC ratios is observed, with a maximum in DJF 
(summer) and a minimum in JJA (winter), suggesting that the formation 
of SOA (favored in summer) is an important OC source at this site.

At all four African sites, high PM10 concentrations and low EC/PM 
and OC/PM predominantly occur during the dry winter season. This 

Table 1 
Conversion factors for EC and OC for EUSAAR_2/T, IMPROVE_A/R, and 
NIOSH5040/T.

Thermal-optical methods EC OC

IMPROVE_A/EUSAAR_2 1.27 0.89
EUSAAR_2/NIOSH-5040 1.33 0.93
IMPROVE_A/NIOSH-5040 1.28 0.87

Fig. 2. EC/PM, OC/PM and OC/EC in PM10 vs PM10 mass at 3 locations in 
Africa. Measurements were performed with a different thermal protocol at 
Welgegund, and cannot be directly compared with others. Shaded areas and 
error bars show 16th and 84th percentiles.
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indicates that carbonaceous aerosol is not the main responsible for 
elevated PM10 concentration even during the biomass burning period, 
probably due to increased soil dust emissions during this time.

3.1.2. Mass size distribution of EC and OC across PM2.5 and PM10
PM2.5 mass concentration measurements were not available at the 

African sites. However, OC and EC were measured also in the PM2.5 size 
fraction at Bambey (SN), Banizoumbou (NE), Lamto (CI), and Zoétélé 
(CM). On average, EC(PM2.5)/EC(PM10) ratios were significantly (99.9 
% confidence level) smaller than 1 at Bambey, Banizoumbou, and 

Zoétélé, suggesting the presence of EC in the coarse aerosol fraction 
(PM10-PM2.5) at these sites. OC(PM2.5)/OC(PM10) ratios were also 
significantly less than 1 and lower than the EC(PM2.5)/EC(PM10) ratios 
(99.9 % confidence level) at all four sites (Table 2), indicating the 
presence of OC and the enrichment of OC with respect to EC in the coarse 
aerosol. However, interferences with carbonate from mineral dust 
cannot be excluded. The decrease of OC(PM2.5)/OC(PM10) ratios with 
increasing PM10 mass concentrations from PM10 ≈ 30 μg/m3 (Fig. 4) is 
consistent with the hypothesis that increases in PM10 mass concentra
tions are associated with increases in mineral dust, which may contain 
carbonates that would be detected as OC in thermal-optical analyses.

3.2. America

3.2.1. OC and EC in PM10
PM10 data were obtained from four high-altitude Andean sites in 

South America: Bogotá in Colombia (CO), and Chacaltaya, El Alto, and 
La Paz in Bolivia (BO). The data from the two neighboring urban sites (El 
Alto and La Paz) in Bolivia were deemed similar enough (Fig. S3) to be 
averaged and presented as Bolivia-U. PM mass concentration data points 

Fig. 3. Seasonal variations in the EC/PM, OC/PM and OC/EC ratios in PM10 at 
3 locations in Africa. Measurements were performed with a different thermal 
protocol at Welgegund, and cannot be directly compared with others. Error bars 
represent 16th and 84th percentiles.

Table 2 
Contribution of the PM2.5 size fraction to the PM10 size fraction for EC and OC at 4 African sites.

PM2.5/PM10 ratio

EC OC

average median 84th percentile 16th percentile average median 84th percentile 16th percentile

Bambey 0.67 0.63 0.89 0.48 0.38 0.36 0.52 0.24
Banizoumbou 0.85 0.77 1.19 0.61 0.56 0.50 0.96 0.21
Lamto 0.75 0.76 0.94 0.59 0.58 0.58 0.71 0.42
Zoétélé 0.71 0.69 1.00 0.45 0.52 0.46 0.79 0.25

Fig. 4. PM2.5/PM10 ratios for EC and OC as a function of PM10 mass at 3 sites 
in Africa.
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available from Chacaltaya were too few (5) to be included in the sta
tistical analysis.

Both in Bogotá and at the urban sites in Bolivia, EC/PM10 ratios 
generally decrease with increasing PM10 mass concentrations, although 
the shape of the two curves differs (Fig. 5), suggesting different causes 
for these decreases. In contrast, OC/PM10 ratios are independent of PM10 
concentrations between ~20 and 60 μg/m3 (Fig. 5). Consequently, OC/ 
EC ratios increase with PM10 mass concentrations up to ~60 μg/m3 in 
Bogotá, while they are independent from PM10 concentrations above 30 
μg/m3 at the Bolivia-U sites (Fig. 5).

However, PM10 concentrations greater than 50 μg/m3 occurred only 
from January to April in Bogotá (CO) and from April to September at the 
Bolivia-U sites (Fig. 6). Therefore, the relationships between EC/PM10 
and PM10 concentrations also reflect seasonal variations because the 
right-hand tips of the curves in Fig. 5 correspond to data points in 
January to April and April to September in Bogotá and Bolivia-U, 
respectively. These seasonal variations are larger in Bogotá, especially 
for EC/PM10 ratios (minimum in January to March) and OC/EC ratios 
(minimum in JJA), while at Bolivia-U sites, a clear seasonal cycle 
(maximum in August to November) can be observed for the OC/EC ra
tios only (Fig. 6).

Emissions from biomass burning and soil dust suspension both peak 
during the dry season, May to September in the Amazonian basin, and 

January to April in the tropical forest and savanna of northern South 
America (Mardoñez et al., 2023; Ramírez et al., 2018; Rincón-Riveros 
et al., 2020). These peaks correspond with the periods of high PM10 
concentrations observed at the high-altitude urban sites in Bolivia and 
Colombia, respectively, suggesting that both soil dust and biomass 
burning emissions are responsible for higher PM10 mass concentrations. 
In Bogotá, the lowest EC/PM10 ratios observed from January to April 
could simply result from the increase of EC-free soil dust emissions. 
Biomass burning emissions being depleted in EC compared to other 
sources like traffic could also contribute. At the urban sites in Bolivia 
(Bolivia-U), EC/PM10, OC/PM10, or OC/EC are not significantly 
different during the whole dry season from May–September compared to 
the rest of the year.

At the mountain site of Chacaltaya (BO), annual mean OC and EC 
concentrations were 1.0 and 0.1 μg/m3, respectively. Seasonal varia
tions in the OC/EC ratio were calculated by selecting days on which EC 
concentrations were greater than 0.05 μg/m3 (30th percentile) to limit 
uncertainties. They exhibit a minimum in MAM (Fig. S4), when long- 
range transport of OC from different sources is minimum (Moreno 
et al., 2024). Enhanced long-range transport of biomass burning emis
sions to Chacaltaya from August to November reported by Moreno et al. 
(2024) corresponds to the highest OC/EC ratios observed at the urban 

Fig. 5. EC/PM, OC/PM and OC/EC in PM10 vs PM10 mass in Bogotá (CO), and 
urban sites in Bolivia (Bolivia-U).

Fig. 6. Seasonal variations in EC/PM, OC/PM and OC/EC in PM10 at Bogotá 
(CO) and a pair of urban sites in Bolivia (Bolivia-U).
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sites in Bolivia.
In sum, PM10 air pollution in the Andean area of tropical South 

America is strongly associated with the dry season, during which 
biomass burning and soil dust emissions increase. This does not result in 
the enrichment of PM10 with carbonaceous matter. In Bogotá, the OC/ 
EC ratio increases during the dry season (January–April) whereas in 
Bolivia higher OC/EC values are associated with pollution transport 
patterns rather than increased emissions during the dry season 
(May–September) in the Amazonian basin.

3.2.2. OC and EC in PM2.5
Data from 173 sites in North America and one in the Caribbean (US 

Virgin Islands) were retrieved from the IMPROVE web site. OC and EC 
concentrations in PM2.5 were also obtained from Chacaltaya, although 
without PM2.5 mass data, El Alto, and La Paz (BO).

