
Atmos. Chem. Phys., 24, 6509–6523, 2024
https://doi.org/10.5194/acp-24-6509-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Global source apportionment of aerosols into major
emission regions and sectors over 1850–2017

Yang Yang1, Shaoxuan Mou1, Hailong Wang2, Pinya Wang1, Baojie Li1, and Hong Liao1

1Joint International Research Laboratory of Climate and Environment Change (ILCEC), Jiangsu Key
Laboratory of Atmospheric Environment Monitoring and Pollution Control, Jiangsu Collaborative Innovation

Center of Atmospheric Environment and Equipment Technology, School of Environmental Science and
Engineering, Nanjing University of Information Science and Technology, Nanjing, Jiangsu, China

2Atmospheric, Climate, and Earth Sciences Division, Pacific Northwest
National Laboratory, Richland, Washington, USA

Correspondence: Yang Yang (yang.yang@nuist.edu.cn)

Received: 31 October 2023 – Discussion started: 5 January 2024
Revised: 8 April 2024 – Accepted: 21 April 2024 – Published: 4 June 2024

Abstract. Anthropogenic emissions of aerosols and precursor gases have changed significantly in the past few
decades around the world. In this study, the Explicit Aerosol Source Tagging (EAST) system is merged into the
Energy Exascale Earth System Model version 1 (E3SMv1) to quantify the variations in anthropogenic aerosol
concentrations, source contributions, and their subsequent radiative impact in four major emission regions across
the globe during 1850–1980, 1980–2010, and 2010–2017. In North America and Europe, changes in anthro-
pogenic PM2.5 were mainly caused by changes in emissions from local energy and industrial sectors. The lo-
cal industrial sector caused the largest increase in PM2.5 in East Asia during 1980–2010 and decrease during
2010–2017. In South Asia, the increase in energy-related emissions dominated the rise in PM2.5 levels during
1980–2017. During 1850–1980, the increases in emissions from North America contributed to the increase in
the European PM2.5 burden by 1.7 mgm−2 and the sources from the Europe were also responsible for the PM2.5
burden increase in East Asia and South Asia by about 1.0 mgm−2. During 1980–2010, East Asia contributed
to an increase of 0.4–0.6 mgm−2 in the PM2.5 burden in North America and Europe, while South Asia con-
tributed about 0.3 mgm−2. During 2010–2017, the contributions from East Asia to the PM2.5 burdens in the
North America, Europe, and South Asia declined by 0.3–0.6 mgm−2 due to the clean air actions in China, while
the contributions from South Asia still increased due to the continuous increase in emissions in South Asia. The
historical changes in aerosols had an impact on effective radiative forcing through aerosol–radiation interactions
(ERFari). During 1980–2010, a decline in North American aerosols resulted in a positive ERFari change (warm-
ing effect) in Europe and a decline in aerosols in Europe caused a warming effect in Russia and northern China.
The changes in ERFari from the increase and decrease in aerosols in China during 1980–2010 and 2010–2017,
respectively, are comparable in magnitude. The continuous aerosol increases in South Asia from 1980 to 2017
resulted in negative ERFari (cooling) changes in South Asia, Southeast Asia, and southern China.
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1 Introduction

Atmospheric aerosols, also known as particulate matter
(PM), have significant influences on air quality and hu-
man health (Anenberg et al., 2010; Finlayson-Pitts and Pitts,
1997; Li et al., 2017; Pöschl, 2005). Aerosols also affect the
energy budget of the Earth system by scattering and/or ab-
sorbing solar radiation, thus directly affecting the climate
(Gao et al., 2022; Yang et al., 2020a, 2023; Wang et al.,
2023). Meanwhile, they may act as cloud condensation nu-
clei and/or ice nuclei, changing cloud characteristics and the
atmospheric water cycle, which indirectly affect the climate
(Liao et al., 2015; Lohmann and Feichter, 2005; Rosenfeld
et al., 2008; Yang et al., 2022a). Due to the absorption of so-
lar radiation, aerosol-induced heating can strengthen temper-
ature inversion and increase the atmospheric stability, which
inhibits the vertical mixing and transport of aerosols and
leads to a further increase in near-surface aerosol concentra-
tions (Chen et al., 2021; Lou et al., 2019). Therefore, know-
ing the sources of aerosols and their variations has become
vital in the field of environmental and atmospheric sciences.

