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The state of air pollution has historically been tightly linked to how we produce and use
energy. Air pollutant emissions over Asia are now changing rapidly due to cleaner energy
transitions; however, magnitudes of beneﬁts for climate and air quality remain poorly
quantiﬁed. The associated risks involve adverse health impacts, reduced agricultural
yields, reduced freshwater availability, contributions to climate change, and economic
costs. We focus particularly on climate beneﬁts of energy transitions by making ﬁrst-time
use of two decades of high quality observations of atmospheric loading of light-absorbing
black carbon (BC) over Kanpur (South Asia) and Beijing (East Asia) and relating these
observations to changing energy, emissions, and economic trends in India and China. Our
analysis reveals that absorption aerosol optical depth (AAOD) due to BC has decreased
substantially, by 40% over Kanpur and 60% over Beijing between 2001 and 2017, and
thus became decoupled from regional economic growth. Furthermore, the resultant
decrease in BC emissions and BC AAOD over Asia is regionally coherent and occurs
primarily due to transitions into cleaner energies (both renewables and fossil fuels) and not
due to the decrease in primary energy supply or decrease in use of fossil use and biofuels
and waste. Model simulations show that BC aerosols alone contribute about half of the
surface temperature change (warming) of the total forcing due to greenhouse gases,
natural and internal variability, and aerosols, thus clearly revealing the climate beneﬁts due
to a reduction in BC emissions, which would signiﬁcantly reduce global warming. However,
this modeling study excludes responses from natural variability, circulation, and sea ice
responses, which cause relatively strong temperature ﬂuctuations that may mask signals
from BC aerosols. Our ﬁndings show additional beneﬁts for climate (beyond beneﬁts of
CO2 reduction) and for several other issues of sustainability over South and East Asia,
provide motivation for ongoing cleaner energy production, and consumption transitions,
especially when they are associated with reduced emissions of air pollutants. Such an
analysis connecting the trends in energy transitions and aerosol absorption loading,
unavailable so far, is crucial for simulating the aerosol climate impacts over Asia which
is quite uncertain.
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1 INTRODUCTION

which is primarily attributed to the regional temperature increase,
including that due to light-absorbing aerosols (Liu and Chen,
2000; Maurer et al., 2019). The rapid melting of glaciers in this socalled the Third Pole region is expected to negatively affect the
water supply within and downstream regions in South and East
Asia, with signiﬁcant consequences for the regional hydrological
cycle, and energy and water security in the region (Thompson
et al., 2003; Barnett et al., 2005; Xu et al., 2016). The impact on the
atmosphere that results from the current spatial patterns of air
pollutant emissions is expected to have changed compared to that
observed in the late twentieth century (Samset et al., 2019;
Ramachandran et al., 2020a). These changes may produce
large scale atmospheric responses with wide-ranging impacts
on the atmosphere and climate extending well beyond Asia
(Samset et al., 2019), which include changes in mean and
extreme temperatures and precipitation, the onset and strength
of the monsoon, the availability of freshwater, and changes to air
quality (Krishnan et al., 2019; Samset et al., 2019).
Aerosols have two main effects on the Earth’s energy balance,
and hence, climate—they scatter and absorb sunlight. Sulfate
particles are the most important scattering (cooling) aerosols,
while BC is the most signiﬁcant absorbing (warming)
component of atmospheric aerosols. BC is currently the
second strongest contributor to global warming, after CO2
(IPCC, 2021). As the light-absorbing capacity of BC is ﬁvetimes stronger than that of mineral dust and brown carbon
(BrC), a light-absorbing component of organic carbon often coemitted with BC, and the atmospheric heating by BC is a
signiﬁcantly larger (than that by dust and BrC) climate forcer
(e.g., Ramachandran et al., 2020b). In this study, we contribute
to a better understanding of the connections between ongoing
energy transitions (cleaner production and consumption), the
emissions, and atmospheric amounts of light-absorbing aerosols
(and consequent atmospheric heating rate) through a ﬁrst-time
analysis of a high quality, two-decade-long time series of
absorption aerosol optical depth (AAOD) and AAOD due to
BC over South and East Asia, which we then relate to regional
trends in energy transitions and economic growths in South and
East Asia.

The energy sector—especially the components involving the
production and use of energy from unregulated, ill-regulated,
and inefﬁcient fuel combustion—is the single most important
human source of air pollutants and climate forcer emissions (IEA,
2016; Meng et al., 2019; IPCC, 2021). Nearly 85–95% of
particulate matter (PM) and oxides of sulfur and nitrogen
come from how we produce and use energy (IEA, 2016; Meng
et al., 2019). These pollutants and their precursors are emitted by
incomplete burning of biomass (wood and other biomass) and
fossil fuel combustion. Throughout Asia, incomplete biomassburning emissions contribute >50% to PM (IEA, 2016; Kurokawa
and Ohara, 2020). The combustion of coal and oil in power
plants, industries, and vehicles is another major regional source of
air pollution (IEA, 2016; Meng et al., 2019). On a global scale,
>50% of combustion-related sulfur dioxide (SO2) emissions are
from coal combustion, while fossil fuels used in the transport
sector, particularly diesel, account for half of global emissions of
nitrogen oxides (IEA, 2016; Meng et al., 2019; Kurokawa and
Ohara, 2020). It has been shown that the simultaneous reduction
in emissions of key air pollutants such as light-absorbing black
carbon (BC) aerosols and surface ozone (O3), also known as
short-lived climate-forcing pollutants (SLCPs), and long-lived
greenhouse gases such as carbon dioxide (CO2), resulting from
transitioning to cleaner sources of energy, can have signiﬁcant cobeneﬁts, contributing both to limiting climate change as well as to
reducing negative impacts on human health, cryosphere,
agriculture, energy security, economy, and sustainable
development goals (e.g., UNEP-WMO, 2011; Shindell et al.,
2012; UNEP, 2019).
This cross-topic study contributes to more clearly establishing
the links between energy production, air pollution, and climate
change (and implicitly public health and agriculture), i.e., key
sustainability challenges of our time, focusing speciﬁcally on the
issue of light-absorbing aerosols, in particular BC and its
contribution to atmospheric heating. This is very relevant for
Asia as it is already undergoing a signiﬁcant energy
transformation. East Asia [the North China Plain (NCP) to be
more precise] and South Asia [notably the Indo-Gangetic Plain
(IGP)] are global air pollution hotspots with local, regional, and
global implications, for example, to regional and global climate.
The implications of the rapidly evolving ongoing energy
transition for the climate and air quality over Asia are hard to
predict, since the regional climate is governed by several
land–ocean-atmospheric processes, especially related to the
complex terrain and the monsoon circulation (HoeghGuldberg et al., 2018; Samset et al., 2019; IPCC, 2021). Due to
its massive population with the very high population densities
throughout much of Asia, the region is extremely vulnerable to
climate change and air pollution. Aerosol-induced atmospheric
heating can modify the regional atmospheric stability and vertical
mixing, large scale circulation, and the hydrological cycle and can
thus be associated with signiﬁcant regional climate and its
consequent effects (Ramanathan and Carmichael, 2008;
Hoegh-Guldberg et al., 2018; IPCC, 2021), including the
accelerated ablation of the Himalayan–Tibetan Plateau glaciers,
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2 MATERIALS AND METHODS
2.1 Energy, Economic, and Emission Data
In this study, the annual data of the primary energy supply (PES)
from different energy sources (e.g., coal, primary and secondary
oil, and natural gas), CO2 emissions, and gross domestic product
(GDP) for China and India for the period 2000–2017 (Figure 1)
reported by the International Energy Agency (IEA) (https://www.
iea.org/countries/) and The World Bank (https://data.worldbank.
org), respectively, are used. The BC emissions data (total
emissions from power plants, industries, road transport, other
transport, and residential and other domestic activities),
published in the previous literature (Kurokawa and Ohara,
2020), for India and China for the period 2000–2015 are
downloaded from http://www.nies.go.jp/REAS/index.html#data
%20sets.
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FIGURE 1 | Annual primary energy supply (PES), gross domestic product (GDP), and CO2 and BC emissions for India and China during 2000–2017: PES [in
megatons oil-equivalent (Mtoe)] from different sources (A,B) and their total [sum of all PES from different sources shown in ﬁgures (A,B)] (C) for India and from different
sources (D,E) and their total [sum of all PES sources drawn in ﬁgures (D,E)] (F) for China, along with GDP and CO2 and BC emissions for (G) India and (H) China.