3.2.2.1. Caribbean Islands and Latin America. For the pair of urban sites 
El Alto and La Paz (Bolivia-U), the relationships between EC/PM2.5, OC/ 
PM2.5, OC/EC, and PM2.5 mass are similar to those observed for the PM10 
fraction. However, EC/PM and OC/PM are higher in the PM2.5 fraction, 
especially at low PM concentrations (Fig. 7), probably due to a higher 
contribution of soil dust to the coarse fraction (PM10 - PM2.5). In the 

Virgin Islands (ViIs), both EC/PM2.5 and OC/PM2.5 decrease with 
increasing PM2.5 mass above 5 μg/m3. In contrast, the OC/EC ratio in
creases with PM2.5 above 5 μg/m3. These observations are consistent 
with an increasing contribution of mineral dust with PM2.5 mass con
centrations in Bolivia. Higher OC/EC at very low PM2.5 concentrations 
(1.5–4.5 μg/m3) in the Caribbean Is could result from a higher contri
bution of primary marine organics or long-range transported pollution 
from continents.

3.2.2.2. North America. The relationships between the EC/PM, OC/PM, 
and OC/EC ratios and PM2.5 mass were examined for each site (Fig. S5) 
located in North America. These relationships appeared to be consistent 
across most sites except for three in the western USA, and at seven urban 
sites in the remainder of North America. The Puget Sound (PUSO) site 
(see Table S1) in the west was pooled with the seven urban sites.

For the ensemble of 75 regional background sites in the western USA, 
the EC/PM ratio decreases with PM2.5 mass increasing from 1 to ~10 μg/ 
m3 (Fig. 8), and increases with PM2.5 mass ranging from ~40 μg/m3 up 
to ~ 80 μg/m3. High EC/PM ratios at low PM2.5 concentrations could 
correspond to rainy days, while large EC/PM at high PM2.5 levels could 
result from the advection of pollution plumes from nearby combustion 
sources, including wildfires. Particularly high EC/PM ratios were 
observed at two sites in the western USA: Tahoe Lake (LTCC), CA, in the 
Sierra Nevada at 1935 m a.s.l., and the isolated Simeonof Island (SIME), 
AK, in the Aleutian range. The same decreasing trend in EC/PM ratios 
with increasing PM2.5 mass was noticed at both sites. Conversely, OC/ 
PM ratios generally increase with PM2.5 concentrations ranging from 
~5 μg/m3 up to ~80 μg/m3. This trend indicates that particulate organic 
matter plays a major role in PM pollution episodes in the western USA. 
Furthermore, OC/EC ratios steadily increase with PM2.5 concentrations 
ranging from ~1 μg/m3 to ~80 μg/m3, consistent with an increased 
contribution of wildfires and/or an increased fraction of SOA as PM2.5 
mass increases. The OC/EC ratio at Simeonof Island, AK, is particularly 
low compared to other sites.

Clear seasonal variations in the PM2.5 carbonaceous content are 
observed independently of PM2.5 levels (Fig. 9). The EC/PM ratio is at its 
minimum in April to September, and at its maximum in December and 
January, indicating additional sources of EC during winter, possibly 
from domestic heating. The seasonal cycle in OC/PM is less pronounced, 
with a minimum in April, and a maximum in August to November. 
Consequently, OC/EC ratios follow a marked seasonal pattern, with a 
minimum in December to March and a maximum in July to September, 
consistent with increased wildfire activity and photochemical formation 
of SOA in summer (Watson et al., 2009).

For the other 88 background sites in the remainder of North America, 
the relationship between EC/PM and PM2.5 mass concentrations (Fig. 8, 
right) is similar to that observed in the western USA. The primary dif
ference lies in the shape of the upper bound (84th percentile), which 
forms a bell shape for PM2.5 concentrations ranging from ~8 to 40 μg/ 
m3, and peaking around 20 μg/m3. The similarity between this curve 
and the one representing EC/PM vs. PM2.5 mass concentrations at urban 
sites (Fig. 8, right) suggests that high PM episodes at regional back
ground sites could be due to pollution advection from upwind urban 
areas, where EC/PM ratios are on average higher. OC/PM ratios are also 
generally higher at urban sites compared to regional background sites, 
but the difference is less than for EC/PM ratios. At urban sites, OC/EC 
ratios are lower and minimally associated with PM2.5 mass concentra
tions, suggesting that they reflect the chemical composition of the 
emissions. In contrast, OC/EC ratios increase with PM2.5 mass concen
trations at the North American regional background sites, similar to 
what was observed in the western USA, indicating the importance of 
wildfires and SOA. Compared to the western USA, the seasonal cycles in 
the carbonaceous content of PM2.5 in the remainder of North America 
are similar (Fig. 9).

In summary, urban sites in the USA are characterized by higher EC/ 

Fig. 7. EC/PM, OC/PM and OC/EC in PM2.5 vs PM2.5 mass at urban sites in 
Bolivia (Bolivia-U) and the US Virgin Islands in the Caribbean. Measurements 
were performed with different thermal protocols and cannot be 
directly compared.
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PM and lower OC/EC ratios compared to regional background sites, 
reflecting a greater influence of primary emissions at urban sites. The 
seasonal cycles in EC/PM and OC/EC ratios with maximums in winter 
and summer, respectively, can be explained by a combination of higher 
EC emissions in winter related to domestic heating and higher concen
trations of OC in summer resulting from enhanced SOA formation and 
wildfires. Processes that generate OC are primarily responsible for 
regional PM2.5 pollution events in North America.

3.2.3. Comparison between PM2.5 and PM10 carbonaceous contents in the 
Andean region of Bolivia

In Chacaltaya (BO), PM2.5 OC/EC ratios are not statistically different 
from those in PM10, except in MAM, where OC/EC ratios are particularly 
lower in the PM2.5 fraction (Fig. S4). This cannot be related to biogenic 
primary OC, which mainly sits in the in the PM2.5 fraction in Chacaltaya 
(Moreno et al., 2024), but more probably to longer transport times 
leading to increased loss of coarse particles, including carbonate-rich 
mineral dust, during this period.

In La Paz (BO), there is no statistically significant dependence of the 
PM2.5/PM10 ratio on PM10 mass concentrations for either EC or OC 

(Fig. S4). As PM10 concentrations greater than 50 μg/m3 mainly 
occurred in the dry season months from May to September, and PM10 
concentrations less than 30 μg/m3 occurred mainly in the wet months 
January–March (Fig. 6), this suggests that the distribution of EC and OC 
between PM10 and PM2.5 does not strongly depend on season either. The 
amount of EC in PM2.5 is on average not statistically different from the 
amount of EC in PM10, meaning that the amount of EC in the coarse 
fraction (PM10-PM2.5) is not significantly different from zero. In 
contrast, about 25 % of OC in PM10 is found in the coarse fraction, 
probably due to a significant contribution of carbonate carbon to OC.

3.3. Asia

3.3.1. PM10
PM10 OC and EC data meeting the selection criteria were obtained 

from five sites in Asia (Table S1). About 30 to 60 data points were 
available from Bangkok (Bangk), Chiang Mai (Chian), and Songkhla 
(Songk) in Thailand. Although the data from these distant sites cover 
different ranges of PM10 mass concentrations, EC/PM, OC/PM, and OC/ 
EC are similar in the overlapping range from 65 to 130 μg/m3 (Fig. S6). 