Human activities have a great influence on global aerosol
distributions and compositions. For example, many coun-
tries have taken various air quality control measures at dif-
ferent stages of their economic development, causing dis-
tinct historical temporal changes in aerosol emissions around
the world. Since the start of industrialization, anthropogenic
emissions of aerosols and precursor gases have substantially
increased, which significantly affected the atmospheric envi-
ronment and Earth’s energy balance (Carslaw et al., 2017).
European and North American countries became major con-
tributors of pollutant emissions. Since the 1980s, coal emis-
sions have declined steadily in Europe and North America,
owing to legislation and effective environmental policies to
reduce local anthropogenic emissions of aerosol and precur-
sor gases (Smith et al., 2011). In contrast to North America
and Europe, coal consumption in China and India has expe-
rienced a substantial increase and anthropogenic emissions
from these regions has continued to rise (Hoesly et al., 2018;
Lim et al., 2020). Zheng et al. (2018) also reported that due
to active clean air policies and the emission control of power
plants and industry, anthropogenic emissions of PM2.5 (par-
ticulate matter less than 2.5 µm in diameter) from China have
significantly decreased by 33 % during 2013–2017. How-
ever, countries in South Asia still rely on coal and petroleum,
and thus aerosol emissions from South Asia have kept in-
creasing in recent years (Li et al., 2017).

Regional aerosol pollution can be induced by both local
emissions and long-range transport of pollutants across re-
gions, countries, or even continents, which impose a far-
reaching impact on air quality and human health (Akimoto,
2003; Anenberg et al., 2014; Jaffe et al., 1999; Lin et al.,
2014; Liu et al., 2009; Zhang et al., 2017). Studies re-
ported that the air quality in Europe is largely impacted by
the long-range aerosol transport from North America (Stohl

and Trickl, 1999; Yang et al., 2018a, 2020b). Asian anthro-
pogenic emissions in spring also have a significant effect
on aerosol concentrations in North America (Jaffe et al.,
1999). Moreover, studies found that air pollution from Africa
and Europe moved eastward and merged with Asian pollu-
tion, affecting air quality in western North America (Liu and
Mauzerall, 2005; Chin et al., 2007). Yang et al. (2017) also
found that remote sources contributed the most to the regions
with low emissions through long-range transport, which fur-
ther impacted the local climate. Therefore, relying on domes-
tic emission control alone may be insufficient to prevent air
pollution due to the long-distance transport of air pollutants
(Liu et al., 2009). A study revealed that approximately 12 %
of global premature deaths caused by PM2.5 were related to
non-local air pollutants (Zhang et al., 2017). About 16 % of
premature deaths in India caused by PM2.5 were attributed to
aerosol transport from external source regions (David et al.,
2019). Within each emission source region, aerosols also
come from different emission sectors. Many scientific con-
trol measures and policies are implemented based on the
source attribution of air pollutants from individual sectors.
Hence, it is of great significance to quantify source contri-
butions of the long-range transport of aerosols from major
emission regions around the world as well as aerosols from
major emission sectors.

Anthropogenic emissions of aerosols and precursor gases
have changed significantly in different source regions over
the past century. Few studies focus on the source attribu-
tions of aerosols across the globe over such a long period of
time. In this study, we focus on the changes in aerosols and
the emission source region and sector contributions in major
source regions (i.e., North America, Europe, East Asia, South
Asia) during the three important periods of emission changes
since industrialization (1850–1980, 1980–2010, and 2010–
2017) based on the Energy Exascale Earth System Model
version 1 (E3SMv1), equipped with the Explicit Aerosol
Source Tagging (E3SMv1 EAST) system.

2 Methods

2.1 Model description and experimental design

To study variations in historical anthropogenic aerosols in
the major source regions, E3SMv1 developed by the US De-
partment of Energy (DOE) (Golaz et al., 2019) is used in this
study. E3SMv1 is updated on the basis of the Community At-
mosphere Model version 5 (CAM5) in order to explore sev-
eral key emerging issues in the field of environment and cli-
mate studies and is a branch of the widely used Community
Earth System Model (CESM) (Rasch et al., 2019). E3SMv1
consists of atmosphere, land surface, ocean, sea ice, and river
model components. It features numerous upgrades to aerosol,
turbulence, chemical, and cloud-related processes, offering
multiple spatial resolution options. The model can run sim-
ulations for decades or more at higher resolution to help un-
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Figure 1. Tagged source regions (NAM: North America; EUR: Eu-
rope; EAS: East Asia; SAS: South Asia; ROW: rest of the world).