2.2 Aerosol Data and Analysis

Kanpur. They are large cities with heavy aerosol pollution mainly
due to emissions from fossil fuel combustion and biomass
burning during all seasons, along with desert dust events that
occur primarily in the spring (pre-monsoon) season
(March–May) (Eck et al., 2010; Ramachandran et al., 2020a).
Thus, both sites are heavily affected also by the regional
emissions, in addition to their own local sources. The Beijing
site can be considered to be a representative of the region, as the
aerosol characteristics observed at the AERONET Xiang He site,
which is located at ca. 80 km away to the east–southeast from
Beijing in NCP, were reported to be similar to Beijing (Eck et al.,
2005). The Kanpur site can be considered as a general
representative of the Indo-Gangetic Plain (Ramachandran
et al., 2020a).

2.2.1 Observation Sites
Kanpur (26.5oN, 80.2oE, 123 m above the mean sea level (asl)), in
South Asia, is a densely populated, industrialized, and a heavily
polluted location, ca. 500 km to the east (often downwind) of the
megacity New Delhi, in the Indo-Gangetic plain (IGP), a global
air pollution hotspot. Beijing (39.9oN, 116.4oE, 92 m asl), in East
Asia, is also a heavily industrialized and a highly polluted
megacity in the North China Plain (NCP), another global air
pollution hotspot. The NASA Aerosol Robotic Network
(AERONET) sites in Beijing and Kanpur have the longest time
series of aerosol observations in the two regions, with
observations starting from ca. 2000. The general locale of the
sites and aerosol characteristics are quite similar over Beijing and
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are available from 2009 to 2017 over Jaipur (26.9°N, 75.8°E, 450 m
asl) in the IGP (SSA and ARF are not available), and in other
AERONET locations in NCP—Taihu (31.4°N, 120.2°E, 20 m asl),
Xinglong (40.4°N, 117.6°E, 899 m asl), and Hong Kong (22.3°N,
114.2°E, 30 m asl)—the SSA and ARF data are not available on
a continuous basis to facilitate trend analysis. Other locations
in NCP in China, such as Xuzhou (34.2°N, 117.1°E, 59 m asl)
and Hefei (31.9°N, 117.2°E, 36 m asl), and a few other locations
in South Asia such as Lumbini (27.5°N, 83.3°E, 110 m asl),
Kathmandu (27.7°N, 85.4°E, 1297 m asl) in Nepal, and Dhaka
(23.7°N, 90.4°E, 34 m asl) and Bhola (22.3°N, 90.8°E, 7 m asl) in
Bangladesh in the IGP do not have level 2 AERONET data for
more than a year or two, restricting us to not include these
locations in this analysis. It may be noted that the AERONET
level 2 data which is the quality-assured data with the ﬁnal
calibration (pre- and post-) applied, as well as being cloudscreened and manually inspected is used in the study. In
comparison, level 1.5 data are not quality assured and may
not have a ﬁnal calibration applied. Furthermore, since the
objective of the study was to connect energy transitions and
aerosol absorption and the associated changes in atmospheric
heating due to changes in aerosols over a long period (in this
case two decades), as compared to a sudden, episodic, abrupt
increase or decrease, such as due to the lockdowns associated
with the Corona Virus Disease 2019 (COVID-19) pandemic
and due to the non-availability of aforementioned qualitycontrolled level 2 aerosol data beyond the time periods
mentioned, the study is restricted to the years 2001–2017,
focusing on the data from Kanpur and Beijing.
The details on the AERONET measurements, data
processing, and associated uncertainties in solar ﬂuxes and
various aerosol parameters are reported in previous studies
(Dubovik et al., 2000; Holben et al., 2001; García et al., 2008;
Mallet et al., 2013). The only data that pass through all quality
checks described in these publications are used in our analysis.
The ARF over a given location, which is used in the present
study to estimate aerosol-induced atmospheric heating rate
(HR), depends on—aerosol properties (AOD, SSA, and
asymmetry parameter), geophysical parameters (e.g.,
surface albedo), and insolation (García et al., 2008; García
et al., 2012). Over the locations with surface albedo <0.3,
surface albedo has a less signiﬁcant inﬂuence on ARF, whereas
for the locations with surface albedo >0.30, it is critical for
ARF estimates (García et al., 2012). Furthermore, the ARF at
the surface (ARFSFC) is found to be overestimated, and to
correct the overestimation the AERONET ARFSFC needs to be
multiplied with (1-SA), where SA is the spectral average of
surface albedo (García et al., 2012). The SA is 0.23 ± 0.02 for
Kanpur and 0.15 ± 0.02 for Beijing; the surface albedo values
for both Kanpur and Beijing do not exhibit any noticeable
interannual and intra-annual variations. In the present study,
only the ARF data retrieved for the column and clear-sky
atmosphere and corrected for the effect of surface albedo are
utilized. The AAOD is estimated as AAOD = AOD x (1-SSA).
The mean of the annual mean SSA values during the study
period 2002–17 is 0.91 ± 0.01 (range: 0.89–0.93) over Kanpur
and it is 0.93 ± 0.01 (range: 0.91–0.94) over Beijing.