Fig. 8. EC/PM, OC/PM and OC/EC ratios in PM2.5 vs PM2.5 mass at (left) regional background sites across the western USA, and (right) urban sites (US urban) and 
regional background (N.A. bckgr) in the remainder of North America.
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Therefore, the data sets from these three sites were merged for pro
ducing the curves “Thailand” in Fig. 10. In the Thailand group, EC/PM10 
ratios increase with PM10 mass concentrations for PM10 > 80 μg/m3, 
indicating that combustion processes are major sources of PM10 during 
acute particulate air pollution episodes. OC/PM10 ratios also increase 
with mass concentrations for PM10 > 60 μg/m3, which again points to 
carbonaceous aerosol as major contributors to particulate pollution 
events. Conversely, EC/PM10 ratios decrease in Seoul, KR, for PM10 mass 
concentrations increasing from about 10 to 30 μg/m3, and again for 
PM10 mass concentrations greater than ~60 μg/m3. At the background 
site located in Anmyeon-do Is., KR, EC/PM10 ratios are less dependent 
on PM10 mass concentrations although values observed for PM10 > 80 
μg/m3 are on average about half of those for PM10 < 30 μg/m3. OC/PM10 
ratios also decrease with PM10 at both sites in Korea (Fig. 10). These 
observations suggest that carbonaceous aerosol in general, and com
bustion processes in particular, are not responsible for the high PM10 
pollution events in Korea. OC/EC ratios steadily decrease with PM10 
mass concentrations in Anmyeon-do, but are quite independent of PM10 
levels at Seoul, KR, and in Thailand.

For the Thailand group, both EC/PM and OC/PM ratios are signifi
cantly greater during the northern Thailand dry season from December 
to March and smaller from May to October (Fig. S7), which is consistent 
with agricultural waste burning being a main source of carbonaceous 
aerosol in Thailand. However, maximum OC/EC ratios in August to 
December do not coincide with the biomass burning period. Seasonal 
variations cannot be clearly described at the two Korean sites but appear 
to differ from each other, probably due to different sources, processes, 
and transport patterns occurring across the year at both sites.

Seasonal variations in PM10 carbonaceous content are different in 

Thailand (7–18◦N), where agricultural biomass burning during the dry 
season plays a major role, compared to Korea (36–38 ◦N) where multiple 
factors interact.

3.3.2. PM2.5
PM2.5 OC and EC datasets meeting the selection criteria were 

collected from 10 sites in China, 14 in India, 103 in Japan, and 3 in 
Thailand. Due to the much larger number of Japanese sites, data from 
Japan were analyzed separately (Section 3.3.2.1). Only one site in India 
had carbonaceous aerosol characteristics similar to those in China and 
Thailand. Therefore, data from India are also discussed separately 
(Section 3.3.2.3).

3.3.2.1. Japan. The number of data points per site ranged from 65 to 
1213 and averaged 267. The curves representing EC/PM2.5 vs. PM2.5 
mass for each site (Fig. S8) form a dense bundle of lines, at least for 
PM2.5 concentrations greater than ~ 10 μg/m3, with a few outliers. Data 
from the 87 sites with similar EC/PM2.5 vs. PM2.5 relationships were 
merged to calculate the mean and percentile values shown in Fig. 11 as 
the Japanese regional background (Bckgr). At these sites, EC/PM2.5 ratio 
values and variability both steadily decrease as PM2.5 mass concentra
tions increase from ~2 to ~50 μg/m3. Seven sites with higher EC/PM2.5 
ratios - Chiba, Hayashima (Hayas), Kunitashi (Kunit), Kyoto, Okaza and 
Sapporo (Sappo) - constitute the “urban” group, where EC/PM2.5 ratios 
also generally decrease with rising PM2.5 concentrations. Low EC/PM2.5 
ratios were observed at Aomori (Aomor), Hamada (Hamad), Kirishima 
(Kiris), Kunigami (Kunig), Noto supersite (NotoG), Ogasawara (Ogasa), 
Okinishima (Okini), and Tottori (Totto), all located on the sea shore or 
on small islands. For these eight marine sites, EC/PM2.5 ratios remain 

Fig. 9. Seasonal variations in the EC/PM, OC/PM and OC/EC ratios in PM2.5 at regional background sites across (left) the western USA and (right) the remainder of 
North America.
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quite independent from PM mass concentrations for PM2.5 ranging from 
~8 to 40 μg/m3, potentially representing the regional marine 
background.

OC/PM2.5 ratios also mostly decrease with increasing PM2.5 mass, 
and the OC/PM2.5 gradient from marine to urban sites is similar to that 
of EC/PM2.5, albeit less pronounced. The variability in OC/EC ratios is 
even less, both across the 3 site groups and in relation to PM2.5 mass 
concentrations. However, OC/EC ratios consistently increase from 
urban to regional background to marine sites for PM2.5 > 10 μg/m3, 
suggesting a larger contribution of SOA when moving away from cities.

Fig. 12 shows that the decrease in EC/PM2.5 ratios as a function of 
PM2.5 appears for each season, and that the seasonal cycle in EC/PM2.5 
ratios, with a maximum during autumn and winter and a minimum 
during the spring and summer, occurs across all PM2.5 mass concentra
tion ranges. Such seasonal variations likely reflect increased emissions of 
EC during autumn and winter, most probably associated with domestic 
heating, as well as manufacturing industries and construction activities 
(EDGAR, 2024). In contrast, OC/PM ratios do not exhibit any consistent 
seasonal cycles, resulting in OC/EC ratios showing seasonal variations 
that are inverse to those of EC/PM. Such variations may be attributed to 

the increased photochemical production of SOA in spring and summer. 
Similar seasonal variations are observed at urban and marine sites 
(Fig. S9).

3.3.2.2. China, Korea, and Thailand. PM2.5 EC/PM, OC/PM, and OC/EC 
ratios as a function of PM2.5 mass for each site are shown in Fig. S10. 
Data from Indonesia are not further discussed due to their limited time 
coverage. Fig. S10 shows similar EC/PM vs. PM, OC/PM vs. PM, and OC/ 
EC vs. PM relationships for eleven sites (nine in China and two in 
Thailand), and highlights Bangkok (Bangk) in Thailand as an outlier 
with outstanding OC/EC ratios. Therefore, data from Bangkok were 
plotted independently, as well as data from Baengnyeong Island (ByIs) 
in Korea, due to a different PM2.5 mass concentration range (Fig. 13).

Data from the ensemble of eleven Asian sites (CN + TH) cover PM2.5 
mass ranging from ~20 to 300 μg/m3. Within this range, EC/PM ratios 
do not strongly depend on PM2.5 mass concentrations (Fig. 13). In 
contrast, a steady decrease in EC/PM ratios for PM2.5 mass concentra
tions increasing from ~5 to ~60 μg/m3 is observed at Baengnyeong 
Island, KR. Similar observations can be made about OC/PM2.5 ratios. 
OC/EC is quite independent of PM2.5 mass at CN + TH sites, but in
creases with PM2.5 from ~30 μg/m3 and ~45 μg/m3 at Baengnyeong 
Island, KR, and Bangkok, TH, respectively. This trend is consistent with 

Fig. 10. EC/PM, OC/PM and OC/EC in PM10 vs PM10 mass at 3 locations in 
Asia. Measurements were performed with different thermal protocols in 
Thailand and Korea, and cannot be directly compared.

Fig. 11. EC/PM, OC/PM and OC/EC ratios in PM2.5 vs PM2.5 mass at marine, 
urban, and regional background sites in Japan.
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the features observed in PM10 at Anmyeon-do Is. (KR) and in Thailand 
within the overlapping mass concentration range.

Seasonal variations in PM2.5 in Thailand are also consistent with 
those observed in PM10 (Fig. S7). For the nine sites in northeastern 
China, there is a large variability in EC/PM and OC/PM across the 
various PM2.5 ranges in JJA, during the warm and wet season (Fig. 14). 
Significantly higher EC/PM and OC/PM ratios are observed in DJF and 
SON. Increased emissions from open biomass burning in Northeast 
China from February to May and September to November were reported 
by Shi et al. (2021) and Huang et al. (2024), while increased emissions 
from fossil fuel and biomass burning combustion for domestic heating 
are reported to peak in DJF (EDGAR, 2024). There are no statistically 
significant seasonal variations in the OC/EC ratio, suggesting a constant 
predominance of primary carbonaceous aerosol in northeastern China. 
In both Baengnyeong Island, KR, and Bangkok, TH, a consistent mini
mum in OC/PM and OC/EC for all PM2.5 concentration ranges is 
observed in JJA during the wet season (Fig. S11), probably for different 
reasons (see 3.3.1). During the summer monsoon, air circulation pat
terns prevent westward pollution transport to Baengnyeong Island (Lee 
et al., 2015), and low OC concentrations in Bangkok were attributed to 
negligible biomass burning emissions (Sahu et al., 2011).