derstand past, present, and future changes in Earth’s behavior
and to explore how the atmosphere interacts with other com-
ponents of the Earth system. Aerosol microphysics and inter-
actions with stratiform clouds are treated with the four-mode
Modal Aerosols Module (MAM4) (Liu et al., 2016), which
predicts the mass and number concentrations of sulfate, black
carbon (BC), primary organic matter (POM), secondary or-
ganic aerosol (SOA), marine organic aerosol, mineral dust,
and sea salt (Wang et al., 2020). EAMv1 applies the “Morri-
son and Gettelman version 2” (MG2) two-moment bulk mi-
crophysics parameterization for stratiform clouds (Gettelman
and Morrison, 2015). It allows for aerosol–cloud interactions
in all stratiform and shallow convective clouds but neglects
them in deep convective clouds (Rasch et al., 2019). Liquid
cloud drop activation is based on Abdul-Razzak and Ghan
(2000), and ice nucleation parameterization based on clas-
sical nucleation theory for the heterogeneous ice formation
in mixed-phase clouds follows Y. Wang et al. (2014). Hy-
groscopicity is specified for soluble aerosols to calculate the
particle size based on relative humidity. The aerosols are as-
sumed to mix internally in the same aerosol mode and ex-
ternally between modes when calculating the aerosol optical
properties (Ghan and Zaveri, 2007). The model has been ap-
plied to investigate the variations in anthropogenic and natu-
ral aerosols related to air–sea interactions (Yang et al., 2022b;
Zeng et al., 2021). Compared to the regional model, the
model of E3SMv1 with an aerosol-tagging tool introduced
in this study is more suitable for the simulation of trans-
boundary and intercontinental transport of aerosols across
the globe. In this study, the model is configured at its stan-
dard horizontal spatial resolution of approximately 1° with
72 vertical layers.

Global emissions of aerosols and precursor gases used in
the simulations are obtained from the CMIP6 (the Coupled
Model Intercomparison Project Phase 6) datasets (Hoesly
et al., 2018; van Marle et al., 2017). However, the anthro-
pogenic emissions in China are replaced with the MEIC
(Multi-resolution Emission Inventory for China) inventory,
which fully considers the implementation of clean air actions
over China since the 2010s (Gao et al., 2022, 2023; Li et al.,

2021; Zheng et al., 2018). Following previous studies (Ren
et al., 2021; Yang et al., 2018a), the near-surface concen-
trations of PM2.5 here are estimated as the sum of sulfate,
BC, POM, and SOA concentrations. Effective radiative forc-
ing (ERF) refers to the change in the net radiative flux at the
top of the atmosphere (TOA) after the external forcing is ap-
plied. In this study, ERF due to aerosol–radiation interactions
(ERFari) for the individual tagged source regions is derived
as the difference in TOA net radiative fluxes from a pair of
diagnostic radiation calculations with and without the partic-
ular tagged aerosols from the source regions for the all-sky
condition following Ghan (2013).

This study focuses on the variations in the source region
and sector contributions in four major emission regions of the
world (North America, Europe, East Asia, and South Asia)
during the three key historical periods of emission changes
(1850–1980, 1980–2010, and 2010–2017). Four simulations
with monthly anthropogenic emissions of aerosols and pre-
cursors fixed at the 1850, 1980, 2010, and 2017 levels, re-
spectively, are conducted. All simulations are performed for
1 year following 6-month model spin-up. Greenhouse gas
concentrations, solar insolation, sea surface temperature, and
sea ice extent are prescribed at the 2000 levels. The mete-
orological fields including 3-dimensional temperature, spe-
cific humidity, and winds are nudged toward the MERRA-2
(Modern-Era Retrospective analysis for Research and Appli-
cations, Version 2) reanalysis (Gelaro et al., 2017) in 2017 at
a 6-hourly relaxation timescale.