2.2.2 Observational Aerosol Data
2.2.2.1 Satellite Observations
Data are utilized from the moderate resolution imaging
spectroradiometer (MODIS) instrument on board the Terra
satellite, using version 6.1 monthly version-3, level 3 aerosol
optical depth (AOD) at 0.55 µm, and from the Ozone Monitoring
Instrument (OMI), using OMAERUV v003 level 2 absorption
AOD (AAOD) at 0.388 µm that are unaffected by the row
anomaly throughout the OMI operation (Ramachandran et al.,
2020a), and only the best quality retrievals of OMI AAOD data
(quality ﬂag = 0) are included. AOD data retrieved using the
combined dark target (DT) and deep blue (DB) algorithms for
land and ocean are used. The uncertainty in level 2 (10 km)
MODIS Terra version 6.1 AOD retrieval is ±0.05 ± 0.15AOD
(Levy et al., 2013). Due to some inherent uncertainties in the
assumed spectral dependence, which might not represent all
aerosol types/conditions globally, it is recommended to use the
0.388 µm AAOD dataset. The root-mean square error for OMI
AAOD is estimated to be ~0.01 (OMI DUG, 2012).
2.2.2.2 Ground-Based Observations
The AERONET data are one of the most trusted and extensively
used ground-based aerosol observation data in the world. The
AERONET quality assured (level 2, version 3 cloud-screened)
daily data on aerosol optical depth (AOD), single scattering
albedo (SSA), absorption aerosol optical depth (AAOD),
absorption Ångström exponent (AAE), and aerosol radiative
forcing (ARF) acquired with the ground-based CIMEL Sun/
sky radiometers (Holben et al., 2001) for the period of
2001–2017 over Kanpur and Beijing (excluding 2001 and 2005
over Beijing since only three months of data were available for
each of these years) are utilized. Kanpur (since 2001) and Beijing
(since 2001) are the only two sites throughout South Asia and
East Asia, respectively, with the long, continuous records of
AERONET measurements. There are several other AERONET
sites in South Asia and East Asia with varying length(s) of data
coverage. The main criteria for inclusion of a site in the analysis
are the number of years of measurement (both duration and
availability of level 2 data), overlap between the sites with the
same period of data availability with the data covering all four
seasons (winter: December-February, pre-monsoon: March-May,
monsoon: June-September, and post-monsoon: OctoberNovember) in a year, and is available for ≥9 months in each
year. Over the IGP, in Gandhi College (25.9°N, 84.1°E, 60 m asl),
quality-assured data are available starting from 2006; however,
during 2008, 2010, 2011, and 2013, data were available only for
3 months or less. Similarly, in Karachi (24.9°N, 67.1°E, 49 m asl),
Lahore (31.5°N, 74.3°E, 209 m asl), and Pokhara (28.2°N, 83.9°E,
800 m asl), data were only available for 2009–2017, 2010–2016,
and 2010–2017, respectively. Over East Asia, in Xiang He (39.8°N,
116.9°E, 36 m asl), data were available during 2005–2016.
However, aerosol characteristics over Xiang He, located at ca.
80 km away to the east–southeast from Beijing in NCP, were
similar to Beijing (Eck et al., 2005). We have considered in this
study only those sites in South and East Asia where all the aerosol
parameters including AOD, SSA, and ARF are available
continuously. Furthermore, only level 2 AERONET AOD data
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2.2.3 Estimation of BC AAOD
The annual mean AAOD values at 0.44, 0.675, and 0.87 µm
wavelengths calculated from daily average data are used to
estimate the AAODs ﬁrst due to carbonaceous aerosol (CA)
and dust, and then further BC AAOD and BrC AAOD are
estimated from the CA AAODs. The details on this approach
are presented in previous publications (Chung et al., 2012;
Ramachandran et al., 2020b), and hence it is brieﬂy described
here. The AAOD depends on the wavelength of sunlight. It is
expressed as AAOD = Kλ−AAE, where λ is the wavelength, AAE is
the absorption Ångström exponent, and K is a constant. The AAE
values for dust, CA, and BC (AAEDust, AAECA, and AAEBC,
respectively) reported in earlier studies (Eck et al., 2005;
Bergstrom et al., 2007; Russell et al., 2010; Chung et al., 2012)
are used. Chung et al. (2012) derived AAEDust and AAECA values
from global observations of AERONET data. The AAEDust values
were obtained from the AAE distribution when α (Ångström
exponent derived from AODs in the 0.44–0.87 µm wavelength
range) values were small (i.e., when the coarse mode particles
such as dust and sea salt dominate aerosols) (Chung et al., 2012).
Dust particles can be internally mixed with BC, and AAE values
are lower for CA than pure dust particles. Therefore, based on this
understanding, Chung et al. (2012) used the 95th percentile of
AAE values to represent pure dust, and it came out to be 2.4. The
observation-based AAEDust reported in previous studies were in
the range of 1.9–2.4 (Bergstrom et al., 2007; Eck et al., 2010;
Russell et al., 2010), in which the low value of AAEDust was
attributed to dust mixed with pollution aerosols (Chung et al.,
2012). In case of AAECA, Chung et al. (2012) derived the values
from the AERONET data measured over four regions dominated
by speciﬁc aerosol emissions and found AAECA of 0.84 for fossil
fuel-dominated areas (North America, West Europe, and East
Asia to 0.97 for East Europe), 1.16 for South Asia, and 1.14 for
biomass burning-dominated areas or seasons in these four
regions. In this study, AAECA of 1.16 appropriate for Kanpur
and 0.84 appropriate for Beijing is used. Furthermore, Chung
et al. (2012) adopted the lowest 10th percentile of the fossil fuel
aerosol AAE distribution (range: 0.38 and 0.67) and used the
mean value (=0.5) for AAEBC. This is used in this study to
estimate the BC contribution to AAODCA. BC is not only the
strongest absorber per unit mass, with an SSA of 0.19 (5-times
higher) compared to 0.85 for BrC and 0.84 for dust, thereby
contributing the largest amount to atmospheric heating; it also
dominates (≥75%) the aerosol absorption over South and East
Asia (Ramachandran et al., 2020b). Thus, we focus on BC AAOD
and its trends over Asia. AAOD and BC AAOD values in the
present study correspond to the wavelength of 0.55 μm.

rate (Ramanathan and Carmichael, 2008; Ramachandran et al.,
2020a).

2.2.5 Trends in Aerosol Properties
The linear regression method is used in estimating the trends in
aerosol properties (e.g., AAOD and BC AAOD) and aerosolinduced atmospheric heating rate (HR). It is suitable when the
uncertainty or the error in data is constant, and regression can be
obtained by assigning the same precision for each value (thereby
allotting a weight of unity to each value). In addition, it is a
simple, robust, and less sensitive method even when there are
breaks in the time series of data. The trends in AAOD, BC AAOD,
and HR are found statistically signiﬁcant. The p-values of trends
at 99% conﬁdence level (CL) in AAOD, BC AAOD, and HR for
the 2002–2017 period are <0.001 for Beijing data and ≤0.10 for
Kanpur data.

