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• Aerosol trends over Asia analyzed from
observations and CMIP6 model simula-
tions.

• Models are not able to capture the ob-
served magnitudes and trends in aero-
sols.

• Observations exhibit a dipole in aerosol
optical depth over Asia.

• Model simulations show that aerosol-
induced atmospheric heating increases
over Asia.

• Results have implications to regional,
global and decadal climate change.
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Aerosols continue to contribute the largest uncertainty in climate change. Over Asia, a global aerosol hotspot, spa-
tial patterns of aerosol emissions are changingmainly because of changes in anthropogenic emissions, producing
a dipole in atmospheric aerosol loading between East (decrease in emissions) and South Asia (increase in emis-
sions). The resultant aerosol radiative effects are expected to be different as compared to the last decades of the
20th century because of this emerging Asian aerosol dipole. The projection and assessments of radiative and cli-
mate impacts of aerosols rely on simulating accurately the aerosol properties, thus,making it imperative that cur-
rent climate models involved in climate assessments including the Intergovernmental Panel on Climate Change
Assessment Reports, simulate well themagnitude and trends in changing aerosol properties. For the first time, in
this study we analyze trends in aerosol properties over Asia from satellite and ground-based observations, and
simulations from climate models in Coupled Model Intercomparison Project Phase 6 (CMIP6) experiment with
state-of-the-art treatment of aerosol chemistry, physics and meteorology. The results reveal large inter-model
differences in model estimates, and discrepancies between model simulations and observations as most models
are not able to capture the recent observedmagnitudes and trends in aerosol optical depth (AOD) and single scat-
tering albedo (SSA) over Asia. The absolute and the relative (percent) trends (positive and/or negative) in AOD
are significantly higher than the trends in SSA. The aerosol-induced effective radiative forcing within the atmo-
sphere simulated with three CMIP6 models show a positive (increasing) trend over Asia. A positive trend in at-
mospheric heating due to aerosols in model simulations is consistent with model simulated trends in AOD
(positive) and SSA (negative). These results on model-observations comparison need to be taken into account
while examining the projected/expected future climate impacts due to aerosols, and potential value of various
mitigation measures, in particular on regional and decadal climate change in Asia which is largely uncertain.
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Table 1
List of the models contributing to the CMIP6 experiments
ensemble members.

Serial Number Model Name

1 CanESM5
2 CNRM-ESM2-1
3 CESM2
4 CESM2-WACCM
5 GFDL-CM4/ESM-4
6 GISS-E2-1-G
7 HadGEM3-GC31-LL
8 UKESM1-0-LL
9 IPSL-CM6A-LR
10 MIROC-ES2L/MIROC6
11 MPI-ESM1-2-LR
12 MRI-ESM2-0
13 NorESM2-LM
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Main finding: Our analysis of satellite and ground-based observations, and simulations from climate models in
CMIP6 experiment with state-of-the-art treatment of aerosol chemistry, physics and meteorology reveal large
difference in model calculations, and most models are not able to capture the recent observed trends in aerosol
optical depth and single scattering albedo over Asia during 2000-2018.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The regional distributions of both aerosol direct radiative and indi-
rect radiative effects on climate are highly heterogeneous across the re-
gions due to substantial regional variations in concentrations of various
aerosols (IPCC, 2013). On the global scale, aerosol emissions cause a net
negative radiative forcing (cooling) on climate, and it is thought to have
offset almost a third of the warming due to increases in greenhouse
gases (IPCC, 2013). However, aerosol direct effect is uncertain by a fac-
tor of three, and the uncertainties over the aerosol indirect effects are
even larger (IPCC, 2013). Furthermore, light-absorbing aerosols such
as black carbon (BC), brown carbon (BrC) and dust deposited on snow
and ice decrease the surface albedo and as a result generate an addi-
tional positive radiative forcing. In the last few decades, Asia has been
the largest source of anthropogenic aerosols and their precursor gases
(Zhang et al., 2012; Li et al., 2016). The large and dense population,
rapid industrial and urban growth, and emissions of huge amounts of
air pollutants and greenhouse gases, and potential impacts of climate
change on its sensitive ecosystems (e.g., freshwater, biodiversity, agri-
culture), human health and large societal costs within and extended
cost beyond Asia make Asia extremely vulnerable to climate change
risks (IPCC, 2013; IPCC, 2021). Because of these sensitive issues of re-
gional and global importance a proper understanding of how the
Asian aerosols impact climate from local to regional to global scales be-
comes a critical issue (Ramanathan et al., 2007; Samset et al., 2019).