2.2 Explicit Aerosol Source Tagging system

Source apportionment aims to quantify the contributions
to aerosols from specific sources. To examine the source–
receptor relationships of aerosols, we implemented the Ex-
plicit Aerosol Source Tagging (EAST) system in E3SMv1,
which plays a critical role in attributing aerosol concentra-
tions to their respective emission sources. EAST follows the
BC-source-tagging technique introduced in H. Wang et al.
(2014), the sulfate-source-tagging method used in Yang et al.
(2017), and other carbonaceous aerosol tagging applied in
Yang et al. (2018a), which was previously implemented
in the Community Atmosphere Model version 5 (CAM5-
EAST). This tagging system is different from the traditional
emission sensitivity method that zeroes out or perturbs emis-
sions from a given source region or sector in sensitivity simu-
lations along with a baseline simulation, which has to assume
a linear response to emission perturbation and requires many
additional simulations for estimating the contributions from
multiple sources (H. Wang et al., 2014). EAST independently
considers all aerosol physical, chemical, and dynamical pro-
cesses for each tagged source through introducing additional
aerosol-related variables within one simulation, and it does
not rely on a linear response to emission perturbations. These
capabilities make it physically more accurate and time effi-
cient than the sensitivity experiments. This tagging method
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Figure 2. (a) Spatial distribution and (b) scatter plot of the simulated and observed annual mean near-surface PM2.5 concentrations (µgm−3)
in 2017. Observational data are from IMPROVE (triangle), EMEP (circle), India (inverted triangle), and CNEMC (square). The solid line
marks the 1 : 1 ratio, and dashed lines mark the 1 : 2 and 2 : 1 ratios. Normalized mean bias (NMB) and correlation coefficient (R) between
the observation and simulation are shown in the right panel. NMB= 100%×

∑
(Mi −Oi )/

∑
Oi , where Mi and Oi are the modeled and

observed values at site i, respectively.

has previously been adopted in regional models and has now
implemented in the global E3SMv1 model to better under-
stand intercontinental transport from sources outside the re-
gional domain.

In this study, in total 18 tags are set for each anthropogenic
species of aerosols and precursors. Each of the four ma-
jor source regions, including North America (NAM), Europe
(EUR), East Asia (EAS), and South Asia (SAS), has four
tags for energy transformation and extraction (ENE); indus-
trial combustion and processes (IND); residential, commer-
cial, and other (RCO); and the rest of the anthropogenic-
emission sectors (RST). One tag is assigned to the anthro-
pogenic emissions from rest of the world (ROW), and the last
tag is allocated for all the natural/biogenic sources includ-
ing open biomass burning, volcanic emissions, and oceanic
emissions.

2.3 Model evaluation

In order to evaluate the performance of E3SMv1 in repro-
ducing the aerosol concentrations, Fig. 2 compares the sim-
ulated near-surface PM2.5 concentrations with observations
from the Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) over the US, the European Monitor-
ing and Evaluation Programme (EMEP) over Europe, US
embassies and consulates in India, and the China National
Environmental Monitoring Center (CNEMC) over China in
2017. The model successfully reproduces the spatial distri-
bution of PM2.5 concentrations, with relatively high con-
centrations in eastern China and India and low concentra-
tions in the US and Europe. The spatial correlation coeffi-
cient (R) between the E3SMv1 PM2.5 concentration simula-
tions and observations is +0.80. The model reproduces the
PM2.5 concentrations in the US well with normalized mean
biases (NMB) of −11 %. However, it largely underestimates
the PM2.5 concentrations in China and Europe, which has

also been revealed in several studies (e.g., Gao et al., 2018;
Gao et al., 2023; Navinya et al., 2020; Zeng et al., 2021).
This discrepancy is partly because E3SMv1 only considers
limited aerosol species (BC, POM, SOA, and sulfate) with-
out including nitrate and ammonium aerosols in the aerosol
module. On the other hand, the overestimated wet scaveng-
ing at mid-latitudes and high latitudes and underestimated
gas-to-particle conversion can also lead to the low bias (Zeng
et al., 2021). The evaluation in 2010 also shows similar high
correlation and biases (Fig. S3).

In order to evaluate the model performance in reproduc-
ing the historical changes in aerosol concentrations during
the important periods of emission changes, the variations in
near-surface PM2.5 concentrations are compared with obser-
vations (Fig. S4) and MERRA-2 reanalysis (Fig. S5). The
model reproduces the decreases in PM2.5 concentrations in
the eastern US and Europe and the increases in East Asia and
South Asia during 1980–2010 well, with a spatial R value of
0.78 between model results and MERRA-2 data. The model
also simulates the aerosol decline in North America, Europe,
and East Asia and a continuous increase in South Asia dur-
ing 2010–2017 well, with an R value of 0.81 between model
results and observational data. However, the model simula-
tion does not capture the increases in PM2.5 in southwest-
ern Canada and eastern Russia. This is because the wildfire
emissions were kept unchanged during the simulation, while
wildfires occurred more frequently in these regions during
the analyzed time period (Jolly et al., 2015; Goss et al.,
2020), leading to the increases in PM2.5 in observations.
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Figure 3. Changes in anthropogenic sulfur dioxide (SO2) emissions (gm−2 yr−1) between 1850 and 1980 (left), between 1980 and 2010
(middle), and between 2010 and 2017 (right) in the five tagged source regions (NAM, EUR, EAS, SAS, and ROW from top to bottom).