3.3.2.3. India. Among the 14 Indian sites (Table S1), Mohali (Moha) 
and Srinagar (Srin) exhibit high EC/PM and OC/PM ratios, at least 
within specific ranges of PM2.5 (Fig. S12). Data from these two sites, 
along with data from Darjeeling (Darj) and Delhi, obtained with a 
different thermal protocol, are plotted independently (Fig. 15). High and 
highly variable OC/EC ratios are observed in Bhopal (Bhop) and Mysuru 

(Mysu). Due to differences between these two sites in terms of geogra
phy, potential sources for OC and EC, and observed PM2.5 concentration 
ranges, they are also examined independently, although EC/PM and OC/ 
PM ratios are quite similar in the overlapping PM2.5 range, i.e. 10–60 μg/ 
m3 (Fig. 15). Across the remaining eight Indian sites, EC/PM and OC/PM 
ratios are less variable, and these data were averaged as India-1. For this 
group, the mean EC/PM ratio increases with PM2.5 mass in range 
12–120 μg/m3 (Fig. 15). This contrasts with Darjeeling (Darj) and 
Mohali (Moha) where EC/PM decreases with increasing PM2.5 mass. At 
Bhopal and Mysuru, EC/PM ratios also slightly increase with PM2.5 mass 
in the range 22–60 μg/m3, but EC/PM are on average half of those of 
India-1. In Delhi, there is no consistent trend in EC/PM as a function of 
PM2.5 concentrations. For the India-1 group, the mean OC/PM ratio is at 
its minimum for PM2.5 mass between 15 and 40 μg/m3 and increases by 
up to 60 % for larger PM2.5 concentrations. Such a trend is not observed 
at other sites in India (Fig. 15), where the absence of strong and 

Fig. 12. Seasonal variations in the EC/PM, OC/PM and OC/EC ratios in PM2.5 
across 92 regional background sites in Japan.

Fig. 13. EC/PM, OC/PM and OC/EC ratios in PM2.5 vs PM2.5 mass in China, 
Korea and Thailand.
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consistent dependence of EC/PM and OC/PM ratios on PM2.5 mass 
suggests that particulate pollution episodes are not primarily due to 
increased emissions of carbonaceous species, but rather to, e.g., weak
ened pollution dilution or removal processes under specific meteoro
logical situations. Mean OC/EC ratios are even less dependent on PM2.5 
and vary within a factor of two for each site or group of sites (India-1), 
except at Bhopal and Mysuru, where OC/EC ratios are large and highly 
variable over a wide range of PM2.5 concentrations, suggesting a larger 
variety in carbonaceous aerosol sources at these two sites.

Seasonal variations in EC/PM and OC/PM ratios are observed in the 
ensemble of sites in India-1 for PM2.5 mass >20 μg/m3 (Fig. 16). Minima 
are observed from June to September, corresponding to India’s typical 
wet summer monsoon season (Pai et al., 2020), which could be related 
to limited agricultural biomass burning. Similar seasonal cycles are 
observed at Bhopal, Mysuru and Delhi, with minima shifted by 1–3 
months though (Fig. S13). At Darjeeling, both EC/PM and OC/PM ratios 
are maximal in June–November (Fig. S13), due to air mass transport 
from the more polluted Indo-Gangetic Plain during the summer 
monsoon season, and from the Tibetan plateau where forest fires occur 
in winter. At Mohali and Srinagar (Fig. S13), seasonal variations in 
EC/PM and OC/PM are complex, suggesting variable impacts of 

different sources and processes across the year. There are no clear sea
sonal variations in the OC/EC ratios at any site or site group in India, 
except in Mohali, where OC/EC ratios reach a maximum in Octo
ber–January (Fig. S12), i.e. the dry seasons during which agricultural 
residue burning was identified as the dominant aerosol source 
(Venkataraman et al., 2024).

In brief, the variations in PM2.5 OC and EC contents in India are 
primarily influenced by the monsoon cycle, which governs pollution 
transport patterns, aerosol wet deposition, and open biomass burning 
intensity. Consequently, elevated EC/PM and OC/PM ratios are 
observed from November to February, i.e. the dry season in large parts of 
India, during which the highest PM10 levels are recorded. However, OC/ 
EC ratios remain low quite independently from seasons and PM2.5 con
centrations, indicating a limited contribution of SOA to OC, at least at 
the sites within the India-1 group. Due to India’s vast geographic size 
and environmental diversity, particular features in PM2.5 carbonaceous 
content are observed at several specific sites.

3.4. Europe

3.4.1. PM10
For the PM10 size fraction, EC and OC data meeting the selection 

Fig. 14. Seasonal variations in the EC/PM, OC/PM and OC/EC ratios in PM2.5 
for the ensemble of 11 sites located in China and Thailand.

Fig. 15. EC/PM, OC/PM and OC/EC ratios in PM2.5 vs PM2.5 mass in India. 
India-1 represents a set of 8 sites in India. Data from Darjeeling (Darj) and Delhi 
were obtained with a different thermal protocol and cannot be directly 
compared with others.
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criteria were retrieved for ten sites across Europe. Plotting EC/PM and 
OC/PM ratios as a function of PM10 mass concentrations reveals simi
larities in PM10 carbonaceous content across Europe, with three outliers: 
Cabauw (CBW), NL, and Melpitz (MEL), DE, with higher EC contents, 
and Agia Marina (CYP), CY, with lower OC contents (Fig. S14). Data 
from the seven other sites were grouped to form the main “Europe“ 
group (Fig. 17). For these sites, EC/PM ratios decrease with PM10 mass 
increasing from ~2 to ~40 μg/m3, and the range of EC/PM ratios for a 
given PM10 concentration is quite narrow, the 86th percentile being less 
than twice the 14th percentile. A similar decrease is observed at CBW, 
NL, and CYP, CY, but not at MEL, DE, where EC/PM ratios increase by 
about 35 % as PM10 mass quadruples from 20 μg/m3 to 80 μg/m3. 
Together with the increase of OC/PM ratios with PM10 mass concen
trations, this suggests that uncontrolled combustion sources largely 
contribute to the highest PM10 concentrations at MEL, which is not the 
case at the other sites. For the main group of seven European sites 
(Europe), the OC/EC ratio increases with PM10 mass (Fig. 17), although 
this trend is not consistent across all seven sites (Fig. S14).

The significant minimum in EC/PM and the maximum in OC/EC 
observed in JJA probably results from reduced EC emissions from 

domestic heating and enhanced SOA production in summer. The 
absence of significant seasonal variations in OC/PM ratios for the 
“Europe” group (Fig. 18) suggests that nearly equally efficient OC pro
duction processes take place throughout the year, like e.g. amplified 
condensation of semi-volatile organic species in winter, and enhanced 
photochemical formation of SOA in summer.

3.4.2. PM2.5
For the PM2.5 size fraction, EC and OC data from 22 sites across 

Europe were selected. The set of curves representing EC/PM2.5 vs. PM2.5 
mass (Fig. S15) can be divided into two groups: Europe-1, consisting of 
15 consistent curves, mainly from western and northern Europe sites, 
and Europe-2, comprising seven curves, mainly from central and eastern 
Europe sites.

For both groups, EC/PM ratios decrease as PM2.5 mass increases from 
~1 to ~15 μg/m3, and level off for Europe-1 or slightly increase for 

Fig. 16. Seasonal variations in the EC/PM, OC/PM and OC/EC ratios in PM2.5 
for the ensemble of 8 sites (India-1) located in India.