3 RESULTS AND DISCUSSION
3.1 Energy Transitions Over Asia
Coal and oil are the two major sources of energy in Asia,
accounting for >60% in India and >80% in China (Figure 1),
with the absolute amount of primary energy supplied (PES) by
these two fuels being four times greater in China than in India
(Figure 1). The energy supply from coal stays rather steady in the
last decade over both India and China, while the primary and
secondary energy supply from oil has been consistently on the rise
in both countries over the last two decades (Figure 1). The
changing energy supply is largely driven by domestic
consumption activities, and the transition in the energy mix is
anticipated to inﬂuence its emissions and thus the composition of
the atmosphere. Gross domestic product (GDP) and CO2
emissions are strongly coupled over both regions, similar to
the patterns seen in more developed countries. In China and
India, the GDP and CO2 emissions both grew by a factor of four
between 2000 and 2017. In addition, both GDP and CO2
emissions are a factor of four higher in China than in India
(Figure 1). BC emissions in China are at least twice as high as that
in India (Figure 1) (Kurokawa and Ohara, 2020). BC emissions in
China continued to increase from early 2000s to 2010 and then
started to fall (Figure 1H) mainly due to reductions in transport
and industrial emissions rapidly and a slight decrease in
residential emissions (Kurokawa and Ohara, 2020; Kanaya
et al., 2020). The reductions in residential emissions were
mainly caused by a decrease in emissions from biomass
consumption (Kurokawa and Ohara, 2020). In contrast, in
India, BC emissions showed increasing trends during the same
period (2002–2017) caused by growth of emissions from diesel
vehicles and industry sector (IEA, 2016; Kurokawa and Ohara,
2020). The percentage contributions of biofuels and waste to the
total PES have decreased while those of solar, wind, hydro power,
nuclear, and natural gas have increased over the last two decades
in both countries (Figure 2). Recently, the coupling between
emissions of polycyclic aromatic hydrocarbons (PAHs) driven by
energy transitions and socioeconomic factors over China was
examined, and the results showed that after 2016 the PAHs

2.2.4 Atmospheric Solar Heating Rate
The aerosol-induced atmospheric solar heating rate (HR) is
obtained using ARFATM (aerosol radiative forcing in the
atmosphere (ATM)) and the difference in atmospheric
pressure between the elevation of the measurement site (in
our case Kanpur: 123 m and Beijing: 92 m) and 5,000 m asl
over each site. As almost all the aerosols in the troposphere
reside between the surface and 5,000 m asl, we adopted this
commonly used procedure for computing the aerosol heating
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FIGURE 2 | Contribution of energy sources to their total for India and China during 2000–2017: percentage contribution of different energy sources to their total
(Figure 1) for India (A,B) and China (C,D).

emissions were decoupled from socioeconomic growth (Cao
et al., 2022). It was predicted that emissions of PAHs will
reach a peak in 2035 when driven only by energy transition
under the shared socioeconomic pathways (Cao et al., 2022).
Typically, the energy growth, GDP growth, and CO2 emissions
are tightly coupled; however, the coupling/de-coupling between
energy, GDP, and emissions of climate-forcing air pollutants (e.g.,
BC) and the resultant atmospheric effects over Asia are unclear
and have not been properly investigated yet.

strongly shifting the weighting of the dipole pattern in
AOD which is present between East and South Asia (Table 2).
The BC AAOD shows a sharp drop over Beijing in 2009, which
is in part due to the direct implementation of aggressive emission
controls in the run up to Beijing Olympics 2008 and afterward,
though there is considerable interannual variability and a
continued downward trend in the following years (with 2012
having the lowest BC AAOD). Though the energy consumption
has increased during the last two decades, the reduction in
emissions of SO2 and other pollutants including BC has been
more rapid in China than in India due to highly successful
aggressive emission control policies in China (Li et al., 2017;
Zheng et al., 2018; Kanaya et al., 2020). Chinese emissions of both
SO2 and BC (Figure 1F) have decreased (Zheng et al., 2018; Meng
et al., 2019; Kanaya et al., 2020); however, their rates of decrease
differ signiﬁcantly— SO2 emissions decreased by 62% and BC
decreased by 28% during 2010–17 (Zheng et al., 2018). Over
Beijing, BC decreased by about 70% in 2020 with respect to 2012,
and the aerosol extinction coefﬁcient of ﬁne particles decreased
by ~50% due to the Clean Air Action Plan implemented in 2013
(Sun et al., 2022). The estimated annual mean PM2.5 weighed by
the nation’s population decreased by 32% from 62 µg m−3 to
42 µg m−3 during the ﬁve-year period (2013–2017) (Zhang et al.,
2019). An analysis on a measure-by-measure basis indicated that
strengthening industrial emission standards in power plants and
emission-intensive industrial sectors, upgrades on industrial
boilers, phasing out outdated industrial capacities, and
promoting clean fuels in the residential sector were the major
effective measures that reduced PM2.5 emissions over China
(Zhang et al., 2019). These measures resulted in an estimated
reduction of 16 µg m−3 in 2017 when compared to 2013, with
clean fuels in the residential sector contributing 13% of the
reduction of PM2.5 (Zhang et al., 2019). In contrast, in India,

3.2 Trends in the Absorption Aerosol Optical
Depth and Atmospheric Heating Rate
We analyze the measured columnar content of absorption due
to particulate air pollution (absorption measured in terms of
AOD and AAOD) and the resultant aerosol-induced heating of
the atmosphere (HR) from two AERONET sites with the
longest data records in these two regions to provide a
previously unavailable regional and temporal patterns of
trends in aerosol pollution and its climate implications over
South and East Asia, the two main global aerosol hotspots. The
aerosol emissions over South and East Asia have been
changing since 2010, especially due to the introduction of
stringent air quality measures in China aimed to address public
health concerns. The AAOD is relatively higher over Beijing
than Kanpur, whereas the BC AAOD is relatively higher over
Kanpur than Beijing (Figure 3). Both AAOD and BC AAOD
decrease over both sites during 2002–2017, with the rate of the
BC AAOD decrease being a factor of three faster over Beijing
(Table 1). In remarkable contrast, satellite observations show
that during the last decade, the AOD (the total aerosol
columnar content) decreased signiﬁcantly over China
(Table 2) in contrast to an increase in AOD over India,
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FIGURE 3 | Aerosol absorption and atmospheric heating rate induced by aerosols over Kanpur and Beijing during 2002–2017: Annual-mean absorption aerosol
optical depth (AAOD) and black carbon absorption aerosol optical depth (BC AAOD) over (A,B) Kanpur in the IGP and (C,D) Beijing in the NCP. (E) The annual mean
atmospheric heating rate due to aerosols (HR) over Kanpur and Beijing during 2002–2017. The p-values at the 99% conﬁdence level for the 2002–17 period are (A) 0.05,
(B) 0.10, (C) 0.00001, (D) 0.0004, and (E) 0.10 (Kanpur) and 0.0007 (Beijing). (F) HR for Kanpur and Beijing averaged for the two 5-year periods of 2002–2006 and
2013–2017. Vertical bars indicate ±1σ (standard deviation) from the mean.