3 Results

3.1 Historical changes in aerosols over major source
regions

Figure 3 shows the variations in anthropogenic emissions of
sulfur dioxide (SO2) during the three key periods of histori-
cal emission changes from the tagged source regions. Since
industrialization, anthropogenic SO2 emissions had rising
trends during 1850–1980, especially in Europe and North
America. Due to the implementation of clean air actions
in Western countries, SO2 emissions in North America and
Europe declined considerably during 1980–2010, while the
emissions in East Asia and South Asia continued to increase.
After 2010, China issued several clean air policies, which
led to significant decreases in anthropogenic SO2 emissions
in East Asia, while the SO2 emissions in South Asia kept in-

creasing during 2010–2017. The changes in anthropogenic
BC and organic carbon (OC) emissions are similar to those
of SO2 (shown in Figs. S1 and S2).

The changes in near-surface mass concentrations (Fig. 4)
and column burdens (Fig. 5) of anthropogenic PM2.5 con-
tributed by the tagged source regions during the focused three
historical time periods follow the corresponding changes in
anthropogenic emissions. Column burden refers to the con-
centration of aerosols contained in the air column above a
unit area with a top at 60 km, which can better reflect the
aerosol transport within the air column and is more related
to the aerosol radiative effect. The near-surface concentra-
tion of aerosols represents the concentration of aerosols in
the air near the surface (from the surface to 997 hPa for
the model layer), which is more related to air quality and
human health. Local anthropogenic-emission changes drove
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Figure 4. Changes in near-surface mass concentration (µgm−3) of anthropogenic PM2.5 contributed by the five tagged source regions
(NAM, EUR, EAS, SAS, and ROW from top to bottom) between 1850 and 1980 (left), between 1980 and 2010 (middle), and between 2010
and 2017 (right).

the PM2.5 level to reach its peak in 1980 in North Amer-
ica and Europe and then to decrease. The maximum PM2.5
level appeared in 2010 in East Asia, and the anthropogenic
PM2.5 level continued growing in South Asia during 1850–
2017, consistent with previous studies (Dey et al., 2020; Gut-
tikunda and Nishadh, 2022; Singh et al.,2023).

To explore which aerosol species contributed the most
to the changes in PM2.5 during the focused three historical
time periods, Figs. 6 and 7 illustrate the relative contribu-
tions of individual aerosols to the simulated changes in near-
surface PM2.5 mass concentrations and column burdens, re-
spectively, in four major emission regions. In general, the
historical changes in anthropogenic PM2.5 were primarily
driven by the changes in sulfate. In North America, the con-
tribution of sulfate to near-surface PM2.5 concentration (col-
umn burden) rose from 7 % (11 %) in 1850 to 67 % (81 %)
in 1980 and then dropped to 52 % (67 %) in 2017. In Eu-
rope, sulfate contribution changed from 24 % (34 %) in 1850
to 71 % (85 %) in 1980 and then decreased to 50 % (68 %)

in 2017. In East Asia, sulfate contribution changes from 2 %
(6 %) in 1850 to 51 % (71 %) in 1980 and then decreased
to 33 % (56 %) in 2017. It is interesting that the PM2.5 lev-
els in East Asia increased during 1980–2010 but the sulfate
contribution decreased in this time period. It is because the
carbonaceous aerosols increased remarkably, which reduced
the fractional contribution of sulfate. The sulfate contribu-
tion to the PM2.5 concentration (column burden) increased
throughout the period of 1850–2017, from 2 % (5 %) to 42 %
(62 %) in South Asia. Note that the carbonaceous aerosols,
especially POM, dominated PM2.5 in all four targeted re-
gions in 1850, resulting from the high heating demand from
the residential sector.