Fig. 17. EC/PM, OC/PM and OC/EC in PM10 vs PM10 mass across regional 
background sites in Europe.
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Europe-2 as PM2.5 mass increases from ~15 to ~50 μg/m3 (Fig. 19). This 
suggests that particulate air pollution episodes are not particularly due 
to increased contributions of emissions from combustion processes. 
Similar shapes are observed for the OC/PM2.5 vs PM2.5 curves for both 
groups. The flattening of the EC/PM2.5 vs. PM2.5 and OC/PM2.5 vs. PM2.5 
curves for PM2.5 mass concentrations exceeding ~10 μg/m3 indicates 
that PM pollution events are mostly due to a reduction in atmospheric 
dispersion controlled by local meteorological conditions, rather than by 
increases in specific sources. This is confirmed by the weak dependence 
of OC/EC on PM mass for PM2.5 > 6 μg/m3.

The mean seasonal variations for Europe-1 and Europe-2 (Fig. 20) 
resemble those for the previous group of sites with PM10 data. For all 
PM2.5 levels, EC/PM ratios are at a minimum in JJA, while OC/PM ratios 
show less variability, resulting in maximum OC/EC ratios in JJA. The 
increase in OC/EC ratios during summer, along with the increase in OC/ 
EC ratios with PM2.5 mass during this season, highlight the importance 
of SOA. The fact that OC/PM still decreases with increasing PM2.5 mass 
in JJA suggests that something increases more than secondary organic 
carbon during photochemical PM pollution episodes, possibly the 
oxidation state of OC and more probably the amount of secondary 
inorganic aerosol (SIA). Similar negative gradients in EC/PM, OC/PM, 

and OC/EC as a function of PM2.5 mass are observed during cold months, 
indicating a major role of SIA formation in PM pollution episodes in 
winter.

3.4.3. PM2.5/PM10 ratios
Simultaneous OC and EC data in PM10 and PM2.5 were collected from 

four sites across Europe: BIR and HRD (NO), MEL (DE), and MSY (ES). 
For EC, the mean PM2.5/PM10 ratios ranged from 0.88 to 0.97 and were 
statistically different from 1 at the of 99.9 % confidence level at MEL and 
MSY, suggesting the presence of EC in the coarse aerosol fraction (PM10- 
PM2.5). Slight differences between samplers could affect this ratio, 
whereas a contribution of carbonate carbon evolving as EC during the 
analysis is less probable. In contrast to EC, the mean PM2.5/PM10 ratios 
for OC, ranging from 0.77 to 0.94 were significantly different from 1 at 
the 99.9 % confidence level at all sites, indicating the existence of coarse 
OC sources, particularly at BIR and HRD.

Fig. 18. Seasonal variations in EC/PM, OC/PM, OC/EC ratios in PM10 in the 
“Europe” group of 7 sites.

Fig. 19. EC/PM, OC/PM and OC/EC ratios in PM2.5 vs PM2.5 mass in western 
and northern Europe (Europe-1) and central and eastern Europe (Europe-2).
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No strong dependence of PM2.5/PM10 with PM mass is observed for 
either EC or OC (Fig. 21). However, significant seasonal cycles emerge 
for both EC and OC in MEL, with minimal PM2.5/PM10 ratios in JJA for 
both components, and for OC at both sites in Norway with minimal 
PM2.5/PM10 ratios in JJA and SON (Fig. 22). The latter suggests an in
crease in the production of coarse OC during these periods. (Yttri, 2011) 
have previously reported about an increased fraction of coarse OC from 
biogenic origin in Norway during summer.

In short, PM carbonaceous content in Europe primarily results from 
the season cycle characteristic of temperate climates. Winter favors the 
condensation of semi-volatile organics and inorganics (e.g. NH4NO3), 
resulting in lower EC/PM and higher OC/EC ratios during pollution 
events, but generally not in higher OC/PM ratios. Conversely, summer 
boosts the production of SOA and SIA (e.g. (NH4)2SO4), leading to 
reduced EC/PM ratios and elevated OC/EC ratios.

3.5. Worldwide perspective

As noted, OC and EC measurements by thermal-optical analyses have 
used different methods across the world (Table S1). In the USA and most 
of Asia, the IMPROVE_A thermal protocol with charring correction is 
based on sample light reflectance (Chow et al., 2007), although a 
transmittance pyrolysis correction is also reported by this method. 
Across Europe and at various sites in Africa, South America, and one in 

Asia, the EUSAAR_2 thermal protocol (Cavalli et al., 2010) with charring 
correction based on sample light transmittance has been used for the 
past 15 years. In this section, OC and EC data were harmonized as 
specified below using the conversion factors listed in Table 1 to enable 
comparisons. The differences and similarities in PM carbonaceous con
tent described below are all robust and unaffected by the harmonization 
applied.

3.5.1. PM2.5 carbonaceous content
In Fig. 23, OC and EC data from Europe, obtained using the 

EUSAAR_2/T method, have been converted to “IMPROVE_A/R equiva
lent” data.

The curves depicting EC/PM2.5 ratios vs. PM2.5 mass form a cluster 
whose lower and upper boundaries approximately coincide with the 
curves corresponding to the Japanese marine and urban sites, respec
tively (Fig. 23). This suggests that there is likely no greater variability in 
EC/PM2.5 worldwide than in a single country like Japan. At regional 
background sites in North America (N.A. bckgr and US west), in China 
and Thailand (CH + TH), and western/northern Europe (Europe-1), EC/ 
PM2.5 ratios are generally close to the lower values observed at Japanese 
marine sites. Notably, even lower EC/PM2.5 ratios occur at the Virgin 
Islands in the Caribbean (Fig. 7). In contrast, at urban sites in Bolivia 
(Bolivia-U), the USA (US urban), and in central and eastern Europe 
(Europe-2), EC/PM ratios can be as high as those at Japanese urban sites. 

Fig. 20. Seasonal variations in EC/PM, OC/PM and OC/EC ratios in PM2.5 in (left) western and northern Europe (Europe-1), and (right) central and eastern Europe 
(Europe-2).
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Over the common PM2.5 range of 20–40 μg/m3 (Table 3), the mean EC/ 
PM ratio is ~0.03 at marine sites in Japan and regional background sites 
in western and northern Europe, ~0.04 in China, Thailand and at 
regional background sites in North America, ~0.06–0.07 at regional 
background sites in Japan, central and eastern Europe, and in most of 
India, and in the range 0.08–0.11 at urban sites in Bolivia, Japan, and 
North America (Table 3). The increase in EC/PM2.5 ratios as PM2.5 mass 
approach their lower values is observed across most site groups, except 
for China and Thailand that experienced no PM2.5 daily concentrations 
below 20 μg/m3.

The relationships between OC/PM2.5 ratios and PM2.5 mass exhibit a 
wider diversity across the main 11 site groups (Fig. 23). OC/PM ratios 
are lowest in China, Thailand, India, and at Japanese marine sites, with 
even lower values observed at Baengnyeong Is., KR, and Bangkok, TH 
(Fig. 13). Conversely, the highest OC/PM2.5 ratios for PM2.5 > 20 μg/m3 

are found in North America, and particularly in the western USA. For 
PM2.5 concentrations ranging from 20 to 40 μg/m3, mean OC/PM ratios 
are between 0.10 and 0.12 in China and Thailand, the group of sites in 
India-1, and marine sites in Japan, about 0.14 at urban sites in Bolivia, 
between 0.17 and 0.20 at other site types in Japan and western and 
northern Europe, about 0.25 in central and eastern Europe, and in the 
range of 0.31–0.39 in North America (Table 3). For PM2.5 < 8 μg/m3, 
OC/PM2.5 ratios get similar among North America, Europe, and regional 
background sites in Japan, following a consistent increasing trend with 
decreasing PM2.5 mass.