emissions was smaller than the corresponding fuel consumption
increase, owing to implementation of emissions and fuel quality
norms (Sadavarte and Venkataraman, 2014). Due to the nearconstant biomass burning amounts over India during the study
period (Figure 1A), the decrease in BC AAOD over India is not as
signiﬁcant as over China, as ca. 50% of BC over South Asia is
emitted from biomass burning while it is only 20% over East Asia
(Li et al., 2016). Consequently, the changes in the aerosol-induced
atmospheric heating rates (HRs) due to changes in emissions of
air pollutants differ signiﬁcantly over the two regions (Figure 3E).
The annual average HR is ≥0.8 K day−1 every year during
2002–2017 over Kanpur, while it is in the range of 0.5
(2017)–1.1 (2002) K day−1 over Beijing; the rate of decrease is
three times faster over Beijing which is consistent with the
decrease in BC AAOD. The HR averaged over the two periods
is shown in Figure 3F—the ﬁrst period represents the ﬁrst ﬁveyear period of the analysis (2002–2006), and the second period
corresponds to the last ﬁve-year period of the analysis
(2013–2017) (Figure 3), which is carried out to quantify the

TABLE 1 | Decadal and intra-decadal changes in BC AAOD (BC absorption
aerosol optical depth) over Kanpur and Beijing from AERONET observations
(Figure 3). Numbers in parenthesis indicate the change in %.
ΔBC AAOD

Change period

(2010–2017)–(2002–2009)
(2014–2017)–(2010–2013)

Kanpur

Beijing

−0.001 (−4.1)
−0.007 (−19.1)

−0.020 (−51.4)
0.001 (2.6)

the emissions of PM2.5 and BC (Figure 1G) have increased,
parallel to the coal and heavy oil consumption in thermal
power plants and industries and diesel in transport (Sadavarte
and Venkataraman, 2014; Meng et al., 2019). The increase in
PM2.5 and SO2 emissions from the industrial sector in India was
~2.5 times larger than the increase in fuel consumption, which
was attributed to the growth in process emissions resulting from
an increase in production activity (Sadavarte and Venkataraman,
2014). In the transport sector in India, the increase in these
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TABLE 2 | Intra-decadal changes in MODIS Terra 6.1 version 3, level 3 combined dark target and deep blue algorithms retrieved aerosol optical depth (AOD) over Kanpur,
the Indo-Gangetic Plain (IGP), Beijing, and the North China Plain (NCP) (Figure 4).
Period

2005–2008
2014–2017
(2014–2017)−(2005–2008)
% change in 2014–2017 with respect to 2005–2008

AOD
Kanpur

IGP

Beijing

NCP

0.71
0.78
0.07
10.2

0.39
0.43
0.04
10.5

0.87
0.80
−0.07
−7.7

0.64
0.54
−0.10
−16.9

change in HR due to BC reduction on a half-decadal scale in a
more robust and quantitative manner. The ﬁve-year period was
selected so that the effect of interannual variations is smoothened
out. Also, the year 2013 marks the beginning of the
implementation of Clean Air Action Plan in China. The HR
averaged over the periods 2002–2006 and 2013–2017 decreases
from 1.05 to 0.62 K day−1 over Beijing, and from 0.94 to
0.86 K day−1 over Kanpur, i.e., a decrease of 41% over Beijing
versus only 9% over Kanpur. Our observation-based results
clearly provide evidence for the de-coupled trend between
cleaner energy transitions and aerosol-induced atmospheric
heating over India and China (Figure 3), as opposed to the
more typical coupling between increasing energy use, economic
growth, and CO2 emissions (Figure 1).
The total PES in both China and India has not decreased over
time; it is in fact increasing, by >3-fold increasing from 1131
megatons oil-equivalent (Mtoe) in 2000–3065 Mtoe in 2017 in
China and by 2-fold from 441 to 882 Mtoe in the same period
over India (Figure 1C, F), including absolute contributions of
each source type (except biofuels and waste which are decreasing)
(Figure 1). Regarding percentage contributions of each source
type to PES, the share of biofuels and waste has decreased
signiﬁcantly while that of solar, wind, hydro power, nuclear
and natural gas has increased signiﬁcantly during 2000–2017
in both countries (Figure 2). At the same time, the percentage
contribution of coal increased until 2010 in China and until 2014
in India and since then it has been decreasing at a rather slow pace
whereas that of oil is more or less same each year throughout this
period. The fossil fuel and biomass and waste are also used in
cleaner ways recently, i.e., cleaner production and consumption
of energy through adoption of cleaner technologies and cleaner
fuels compared to the past. Furthermore, the relation between
aerosol emissions (source), their mass loading, and optical depth
are not linear (Ramachandran et al., 2020b). For example, BC
contribution to total aerosol mass is at least 5-times less than the
sum of BrC and dust, the other two light-absorbing aerosols
(Ramachandran et al., 2020b). The vertical distribution of an
aerosol species and therefore its column content depends on the
emissions, chemical production, residence time, transport, and
removal mechanisms. Thus, the changes (decrease/increase) in
emissions may not exactly match with changes in AAOD values
and/or their trends over a location. Furthermore, other
AERONET sites in IGP and Himalayan foothills affected by
IGP pollution outﬂow, namely Lahore, Gandhi College, and
Pokhara also show a positive (increasing) trend of AOD,
consistent with the regionally coherent/consistent increase
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observed in satellite observations over the IGP (Ramachandran
and Rupakheti, 2022). Xiang He in NCP showed a negative
(decreasing) trend in AOD and AAOD consistent with a
negative trend observed over Beijing, conﬁrming a regionally
homogenous decrease in the aerosol content over the NCP. BC
AAODs at all the aforementioned sites in IGP and NCP showed
decreasing trends (Ramachandran and Rupakheti, 2022).
Therefore, the resultant decrease in BC emissions and BC
AAOD over Asia is regionally coherent (Table 3) and occurs
primarily due to transitions into cleaner energies (both
renewables and fossil fuels) and not due to the decrease in
PES or decrease in use of fossil use and biomass and waste
which would have resulted in less BC emissions.
The regional air quality and climate over South and East Asia
are strongly inﬂuenced by the Asian summer monsoon
circulation, with southwesterly winds during summer
monsoon and with northeasterly winds during winter
monsoon, respectively (Ramachandran et al., 2020a). The IGP
and NCP are inﬂuenced by aerosols from fossil fuel combustion
and biomass burning throughout the year, in addition to
transport of dust aerosols and sea salt particles during the premonsoon and monsoon seasons, respectively (Ramachandran
et al., 2020a). The HR was found to be signiﬁcantly lower
(25–50%) during the monsoon than the other seasons of the
year mainly because of wet removal of aerosols (Ramachandran
et al., 2020a). The seasonal trend analysis of AOD clearly showed
that natural aerosols (dust and sea salt) did not change enough to
alter the AOD and SSA signiﬁcantly across the seasons over the
IGP and the NCP during the last two decades. Thus, the changes/
trends in AOD and SSA occurred/are controlled mainly due to/by
the increase/decrease in emissions of anthropogenic aerosols and
aerosol precursor gases (Ramachandran et al., 2020a).