3.2 Changes in contributions from major source regions
and sectors

Figure 8 shows the relative contributions from local and re-
mote anthropogenic sources to the near-surface concentra-
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Figure 5. Changes in column burden (mgm−2) of anthropogenic PM2.5 contributed by the five tagged source regions (NAM, EUR, EAS,
SAS, and ROW from top to bottom) between 1850 and 1980 (left), between 1980 and 2010 (middle), and between 2010 and 2017 (right).

tions and column burdens of PM2.5 in the four targeted re-
gions in 2010. Local sources dominated the near-surface an-
thropogenic PM2.5 concentrations over the high-emission re-
gions including eastern China, the eastern US, and the Indo-
Gangetic Plain, with local contributions being higher than
90 %. In the regions with low emissions, such as the Ti-
betan Plateau, the anthropogenic PM2.5 concentrations were
largely contributed by the long-range transport of aerosols.
The spatial distributions of burden contribution are similar
to those of the corresponding contribution near the surface,
but the long-range transport contributed more to the col-
umn burden than to the near-surface contribution due to the
more efficient pollutant transport in the free troposphere than
within the boundary layer. The long-range transport con-
tributes 30 %–35 % of the PM2.5 burden in East Asia and
South Asia and 50 %–55 % in North America and Europe,
much higher than the 10 %–25 % for the near-surface con-
centrations over the four targeted regions.

Since both local and remote emissions can contribute
to anthropogenic PM2.5, it is valuable to know the histor-

ical changes in these contributions, especially by the lo-
cal sources from individual emission sectors and by remote
sources from major emission regions. Figure 9 illustrates
changes in the local source contributions from major emis-
sion sectors to the near-surface concentrations and column
burdens of PM2.5 during 1850–2017. In North America and
Europe, the historical changes in anthropogenic PM2.5 were
largely induced by changes in emissions from the local en-
ergy (ENE) sector, followed by the industry (IND) sector,
which increased before 1980 and decreased afterward. In
East Asia, ENE, IND, and residential (RCO) sector emis-
sions all had significant contributions to the increases in
PM2.5 concentration and burden from 1850 to 1980. Then
the contribution from the local IND sector showed the largest
increases from 1980 to 2010 and decreases from 2010 to
2017. In South Asia, increases in anthropogenic PM2.5 from
1850 to 1980 were mainly attributed to the RCO emission
increases. After that, increases in ENE emissions dominated
the rising PM2.5 levels in South Asia during 1980–2017.
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Figure 6. Percentage contributions (%) of aerosol species includ-
ing BC, POM, SOA, and sulfate to the near-surface mass concen-
trations of PM2.5 averaged over the four major emission source re-
gions (NAM, EUR, EAS, and SAS) in the four years under investi-
gation (1850, 1980, 2010, and 2017).

Figure 7. Percentage contributions (%) of aerosol species includ-
ing BC, POM, SOA, and sulfate to the column burden of PM2.5
averaged over the four major emission source regions (NAM, EUR,
EAS, and SAS) in the four years under investigation (1850, 1980,
2010, and 2017).

Figure 10 presents changes in remote emission contribu-
tions from the tagged source regions to the column bur-
dens of PM2.5 during 1850–2017. The contributions from
long-range transport to the near-surface concentrations and
their historical variations over the four major emissions re-
gions are relatively small, which were also reported in pre-

vious studies (e.g., Yang et al., 2018b) and are not discussed
here. During 1850–1980, the long-range transport contribu-
tions to the PM2.5 burdens show increases and the contri-
butions from ROW increased the most among the tagged
source regions over all four targeted receptor regions. Note
that aerosol emissions from North America contributed to
the increase in the European PM2.5 burden by 1.7 mgm−2

and sources from Europe were also responsible for the PM2.5
burden increase by 1.0 mgm−2 in East Asia and 1.1 mgm−2

in South Asia. During 1980–2010, the long-range transport
from North America and Europe decreased but that from East
Asia and South Asia increased. East Asia contributed 0.4–
0.6 mgm−2 to the PM2.5 burden increases in North America,
while Europe and South Asia contributed about 0.3 mgm−2.
In East Asia, 1.6 mgm−2 of the PM2.5 burden increase was
attributed to South Asian sources, and 0.8 mgm−2 of the
PM2.5 burden increase in South Asia during this time period
was due to increases in East Asian emissions. From 2010 to
2017, owing to the clean air actions in China, contributions
from East Asia to the PM2.5 burdens in the other three tar-
geted regions decreased by 0.3–0.6 mgm−2. However, due
to the continuous increases in South Asian emissions, South
Asia still contributed to the PM2.5 burden increase in East
Asia by 0.4 mgm−2 during this short time period.