The curves representing OC/EC ratios vs. PM2.5 mass can be cate
gorized into two groups. At regional background sites in North America 
(N.A. bckgr, US west), and western and northern Europe sites (Europe- 

1), OC/EC ratios increase by factors of ~3–4 as PM2.5 mass increases 
from 1 to 40–120 μg/m3. Particularly elevated mean OC/EC ratios 
ranging from ~8 to ~10 in the PM2.5 range of 20–40 μg/m3 are observed 
in these regions (Table 3). High OC/EC ratios are also observed at spe
cific sites in India, such as Darjeeling and Delhi (Table 3), Bhopal and 
Mysuru (Fig. 15), and at Virgin Is. (Caribbean) at low PM2.5 concen
trations (Fig. 7). For all other site groups, OC/EC ratios are weakly or 
inconsistently depending on PM2.5, and generally remain two to four 
times lower compared to North America and northwestern Europe 
across a wide range of PM2.5 concentrations (Fig. 23). OC/EC ratios are 
lower at urban sites compared to background sites within the same re
gion, in line with the observations of Querol et al. (2013) based on 
measurements in Spain.

3.5.2. PM10 carbonaceous content
PM10 samples with mass and carbon values were not available from 

regions like North America, China, and India. As most of the OC and EC 
data in the PM10 size fraction were produced using the EUSAAR_2/T 
thermal-optical method, data obtained with the IMPROVE_A/R method 
at three sites in Thailand and Welgegund in South Africa, and with the 
NIOSH/T method at two sites in South Korea, were converted to 
“EUSAAR_2 equivalent” data using the factors listed in Table 1. There
fore, the values for the PM10 size fraction shown in Fig. 24 are not 
directly comparable with those for the PM2.5 size fraction shown in 
Fig. 23, which anyway represent a different set of sites. For direct 
comparisons, see Tables 3 and 4.

EC/PM10 ratios are higher at urban sites in Bolivia (about 0.05 for 
PM10 ranging from 30 to 50 μg/m3) compared to other site groups 
(Fig. 24), and even higher at Bogotá, CO, also in Latin America (Fig. 5). 
Within “Europe”, EC/PM10 ratios are approximately five times lower (e. 
g., 0.01 within the 30–50 μg/m3 PM10 range), probably because the 
“Europe” group includes mostly regional background sites. Even at Eu
ropean sites with particularly elevated EC/PM10 ratios such as Melpitz, 

Fig. 21. PM2.5/PM10 ratios for EC and OC as a function of PM10 mass at 4 sites 
in Europe.

Fig. 22. Seasonal variations in the contribution of PM2.5 to PM10 for EC and OC 
at 5 sites across Europe.
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DE, and Cabauw, NL (Fig. 17), EC/PM10 ratios are lower compared with 
urban sites located in Latin America. Regarding Sahelian Africa, the EC/ 
PM10 vs. PM10 curve falls between those for regional background sites in 
Europe and urban sites in Bolivia, with EC/PM10 ratios averaging 0.01 
over the PM10 range of 30–50 μg/m3. Higher EC/PM10 ratios were 
observed at other sites in Africa (Fig. 2, Table 4). Data from Thailand 
indicates slightly higher EC/PM10 ratios (0.02) than those in the Sahel 
for PM10 between 30 and 50 μg/m3. However, the two curves diverge for 
higher PM10 mass concentrations, and for PM10 > 100 μg/m3, EC/PM10 
ratios in Thailand are 5–10 times higher than those in the Sahel 
(Fig. 24), but remain similar to the EC/PM10 ratio in Lamto, CI, in the 
forest-savannah transition zone (Fig. 2). For PM10 mass between 30 and 
50 μg/m3, EC/PM10 ratios are higher in Seoul, KR, than in Thailand 
(Table 4), possibly due to higher contributions from uncontrolled diesel 
engine emissions compared to other PM10 sources at this urban site. 

Notably, EC/PM10 ratios at Anmyeon-do Is., KR, are not lower than in 
Europe or the Sahel (Table 4).

Between Sahelian Africa, regional background sites in Europe, and 
urban sites in Bolivia, OC/PM10 ratios are not as different as EC/PM10 
ratios are in the overlapping PM10 concentration ranges (30 - 50 μg/m3), 
with OC/PM10 ratios averaging 0.07, 0.11 and 0.12, respectively. As for 
EC/PM10 ratios, significantly higher OC/PM10 ratios are observed at a 
number of sites in Latin America (Fig. 5) and Africa (Fig. 2, Table 4). OC/ 
PM10 ratios in the Sahel and Thailand are also similar in the range 40 <
PM10 < 80 μg/m3 (0.05–0.06), but diverge beyond (Fig. 24). Higher OC/ 
PM10 ratios were observed at MEL, DE, in Europe for PM10 concentra
tions greater than 60 μg/m3 (Fig. 17).

The highest PM10 OC/EC ratios are observed in Europe, at least for 
PM10 mass above 10 μg/m3 (Fig. 24, Table 4). High PM2.5 OC/EC ratios 
were also highlighted in western and northern Europe (Europe-1), and at 
regional background sites in North America (N.A. bckgr, US west) 
(Fig. 23, Table 3). This could be attributed to SOA and/or the conden
sation of semi-volatile organics contributing to the highest PM concen
trations observed in Europe in summer and winter, respectively. 
Similarly high OC/EC ratios are observed at Chacaltaya, BO, in both 
PM10 and PM2.5, consistent with a dominant long-range transport of 
aged aerosol at this high-altitude site (Moreno et al., 2024). In Thailand 
and the Sahel, OC/EC mean ratios across the 30–50 μg/m3 PM10 range 
are ~4 and ~6, respectively, about half of that observed in Europe. As 
indicated in Table 4, the lowest OC/EC ratios occur in Seoul, KR, inde
pendently of data harmonization, Bogotá, CO, and Lamto, CI. This 
suggests the predominant contribution of primary emissions to carbo
naceous species sources at these three sites.

4. Conclusions

Despite the underrepresentation of certain global regions and the 
possible absence of some relevant datasets, this compilation of OC and 
EC data in PM10 and PM2.5 provides a unique insight into the regional 
and seasonal variability of the aerosol carbon content worldwide.

The analysis reveals that EC generally makes up 1–5 % of PM10 and 
3–10 % of PM2.5 for PM mass ranging from 10 to 100 μg/m3. Notably 
low EC/PM ratios (0.01–0.03) are observed in Sahelian Africa, in line 
with a high content of mineral dust in PM10, and at regional background 
sites in Europe and marine sites in Japan, where the contribution of 
combustion sources is minimal. Conversely, high EC/PM ratios (~0.1) 
are found in central and eastern Europe, and urban sites in South 
America, North America and Japan, which are more heavily influenced 
by combustion primary emissions. Within the PM2.5 overlapping range, 
EC concentrations are lower in India and China than in central and 
eastern Europe and at urban sites in the USA and Japan. However, they 
reach higher values during extreme PM pollution episodes.

OC contributes more than EC, comprising ~5–~15 % of PM10 and 
~10–~40 % of PM2.5. On average, OC/PM ratios are low (~0.06) in 
PM10 in Thailand and the Sahel, and in PM2.5 at marine sites in Japan, as 
well as in China, and India (~0.12). Low OC/PM ratios can result from 
high PM mineral dust or sea salt content, or the predominance of inor
ganic aerosols over organic aerosols. For PM2.5 > 10 μg/m3, the highest 
OC/PM ratios (>0.25) are found in North America and central and 
eastern Europe. In these regions, where outstandingly high OC/EC ratios 
suggest major contributions of SOA or wildfires, particulate organic 
matter, which includes OC and other elements, can be the major con
stituent of both PM10 and PM2.5. Notably, the highest OC concentrations 
observed in North America and Asia are similar.