3.3 Changes and Drivers of Aerosol and
Precursor Emissions Over Asia
On local and global scales, identifying the factors that drive
climate change, and that connect it to air pollution, is crucial
to effectively reduce emissions and their impacts (Meng et al.,
2019). The global emission inventories show that the emissions of
ﬁne PM and its precursor gases continued to grow between 2004
and 2011 in China, though somewhat slower than in the previous
years, partly due to restrictions in industrial emissions in China
(Meng et al., 2019). Emissions of key climate forcing species (e.g.,
BC, SO2, and CO2) in South Asia showed slightly increasing
trends during 2004–2011 (Sadavarte and Venkataraman, 2014;
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TABLE 3 | Intra-decadal changes in OMI-retrieved version 3, level 2 absorption aerosol optical depth (AAOD) over Kanpur, the Indo-Gangetic Plain (IGP), Beijing, and the
North China Plain (NCP) (Figure 4).
Period

2005–2008
2014–2017
(2014–2017)–(2005–2008)
% Change in 2014–2017 with respect to 2005–2008

AAOD
Kanpur

IGP

Beijing

NCP

0.0611
0.0551
−0.0060
−9.9

0.0491
0.0483
−0.0008
−1.6

0.0599
0.0503
0.0096
−16.0

0.0444
0.0383
−0.0061
−13.9

Meng et al., 2019). Among the two regions, the demand for
construction, machinery and equipment, and transport sectors
was the largest driver in East Asia, while in South Asia energy
production was a key driver, along with the demands for metals
and food products, especially in increasing SO2 emissions (Meng
et al., 2019; Kurokawa and Ohara, 2020). Large decreases in
primary PM2.5 and BC emissions over East Asia occurred due to
emission controls in industrial processes, while these are not
implemented yet on a sufﬁcient scale in South Asia to lead to
signiﬁcant decreases of emissions, so that, for example, SO2
emissions in South Asia still increased slightly due to the
growth of energy production by coal (Meng et al., 2019;
Kurokawa and Ohara, 2020), and BC emissions only decreased
slightly over India, which is still strongly inﬂuenced by residential
emissions without signiﬁcant emission controls (Sadavarte and
Venkataraman, 2014).
The changes in aerosol emission patterns result in variations in
BC AAOD over Asia on inter- and intra-decadal timescales
(Table 1). The intra-decadal difference shows the effects of
rapidly changing (decreasing) aerosol emissions over East Asia
after 2009 (Zheng et al., 2018; Meng et al., 2019). The rate of
decrease in BC AAOD on a decadal scale (i.e., for 2010–2017
compared to 2002–2009) is signiﬁcantly higher over Beijing
(>50%, compared to only ~4% over Kanpur). The BC AAOD
over Kanpur, in contrast, has decreased much more strongly
(~20%) in the last few years (i.e., comparing 2014–2017 to
2010–2013), while over Beijing it has been relatively constant
over the last decade. The changes in BC AAOD over Beijing and
Kanpur are consistent with the trends in energy mix and
associated emissions discussed previously.
Over East and South Asia, the AAOD contributes about
5–10% to the total AOD (Figure 3), with BC being the main
absorbing aerosol species contributing to the AAOD. BC is the
most dominant aerosol absorber among BC, BrC, and dust over
the Indo-Gangetic Plain and the Himalayan foothill region
(Ramachandran et al., 2020b). The satellite observations show
that during the last decade, AOD decreased signiﬁcantly over
China (Figure 4), in contrast to an increase in AOD over India,
strongly shifting the weighting of the dipole pattern in AOD
which is present between East and South Asia. An analysis of
MODIS satellite observations clearly showed the presence of a
regional-scale dipole as well as the decadal-scale changes in the
aerosol content (AOD) over Asia (Ramachandran et al., 2020a).
The analysis further revealed that the trends in AOD for the two
regions (IGP and NCP) as well as over the two locations of
Kanpur and Beijing for the period 2002–2017 were
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similar— AOD increased over Kanpur and IGP, a large BC
emission hotspot region in South Asia and decreased over
Beijing and NCP, another BC emission hotspot in Asia in the
last two decades (Table 2). The rate of increase is the same over
Kanpur and the IGP, whereas the AOD over the NCP decreased
two-times higher than that over Beijing (Table 2), indicating a
regional scale reduction in BC emissions over China. The annual
variation in the area-averaged AODs over the IGP and NCP was
found to decrease in the recent years pointing to a regional
consistency in the sign of increase or decrease of aerosol
emissions and amounts, however, with different rates
(Ramachandran et al., 2020a) (Table 2). The decrease in
AAODs is smaller than AODs (Tables 2, 3) over South and
East Asia. The AAODs decrease by ~10% over Kanpur and only
by 2% over South Asia whereas the decrease is higher and more
consistent regionally over East Asia (~16%). Over Beijing, AAOD
decreases by 14% (Table 3). On both local scale (Figure 3,
Table 1) and regional scale (Figure 4, Table 3), the AAOD
decreased over both South and East Asia, at different rates which
are consistent with the changes in BC emissions discussed
previously.