3.3 Changes in effective radiative forcing due to
aerosol–radiation interactions

The variation in aerosols can have a significant impact on
ERF through aerosol–radiation and aerosol–cloud interac-
tions. Figure 11 shows changes in ERF due to aerosol–
radiation interactions (ERFari) at the top of the atmosphere
(TOA) that can be attributed to changes in anthropogenic
emissions from the tagged regions in the three key periods
during 1850–2017. Due to the increases in aerosols from
1850 to 1980, a large negative ERFari was located over the
major source regions and their downwind areas, with max-
imum ERFari changes being larger than 2 Wm−2 over the
eastern US, Europe, and eastern China. In 2010, there were
positive ERFari changes (warming effect) by a maximum of
2 Wm−2 in North America and Europe compared to 1980,
which were due to the decreases in anthropogenic aerosols in
these two regions. The positive ERFari changes due to the de-
crease in North American aerosols extended across the North
Atlantic and caused an increase in incoming radiation by up
to 0.5 Wm−2 in Europe. Similarly, the decrease in aerosols
from Europe also led to a positive ERFari change by up to
0.5 Wm−2 in the downwind regions including Russia and
northern China during 1980–2010. This is also revealed by
previous studies that aerosol reduction has caused fast warm-
ing in downwind regions (Urdiales-Flores et al., 2023). In-
creases in aerosols in China during 1980–2010 and decreases
during 2010–2017 produced negative (cooling) and posi-
tive (warming) changes in ERFari, respectively, over east-
ern China and the North Pacific, which largely contradicted
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Figure 8. Relative contributions (%) from (a, c) local and (b, d) remote anthropogenic emissions to the near-surface mass concentrations and
column burdens of PM2.5 in the four targeted regions (NAM, EUR, EAS, and SAS) in 2010. Numbers marked in the figure are the regional
average over the four individual targeted regions.

Figure 9. Local source contributions from four individual emission sectors (ENE, IND, RCO, and RST) to the near-surface mass concentra-
tions (µgm−3, left) and column burdens (mgm−2, right) of anthropogenic PM2.5 in the four targeted regions (NAM, EUR, EAS, and SAS
from top to bottom) for 1850, 1980, 2010, and 2017 (in color bars). Grey bar and numbers in between two years show the change in sector
contributions. Positive values are shown in red, and negative values are shown in blue.
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Figure 10. Same as Fig. 9 but for contributions from the remote tagged source regions to the column burdens (mgm−2) of anthropogenic
PM2.5 in the four targeted regions (NAM, EUR, EAS, and SAS).

each other. The continuously growing aerosols in South Asia
induced negative ERFari changes (cooling) in South Asia,
Southeast Asia, and southern China during both 1980–2010
and 2010–2017. Note that in this study we only quantify
ERFari for the major emission regions based on the source-
tagging technique. The quantification of ERF due to aerosol–
cloud interactions (ERFari) requires additional simulations,
which could be further examined in future studies.

4 Conclusions and discussions

Since the start of industrialization, aerosols have changed
significantly in different regions of the world driven by global
economic development and air pollution control measures.
It is of great significance to quantify the contributions of
aerosols from major emission source regions and sectors dur-
ing the key periods of substantial emission changes. In this
study, the Explicit Aerosol Source Tagging (EAST) tech-
nique is implemented in E3SMv1 to quantify the variations
in the concentrations, source contributions, and subsequent
effective radiative forcing of anthropogenic aerosols in four
major source regions (NAM, EUR, EAS, and SAS) during
three key historical periods of emission changes (1850–1980,
1980–2010, and 2010–2017).

Following the corresponding anthropogenic-emission
changes, PM2.5 concentrations reached its peak in 1980 in
North America and Europe, while the peak of PM2.5 in East
Asia occurred in 2010. PM2.5 from anthropogenic sources
in South Asia continued to grow during 1850–2017. These
changes in anthropogenic PM2.5 were primarily dominated
by changes in sulfate aerosol. In North America and Eu-
rope, historical changes in anthropogenic PM2.5 were mainly

caused by changes in emissions from the local energy sector,
followed by the industrial sector, which increased from 1850
to 1980 and decreased afterward. In East Asia, energy, in-
dustrial, and residential emissions contributed significantly
to the increase in PM2.5 from 1850 to 1980, and then the lo-
cal industrial sector caused the most increase from 1980 to
2010 and declined from 2010 to 2017. For South Asia, the
increase in PM2.5 was mainly due to emission changes in the
residential sector from 1850 to 1980, and then the increase
in energy-related emissions became dominant in the rise in
PM2.5 levels during 1980–2017.