Seasonal variability and dependence of the EC/PM, OC/PM, and OC/ 
EC ratios on PM2.5 or PM10 concentrations provide hints on the possible 
sources and impacts of PM air pollution. Low EC/PM10 ratios during the 
dry season in Sahelian Africa and Bogotá, CO, suggest that EC emissions 
from prescribed vegetation fires are overcompensated by soil dust 
emissions. In contrast, low EC/PM2.5 ratios from June to August in North 
America, Japan, and Europe, along with high OC/EC ratios between 

Fig. 23. Mean EC/PM, OC/PM and OC/EC ratios in PM2.5 vs PM2.5 mass for 11 
groups of sites located in Latin America (Bolivia-U), North America (regional 
background in the western USA, in the remainder of the North America, and US 
urban sites), in China and Thailand, in India, Japan (marine, regional back
ground, and urban sites), and in northern/western (Europe-1) and central/ 
eastern Europe (Europe-2). OC and EC data from Europe (obtained with the 
EUSAAR_2 protocol) were converted to “IMPROVE_A equivalent” values.
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June and September, are consistent with a combination of reduced EC 
emissions related to domestic heating shutdown, and heightened SOA 
formation or OC-enriched wildfire emissions during summer in 
temperate climate zones. In China, India, and Thailand, the seasonal 
variations in EC/PM and OC/PM are influenced by open biomass 
burning, which diminishes during the wet summer monsoon season. 
However, domestic heating in winter can also contribute in regions 
where it is practiced. The relationships between the EC/PM and OC/PM 
ratios and PM mass indicate that OC and EC containing particles are less 
efficiently removed than others when PM concentrations drop below 
10–15 μg/m3 due to e.g. pollution dispersion or wet removal, probably 
because of their lower hygroscopicity. The OC and EC contents of PM2.5 
and PM10 at high mass concentrations (PM > 40 μg/m3) confirm that 
wildfires and agricultural waste burning drive PM pollution episodes at 
background sites in the western USA and large parts of Asia (China, 
India, Thailand), respectively. In western and northern Europe, higher 
PM concentrations are associated with higher OC/EC ratios, pointing to 
OC and OC precursor sources, including biomass burning for residential 
heating, as major contributors to PM air pollution.

These conclusions were drawn from datasets considered represen
tative of specific locations, covering various periods between 2012 and 
2019. The information in this study can be used for diagnosing or vali
dating atmospheric chemistry models, taking into account that mass 
concentrations and compositions may have changed with time due to 
enforced regulation implementation and changing impacts of forest fires 
and/or dust storms (Ahangar et al., 2021; Altuwayjiri et al., 2021; 
Borlaza et al., 2022; Chow et al., 2022; Hand et al., 2019; Kim et al., 
2020; Liu et al., 2024; Wang et al., 2022; Yttri et al., 2021; Yu et al.; 
Zhong et al., 2021). No data were found for Antarctica, Oceania, and 
extensive areas of northern and western Asia, while a few limited 
datasets only were available from Africa and South America. To support 
more comprehensive and up-to-date future assessments, atmospheric 

observation programs are encouraged to persist in measuring EC, OC, 
PM and other aerosol variables following recommended protocols, and 
to make their data publicly available through open repositories like the 
World Data Center for Aerosols under the WMO/GAW program.
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Table 3 
EC/PM, OC/PM and OC/EC ratios for PM2.5 mass between 20 and 40 μg/m3, unless specified otherwise (see footnotes). Bold indicates original (unconverted) values.

EC/PM OC/PM OC/EC

EUSAAR_2 
T

IMPROVE_A 
R

NIOSH 
T

EUSAAR_2 
T

IMPROVE_A 
R

NIOSH 
T

EUSAAR_2 
T

IMPROVE_A 
R

NIOSH 
T

Caribbean US Virgin Is(a) ​ 0.01 0.01 ​ 0.05 0.04 ​ 6.6 4.6 ​
Latin America Bolivia urban 0.06 0.08 ​ 0.16 0.14 ​ 2.9 2.0 ​
North 

America
western USA regional 

bckgr
0.03 0.04 ​ 0.43 0.39 ​ 14.9 10.5 ​

other areas in N.A. regional 
bckgr

0.03 0.04 ​ 0.40 0.36 ​ 13.6 9.6 ​

USA urban 0.08 0.11 ​ 0.35 0.31 ​ 4.6 3.2 ​
Tahoe Lake ​ 0.04 0.05 ​ 0.45 0.40 ​ 12.6 8.9 ​
Simeonof Is(b) ​ 0.03 0.04 ​ 0.31 0.27 ​ 15.9 11.1 ​

Asia China + Thailand ​ 0.03 0.04 ​ 0.11 0.10 ​ 4.2 2.9 ​
Bangkok (TH)(c) ​ 0.02 0.02 ​ 0.03 0.03 ​ 1.9 1.3 ​
India-1 ​ 0.05 0.07 ​ 0.13 0.12 ​ 3.3 2.3 ​
Bhopal (IN) ​ 0.03 0.04 ​ 0.18 0.16 ​ 11.5 8.1 ​
Darjeeling (IN) ​ 0.12 0.12 0.09 0.35 0.35 0.40 2.8 2.9 4.3
Delhi (IN)(d) ​ 0.06 0.06 0.05 0.20 0.20 0.23 3.3 3.4 5.0
Mohali (IN) ​ 0.19 0.25 ​ 0.23 0.21 ​ 1.4 1.0 ​
Mysuru (IN) ​ 0.05 0.06 ​ 0.15 0.14 ​ 4.9 3.4 ​
Srinagar (IN) ​ 0.09 0.11 ​ 0.35 0.31 ​ 4.4 3.1 ​
Japan marine 0.02 0.03 ​ 0.13 0.12 ​ 5.8 4.0 ​
Japan regional 

bckgr
0.04 0.06 ​ 0.19 0.17 ​ 4.9 3.4 ​

Japan urban 0.07 0.08 ​ 0.22 0.20 ​ 3.7 2.6 ​
Baengnyeong Is (KR) 0.03 0.04 ​ 0.12 0.10 ​ 4.1 2.9 ​

Europe western +
northern

regional 
bckgr

0.02 0.03 ​ 0.21 0.19 ​ 11.7 8.2 ​

central + eastern regional 
bckgr

0.05 0.07 ​ 0.28 0.25 ​ 6.4 4.5 ​

(a) PM2.5 range = 12–40 μg/m.3.
(b) PM2.5 range = 8–40 μg/m.3.
(c) PM2.5 range = 20–45 μg/m.3.
(d) PM2.5 range = 20–75 μg/m.3.
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Fig. 24. Mean EC/PM, OC/PM and OC/EC ratios in PM10 vs PM10 mass for 4 
groups of sites located in Africa, Bolivia, Thailand, and Europe. OC and EC data 
from Thailand (obtained with the IMPROVE_A protocol) were converted to 
“EUSAAR_2 equivalent” values.

Table 4 
EC/PM10, OC/PM10 and OC/EC ratio values for PM10 mass concentrations between 30 and 50 μg/m3. Bold indicates original (unconverted) values.

EC/PM OC/PM OC/EC

EUSAAR_2 
T

IMPROVE_A 
R

NIOSH 
T

EUSAAR_2 
T

IMPROVE_A 
R

NIOSH 
T

EUSAAR_2 
T

IMPROVE_A 
R

NIOSH 
T

Africa Sahel regional bckgr 0.01 0.02 ​ 0.07 0.06 ​ 5.9 4.2 ​
Lamto (CI) ​ 0.05 0.06 ​ 0.21 0.18 ​ 4.1 2.9 ​
Welgegund (ZA) ​ 0.04 0.06 ​ 0.25 0.22 ​ 6.7 4.7 ​

Latin America Bolivia urban 0.05 0.06 ​ 0.12 0.10 ​ 2.79 2.0 ​
Bogotá (CO) ​ 0.10 0.12 ​ 0.26 0.23 ​ 3.4 2.4 ​

Asia Thailand ​ 0.02 0.02 ​ 0.06 0.05 ​ 4.3 3.00 ​
AMY (KR) ​ 0.03 0.03 0.02 0.10 0.10 0.11 4.2 4.4 6.40
SEO (KR) ​ 0.05 0.05 0.04 0.11 0.11 0.12 2.1 2.2 3.25

Europe Europe regional bckgr 0.01 0.01 ​ 0.11 0.10 ​ 11.0 7.7 ​
CYP (CY) ​ 0.01 0.01 ​ 0.05 0.04 ​ 6.1 4.3 ​
CBW (NL) ​ 0.02 0.03 ​ 0.13 0.12 ​ 6.8 4.8 ​
MEL (DE) ​ 0.02 0.03 ​ 0.19 0.17 ​ 10.6 7.5 ​
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Wolf, R., Křepelová, A., Canonaco, F., Schnelle-Kreis, J., Slowik, J.G., 
Zimmermann, R., Rudich, Y., Baltensperger, U., El Haddad, I., Prévôt, A.S., 2016. 
Size-resolved identification, characterization, and quantification of primary 
biological organic aerosol at a European rural site. Environ. Sci. Technol. 50 (7), 
3425–3434. https://doi.org/10.1021/acs.est.5b05960. Epub 2016 Mar 15. Erratum 
in: Environ Sci Technol. 2016 Dec 6.,50(23):13177-3434. doi: 10.1021/acs. 
est.6b05500. 