3.4 Climate Beneﬁts
To demonstrate the climate beneﬁts due to changes (reduction/
increase) in BC aerosols, the results obtained from the U.K. Earth
System Model (UKESM1-0-LL), which participated in the
AerChemMIP (Collins et al., 2017) experiments in the
Coupled Model Intercomparison Project Phase 6 (CMIP6)
(Eyring et al., 2016) are used for the analysis. The UKESM1
model description and evaluation of the chemistry and aerosol
schemes can be found in Archibald et al. (2020) and Mulcahy
et al. (2020), respectively. The AerChemMIP 30-year time slice
experiments are used to determine the present-day (2014) climate
responses for the changes in emissions of aerosols or other
climate forcers (Collins et al., 2017). The “piClim-control,”
“piClim-BC,” and “piClim-SO2” experiments along with the
“historical” simulation (which includes transient emissions of
aerosols and greenhouse gases (GHGs) and natural variabilities)
are used to estimate the climatic effects of aerosol precursors. The
changes are calculated by comparing control and perturbed runs
with the same prescribed 1850 preindustrial sea surface
temperatures (SSTs), sea ice, aerosols, and GHGs. A total of
thirty years of simulation are required to minimize internal
variability (mainly from clouds) (Forster et al., 2016). One
ensemble member simulation for each experiment is used for
the present analysis. However, it should be noted that this is for a
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FIGURE 4 | Absorption aerosol optical depth (AAOD) and aerosol optical depth (AOD) over Asia: OMI OMAERUVd v003 level 2 AAOD at 0.388 µm wavelength
averaged for (A) 2005–2008 and (B) 2014–2017, and MODIS Terra version 6.1 level 3 AOD at 0.55 µm wavelength averaged for (D) 2005–2008 and (E) 2014–2017.
The spatial differences in AAOD and AOD between the two periods are shown in (C, F), respectively. Data were downloaded from https://giovanni.gsfc.nasa.gov/
giovanni/. The boxes in the ﬁgure correspond to the IGP (22.5°N–33.5°N, 69.5°E–90.5°E) and the NCP (20°N–40°N, 110°E–122°E) regions. The two AERONET
study sites—Kanpur and Beijing are marked in the ﬁgure.
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FIGURE 5 | Aerosol emissions and their evolution over Asia: Black carbon (BC) and sulfur dioxide (SO2) emissions (in Gg per year), respectively, over Asia for
1850 (A,D), 2014 (B,E), and their respective absolute differences (C,F).

cause relatively strong temperature ﬂuctuations that may
counteract (and thus mask) the impacts of small signals from
BC aerosols. The concentration and changes in emissions of
reactive species are found to cause multiple changes in the
composition of radiatively active species, including aerosols
(Thornhill et al., 2021). Recent studies suggest that the
response of temperature change to the BC forcing is
dominated by rapid adjustments (Stjern et al., 2017). While it
was found that substantial increases in BC concentrations have
considerable simulated impacts on the climate system, some of
these effects were found to offset one another, resulting in a
reduced global warming of ~0.5 K per Wm−2, which was about
20% less than the response to a doubling of CO2 (Stjern et al.,
2017). Over Asia, the increase in BC was found to produce a
surface cooling due to the strong reduction in surface heating,
generally similar to our results shown in Figure 6. However, on a
sub-regional scale over Asia (Figure 6I), the increase in BC
produced a surface cooling over the large region in South Asia
and East Asia with intense BC emissions, whereas there is a strong
surface heating over mountainous regions in the
Himalayan–Tibetan Plateau with less BC loadings.
The climate beneﬁts due to reduction in BC will generally
depend strongly on the precipitation and regional transport. The
precipitation over Asia is found to increase with an increase in BC
aerosols and decrease with an increase in sulfate aerosols
(Figure 7). The changes in precipitation reported in the
current study are consistent with earlier studies (Menon et al.,
2002; Stjern et al., 2017). Absorbing aerosols (BC) warm the
atmosphere, thereby altering the regional atmospheric stability
and vertical motions, in turn affecting the large-scale circulation
and hydrological cycle (Menon et al., 2002). On the other hand,
the scattering aerosols (sulfate) reduce precipitation (Figure 7)
since they cause global cooling at the surface (Menon et al., 2002).

speciﬁc model, and the perturbed experiment still has the 1850
climate conditions. These prescribed SST runs also remove much
of the variability that is visible in the ocean-coupled models due to
responses in SST, ocean circulation, sea ice, atmospheric
circulation, and clouds. Thus, although the results from the
model simulations do not directly correspond to the actual
temporal trends observed during the years of observational
data analysis, they are nevertheless useful for deciphering the
climate beneﬁts due to the reduction in the respective aerosol and
precursor emissions, particularly BC and SO2.
The emissions of SO2 and black carbon have been increasing
over Asia since 1850 (Figure 5). In recent years, the decreases in
SO2 emissions were more clearly seen over China when compared
to BC (Ramachandran et al., 2022). It was noted that the decreases
in these emissions were slower in CMIP6 models than in
observation-based estimates (Wang et al., 2021), leading to
smaller changes in model-simulated AAOD and BC AAOD
(Figure 6) than in the observations (Figure 3). The
Atmospheric Chemistry and Climate Model Intercomparison
Project (ACCMIP), which examined the short-lived drivers of
climate change in current climate models, reported that models
strongly underestimate AAOD in many regions, and every model
showed markedly less AAOD in South and East Asia (Shindell
et al., 2013). The model results clearly show that the BC aerosols
alone contribute about half of the surface temperature change
(warming) due to all forcing agents (greenhouse gases including
CO2, natural and internal variability, and transient emissions of
aerosols) (Figure 6). The surface cooling due to sulfate aerosols is
more or less equal to the warming by BC aerosols. Thus, it is clear
that a reduction in BC emissions would signiﬁcantly reduce the
global warming. However, these modeling results differ from
previous studies because this study excludes the responses from
the natural variability, circulation, and sea ice responses, which
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FIGURE 6 | Aerosol absorption and temperature changes over Asia from model simulations: Absorption AOD in (A) 1850, (B) 2014, and its difference (C).
Black carbon (BC) AAOD in (D) 1850, (E) 2014, and (F) the difference between 2014 and 1850. Surface temperatures simulated by UKESM1 due to BC, SO2 ,
and all species forcing in 1850 [control, (G,J,M)] and in 2014 (H,K,N), respectively. The surface temperature changes in response to the changes (increases) in
BC, SO2 , and all forcing [includes transient emissions of aerosols and greenhouse gases (GHGs) and natural variabilities] between 1850 and 2014 are
drawn in (I,L,O), respectively.
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FIGURE 7 | Precipitation changes due to an increase in aerosols over Asia: (A,D) precipitation (mm/yr) in 1850 (control). Precipitation in 2014 due to BC aerosols
(B) and SO2 (E). The changes in precipitation (mm/yr) in response to the changes (increases) in BC and SO2 emissions between 1850 and 2014 are drawn in (C) and (F),
respectively.