Regional aerosol pollution comes from both local emis-
sions and the long-range transport of remote emissions. Lo-
cal emissions contribute the most in regions with high emis-
sions, while in regions with low emissions the long-distance
transport plays an important role. Due to the more efficient
transport of air pollutants in the free troposphere, contribu-
tions of long-range transport to the column burden are greater
than to the near-surface concentration over all four targeted
receptor regions. From 1850 to 1980, increases in emissions
from North America contributed to the increase in the Euro-
pean PM2.5 burden by 1.7 mgm−2 and emissions from Eu-
rope were also responsible for the PM2.5 burden increase
by 1.0 mgm−2 in East Asia and 1.1 mgm−2 in South Asia.
From 1980 to 2010, long-range transport from North Amer-
ica and Europe decreased, while that from East Asia and
South Asia increased. East Asia contributed 0.4–0.6 mgm−2

to the PM2.5 burden increases in North America, while Eu-
rope and South Asia contributed about 0.3 mgm−2. In East
Asia, 1.6 mgm−2 of the PM2.5 burden increase was attributed
to South Asian sources, and 0.8 mgm−2 of the PM2.5 burden
increase in South Asia during this time period was due to
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Figure 11. Changes in effective radiative forcing (Wm−2) at the top of the atmosphere due to aerosol–radiation interactions between 1850
and 1980 (left), between 1980 and 2010 (middle), and between 2010 and 2017 (right) attributed to the changes in anthropogenic emissions
from NAM, EUR, EAS, SAS, and ROW (from top to bottom).

the increases in East Asian emissions. From 2010 to 2017,
the contributions from East Asia to the PM2.5 burdens in the
other three targeted regions declined by 0.3–0.6 mgm−2 due
to clean air actions in China. However, due to the continuous
increase in emissions in South Asia, the PM2.5 burden in East
Asia still increased by 0.4 mgm−2.

Changes in aerosols can have a significant impact on ERF,
which further imposes an impact on climate. Large negative
ERFari levels appeared over the major source regions and
their downwind areas during 1850–1980 due to the increases
in aerosol emissions, with maximum ERFari changes being
larger than 2 Wm−2 over eastern North America, Europe,
and eastern China. From 1980 to 2010, a positive ERFari
change caused by a decline in North American aerosols ex-
tended over the North Atlantic, resulting in a warming of up
to 0.5 Wm−2 in Europe. Meanwhile, a decline in aerosols
in Europe also caused warming of up to 0.5 Wm−2 in Rus-
sia and northern China. The changes in ERFari from the in-
crease (from 1980 to 2010) and decrease (from 2010 to 2017)

of aerosols in China had an opposite sign. The continuous
aerosol increases in South Asia from 1980 to 2017 resulted
in negative ERFari changes in South Asia, Southeast Asia,
and southern China.

This study provides an in-depth analysis of historical
changes in anthropogenic aerosol concentrations, composi-
tions, source contributions, and radiative impacts in the four
major emission source regions across the globe, which has
important implications for pollution prevention and control
measures and decision-making for global collaboration. The
spatial distribution and changes in anthropogenic aerosols
are similar to those reported in previous studies (Hoesly
et al., 2018; Lim et al., 2020). However, we also note that
E3SMv1 underestimates the near-surface PM2.5 concentra-
tions in Europe and East Asia, which could lead to an un-
derestimate of the corresponding radiative and climate im-
pact. Our analysis focuses on aerosols from anthropogenic
emissions; however, with increasing attention to air quality
in many countries around the world, anthropogenic aerosol
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concentrations are declining and contributions from biomass
burning aerosols are becoming more and more important.
The source contributions and impacts of biomass burning
aerosols will be investigated in our future work. Also, this
study only quantifies ERFari for individual major emission
regions based on the source-tagging technique and radiation
diagnostic calculations. The quantification of ERFari requires
additional simulations, which could be further examined in
future studies.
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