Cavalli, F., Viana, M., Yttri, K.E., Genberg, J., Putaud, J.-P., 2010. Toward a standardised 
thermal-optical protocol for measuring. atmospheric organic and elemental carbon: 
the EUSAAR protocol. Atmos. Meas. Tech. 3, 79–89. https://doi.org/10.5194/amt-3- 
79-2010.

Chen, Y., Wang, H., Singh, B., Ma, P., Rasch, P.J., Bond, T.C., 2018. Investigating the 
linear dependence of direct and indirect radiative forcing on emission of 
carbonaceous aerosols in a global climate model. J. Geophys. Res. D. (Atmospheres) 
123 (3), 1657–1672. https://doi.org/10.1002/2017JD027244. PNNL-SA-126780. 

Cheng, Y., He, K.-B., Duan, F.-K., Du, Z.-Y., Zheng, M., Ma, Y.-L., 2014. Ambient organic 
carbon to elemental carbon ratios: influence of the thermal–optical temperature 
protocol and implications. Sci. Total Environ. (468–469), 1103–1111. https://doi. 
org/10.1016/j.scitotenv.2013.08.084.

J.-P. Putaud et al.                                                                                                                                                                                                                              Atmospheric Environment 358 (2025) 121338 

21 

https://doi.org/10.1016/j.atmosenv.2025.121338
https://doi.org/10.1016/j.atmosenv.2025.121338
http://refhub.elsevier.com/S1352-2310(25)00313-9/sref1
http://refhub.elsevier.com/S1352-2310(25)00313-9/sref1
http://refhub.elsevier.com/S1352-2310(25)00313-9/sref1
https://doi.org/10.1016/j.actao.2021.103745
https://doi.org/10.1016/j.actao.2021.103745
http://refhub.elsevier.com/S1352-2310(25)00313-9/sref3
http://refhub.elsevier.com/S1352-2310(25)00313-9/sref3
http://refhub.elsevier.com/S1352-2310(25)00313-9/sref3
https://doi.org/10.1136/thoraxjnl-2013-204492
https://doi.org/10.1136/thoraxjnl-2013-204492
https://doi.org/10.5094/apr.2015.037
https://doi.org/10.5094/apr.2015.037
https://doi.org/10.1016/S0140-6736(13)62158-3
https://doi.org/10.1016/S0140-6736(13)62158-3
https://doi.org/10.1021/tx9902082
https://doi.org/10.1021/tx9902082
https://doi.org/10.5194/acp-22-8701-2022
https://doi.org/10.1021/acs.est.5b05960
https://doi.org/10.5194/amt-3-79-2010
https://doi.org/10.5194/amt-3-79-2010
https://doi.org/10.1002/2017JD027244
https://doi.org/10.1016/j.scitotenv.2013.08.084
https://doi.org/10.1016/j.scitotenv.2013.08.084


Chow, J.C., Watson, J.G., Chen, L.-W.A., Arnott, W.P., Moosmüller, H., Fung, K.K., 2004. 
Equivalence of elemental carbon by Thermal/Optical Reflectance and Transmittance 
with different temperature protocols. Environ. Sci. Technol. 38, 4414–4422. https:// 
doi.org/10.1021/es034936u.

Chow, J.C., Watson, J.G., Chen, L.-W.A., Chang, M.C.O., Robinson, N.F., Trimble, D., 
Kohl, S.D., 2007. The IMPROVE A temperature protocol for thermal/optical carbon 
analysis: maintaining consistency with a long-term database. J. Air Waste Manage. 
Assoc. 57 (9), 1014–1023.

Chow, J.C., Watson, J.G., Chen, L.-W.A., Rice, J., Frank, N.H., 2010. Quantification of 
PM2.5 organic carbon sampling artifacts in US networks. Atmos. Chem. Phys. 10, 
5223–5239. https://doi.org/10.5194/acp-10-5223-2010.

Chow, W.S., Liao, K.Z., Huang, X.H.H., Leung, K.F., Lau, A.K.H., Yu, J.Z., 2022. 
Measurement report: the 10-year trend of PM2.5 major components and source 
tracers from 2008 to 2017 in an urban site of Hong Kong. China. Atmos. Chem. Phys. 
22, 11557–11577.

EDGAR, v8.1, edgar.jrc.Ec.europa.eu/index.php/dataset_ap81, last accessed 31 October. 
2024.

Fakhri, Y., Sarafraz, M., Javid, A., Moradi, M., Mehri, F., Nasiri, R., 
Saadatmandsepideh, S., 2024. The ratio of concentration of organic carbon and 
elemental carbon bound to particulate matter in ambient air: a global systematic 
review and meta-analysis. Int. J. Environ. Health Res. 10, 1–20. https://doi.org/ 
10.1080/09603123.2024.2399207.

Hallquist, M., Wenger, J.C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., 
Dommen, J., Donahue, N.M., George, C., Goldstein, A.H., Hamilton, J.F., 
Herrmann, H., Hoffmann, T., Iinuma, Y., Jang, M., Jenkin, M.E., Jimenez, J.L., 
Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, Th F., Monod, A., 
Prévôt, A.S.H., Seinfeld, J.H., Surratt, J.D., Szmigielski, R., Wildt, J., 2009. The 
formation, properties and impact of secondary organic aerosol: current and 
emerging issues. Atmos. Chem. Phys. 9, 5155–5236. https://doi.org/10.5194/acp-9- 
5155-2009.

Hand, J.L., Prenni, A.J., Schichtel, B.A., Malm, W.C., Chow, J.C., 2019. Trends in remote 
PM2.5 residual mass across the United States: implications for aerosol mass 
reconstruction in the IMPROVE network. Atmos. Environ. 203, 141–152.

Hang, Y., Meng, X., Xi, Y., Zhang, D., Lin, X., Liang, F., Tian, H., Li, T., Wang, T., Cao, J., 
Fu, Q., Dey, S., Li, S., Huang, K., Kan, H., Shi, X., Liu, Y., 2023. Environ. Res. Lett. 18, 
124017. https://doi.org/10.1088/1748-9326/ad0862.

Huang, H., Jin, Y., Sun, W., Gao, Y., Sun, P., Ding, W., 2024. Biomass burning in 
Northeast China over two decades: temporal trends and geographic patterns. Remote 
Sens. 16, 1911. https://doi.org/10.3390/rs16111911.

Johnston, M.V., Kerecman, D.E., 2019. Molecular characterization of atmospheric 
organic aerosol by mass spectrometry. Annu. Rev. Anal. Chem. 12, 247–274. https:// 
doi.org/10.1146/annurev-anchem-061516-045135.

Kaly, F., Marticorena, B., Chatenet, B., Rajot, J.L., Janicot, S., Niang, A., Yahi, H., 
Thiria, S., Maman, A., Zakou, A., Coulibaly, B.S., Coulibaly, M., Koné, I., Traoré, S., 
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