The precipitation increase due to an increase in BC emissions
varied signiﬁcantly among different climate models and was
found to be small (Stjern et al., 2017), thereby suggesting the
challenges involved in delineating the precipitation changes due
to changes in BC emissions. It should be cautioned that the model
simulations are performed using ﬁxed SSTs. The changes in
precipitation depend strongly on initial conditions, natural
variability in sea ice extent, circulation patterns, and cloud
changes. While in general, a reduction in BC results in less
atmospheric warming (as shown here), with implications for
atmospheric stability, the hydrological cycle, and precipitation,
a separate analysis focusing on the monsoon season may be
needed to decipher the climate beneﬁt and impact during the
monsoon due to BC reduction, which is beyond the scope of the
study, but would be worth investigating in follow-up studies.
Furthermore, it should be noted that actual sources of BC also
emit a mix of many different short-lived pollutants (e.g., OC,
NOx, and SO2) as well as CO2. So, the reduced warming due to
reductions of BC emissions will generally be partly masked by the
impacts of co-emitted aerosol precursors.

the decrease in BC AAOD. The HR decreases more strongly over
East Asia than South Asia, due to the differences in the relative
rates of decrease in scattering aerosols (e.g., sulfate) and
absorbing aerosols (mainly BC). These variations observed in
the in situ AAOD measurements over the two aerosol hotspot
regions (Kanpur and Beijing) are compatible with the satellite
observations of regional changes in AAOD and AOD over South
and East Asia (Figure 4). The HR decreases by ~45% between
2002 and 2017 over East Asia, four times more than that of South
Asia. These trends in the aerosol content and composition over
South and East Asia clearly show for the ﬁrst time that cleaner
energy transitions are already resulting in a reduced regional
atmospheric heating rate due to decreases in emissions of lightabsorbing BC aerosols.
Nevertheless, the annual-mean HR is still high: >0.5 K day−1
over East Asia and >0.7 K day−1 over South Asia (Figure 3),
accounting for half or more of the lower atmospheric warming
over this region (Ramanathan et al., 2007; Figure 6), and the
other half being due to CO2 and other greenhouse gases. This
makes clear how signiﬁcant the reduction in atmospheric heating
over the last decade due to reduced emissions of BC has been and
indicates how this connection between energy transitions and
climate impacts including precipitation (Figure 7) is important to
consider in the context of further reductions of air pollutant and
greenhouse gas emissions over Asia, especially through moving to
cleaner production and consumption of energy and hence to
addressing larger issues of sustainability such as energy, climate,
air pollution, public health, and food security, in the context of
national socioeconomic development goals, including sustainable
development goals (SDGs).
Furthermore, these results provide an important context in the
backdrop of a reduction in anthropogenic aerosol emissions due

4 CONCLUSION
During the last two decades, East and South Asia were the most
signiﬁcant regional contributors to the global increases in
anthropogenic emissions of air pollutants, largely driven by
increasing levels of energy consumption using inefﬁcient and/
or ill-regulated technologies, though partly offset in recent years
by improvements in emission controls. We have shown that the
atmospheric heating rate (HR) due to aerosols has decreased over
South and East Asia during the last two decades (Figure 3) due to
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to a sudden and abrupt lockdown enforced to contain the spread
of COVID-19 (Cao et al., 2021) vis-à-vis due to a gradual decrease
or increase in aerosol emissions that have occurred in a phased
manner as analyzed in the current study. PM2.5 was found
reduced by 40% over China and India during lockdown
resulting in improved air quality (Cao et al., 2021). The
concentrations of atmospheric aerosols decreased due to
closure of cities, restrictions on vehicular movement,
shutdown of industries, factories, and restaurants (Cao et al.,
2021) leading to a reduction in BC-related emissions due to an
decrease in emissions from cooking and gas burning; however,
the reduction in secondary aerosol species was much smaller in
China (Sun et al., 2020). This is important since it has been shown
that secondary organic aerosols, which comprise up to 70% of the
aerosol concentration in metropolitan areas, have been increasing
over China (Huang et al., 2014). The decreases in aerosol
emissions such as SO2 and BC can change the proportion of
secondary organic aerosols, which are scattering in nature, and
can lead to a higher SSA (Ramachandran et al., 2020a). The
COVID-19 pandemic signiﬁcantly affected global energy systems
and usage (Cheshmehzangi, 2020; Bertram et al., 2021). The CO2
emissions from the power sector declined noticeably due to two
causes—1) the economic downturn due to COVID-19 and the
associated reduction of demand for electricity and 2) the decrease
in carbon intensity due to a decrease in coal generation (Bertram
et al., 2021). The impacts of COVID-19 on household energy use
were assessed in six sectors—transportation for commuting and
leisure, cooking, entertainment, heating and cooling, lighting, and
the other revealed long-term, high impact effects as short-term
insigniﬁcant impacts (Cheshmehzangi, 2020). For example, it was
noticed that the impacts on transportation was long-term and
was two-fold—there was a signiﬁcant increase in private
transportation for commuting and leisure and a noticeable
decline in using the public transportation (Cheshmehzangi,
2020). In contrast, the impact on energy consumption related
to household cooking was short-term and deemed temporary as it
is expected to reverse after the lockdown period (Cheshmehzangi,
2020). Therefore, a cohesive approach on air quality and climate
change is recommended for obtaining better societal beneﬁts
(Bertram et al., 2021). This approach is considered crucial in
particular to BC, focus of the current study, which is emitted from
a mixture of emissions from burning of fossil fuels, biomass, and
biofuels (emitted from transportation and industrial and
domestic activities). BC emissions can be reduced by
improving the energy efﬁciency of combustion technology
which in turn will also lead to a reduction in CO2, thereby
leading to a win-win situation for air quality and climate (von
Schneidemesser et al., 2017).
It is well known that signiﬁcant interdependencies exist
between short-lived climate forcers (SLCFs) and long-term
climate change. The air quality and climate impacts of SLCFs
depend on the energy usage, associated changes in emissions, and
the atmosphere, into which they are emitted as changes in
meteorological conditions can change the impacts (Isaksen
et al., 2009). Furthermore, changes in SLCFs due to COVID19 can also impact vegetation via changes in air quality (Collins
et al., 2010), nutrient deposition (Mahowald, 2011), or
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photosynthetic active radiation (Mercado et al., 2009). It will
be crucial to decipher and delineate the environmental, health,
and climate impacts due to near-, short-, and long-term changes
in aerosols (arising out of sudden reduction in aerosols due to
COVID-19 pandemic) versus the longer-term changes/trends
over decades in aerosols on precipitation and the hydrological
cycle, especially over Asia due to the existence of an aerosol
dipole. The ﬁndings will be crucial for climate model simulations
to obtain a better understanding of the future climate impacts
(near-, short-, and long-term) and delineate the effects that might
arise due to reductions in scattering and absorbing aerosols as the
respective radiative effects on the atmosphere and their impacts
on clouds and climate are quite different. It is opined that the
developments on energy and power sectors post COVID-19 crisis
will be strongly impacted by the policy choices (Bertram et al.,
2021) on short- and long-time scales. These results can also help
in evolving better energy transitions that will be helpful to counter
global warming and climate change. Such an analysis connecting
the trends in energy transitions and aerosol absorption leading to
aerosol impact on climate, unavailable so far, thus, is crucial for
simulating the impacts due to aerosols over Asia which is quite
uncertain (Krishnan et al., 2019; Samset et al., 2019).
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