The economic activities and air pollution regulations in the last de-
cade have significantly changed aerosol emissions and atmospheric
loading in Asia. Satellite observations have documented changes in the
geographical distributions of aerosols over Asia (Myhre et al., 2017;
Ramachandran et al., 2020). The composition, content and spatial pat-
terns of aerosols are changing over Asia mainly because of changes in
emissions of anthropogenic aerosols and their precursors (Samset
et al., 2019; Ramachandran et al., 2020). Whereas, in general, there
has been a decrease in aerosol emissions worldwide recently, aerosol
pollution has been increasing over South Asia and decreasing signifi-
cantly over East Asia, creating a so-called aerosol dipole between
South Asia and East Asia (Samset et al., 2019; Ramachandran et al.,
2020). The emissions of air pollutants over China have been declining
since stringent air pollution control measures were enforced in China
that are used in this study, the mode

Modelling Center/Institute ID

CCCma/Canada
CNRM-CERFACS, France
NCAR/USA
NCAR/USA
NOAA-GFDL/USA
NASA-GISS/USA
MOHC/UK
MOHC/UK
IPSL/France
MIROC/Japan
MPI-M/Germany
MRI/Japan
NCC/Norway
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starting from the 2008 summer Olympics in Beijing (Ramachandran
et al., 2020). Subsequently, the aerosol optical depth (AOD) has been
sharply decreasing over East Asia (Ramachandran et al., 2020) as a re-
sult of continued reduction in emissions of anthropogenic primary aero-
sols and aerosol precursor gases from China. The aerosol-radiation-
cloud radiative forcing arising out of the current evolving aerosol dipole
pattern in Asia will be different from that of the observed aerosol char-
acteristics in the late 20th century, and it may induce regional-scale at-
mospheric responses and anomalies with wide-ranging impacts on
climate, clouds, chemistry, and monsoon extending well beyond the
aerosol source regions in Asia (Zhao et al., 2019; Samset et al., 2019).
The South and East Asian regions are specifically vulnerable owing to
the significant seasonal variations in precipitation (e.g., monsoon) on
which their agriculture and economy are crucially dependent (Samset
et al., 2019; IPCC, 2013).

The projected climate impact of various aerosol effects in the inter-
national and national climate assessments, such as by the Intergovern-
mental Panel on Climate Change (IPCC), depends extensively on the
results from multi-model climate simulations (Katarzyna et al., 2020).
The IPCC, 2013 report featured the results from the coordinated Coupled
Model Intercomparison Project Phase 5 (CMIP5) (IPCC, 2013). The re-
sults from CMIP phase 6 (CMIP6) are used in the IPCC 6th Assessment
Report (AR6). Thus, it is imperative and pertinent to examine the simu-
lations by the current state-of-the-art climate models under CMIP6 in
order to discern the ability of thesemodels to capture accurately the fea-
tures of the Asian aerosol dipole. Further, themulti-model analysis con-
ducted to examine the present trends in aerosols will be useful to
evaluate the future climate projections of these model simulations.
Here, we make use of the results from the multi-model simulations
from CMIP6 and their ensemblemean (Table 1), for the first time, to an-
alyze the trends in aerosol optical depth (AOD), and single scattering al-
bedo (SSA) over South Asia and East Asia during the last 2-decades
(2002–2018) and compare these with results from satellite data and
ground-based observations. Trends in AOD from CMIP6 models have
been reported recently – between 2006 and 2014 (Wang et al., 2021),
and between 2001 and 2017 (Cherian and Quaas, 2020), however,
trends in SSA have not been reported yet. SSA, a measure of aerosol
absorption, and its trends are more crucial for determining the aerosol
radiative effects accurately.
lling centers leading the modelling efforts, atmospheric model resolution, and number of

/Country Model resolution (Latitude × Longitude) Ensembles

2.8125° × 2.8125° 10
1.4° × 1.4° 3
1.25° × 0.9375° 3
1.25° × 0.9375° 3
1.25° × 1.0° 1
2.5° × 2.0° 5
1.875° × 1.25° 4
1.875° × 1.25° 4
2.5° × 1.259° 3
2.8° × 2.8° 3
1.875° × 1.875° 5
1.125° × 1.125° 5
2.5° × 1.875° 1
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Fig. 1. Trends in aerosol optical depth (AOD) over South Asia and East Asia: Linear trends between 2002 and 2018 for the Asian region (year−1) for AOD at 0.55 μm (a) in satellite obser-
vations (MODIS), (b) multi-model mean of CMIP6 model simulations, and the trends obtained for each model in CMIP6, in particular for (c) CanESM5, (d) CMRM-ESM2-1, (e) CESM2,
(f) CESM2-WACCM, (g) GFDL-CM4, (h) GISS-E2-1-G, (i) HadGEM3-GC31-LL, (j) IPSl-CM6A-lR, (k) MIROC-ES2L, (l) MPI-ESM1-2-LR, (m) MRI-ESM2-0, (n) NorESM2-LM and
(o) UKESM1-0-LL (Table 1). Relative (percent) trends between 2002 and 2018 for the Asian region (% year−1) for AOD at 0.55 μm (p) in satellite observations (MODIS) and (q) multi-
model mean of CMIP6 model simulations (Table 1), Black dots correspond to points where the trend is significant at the 95% confidence level.
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2. Data, analysis and methods

2.1. Models

The CMIP (Coupled Model Intercomparison Project) is designed to
better understand the past, present and future climate change due to
natural and anthropogenic radiative forcing using multi-model simula-
tions (Eyring et al., 2016). Simulation results from 13 models from the
CMIP Phase 6 (CMIP6) (https://esgf-node.llnl.gov/search/cmip6/)
(Eyring et al., 2016, Table 1) are utilized in this study. Details of the
models contributing to the CMIP6 experiments that are used in this
study are provided in Table 1.
Fig. 2. Aerosol optical depth over Asia – observations andmodel simulations: MODIS satellite r
difference (A2-A1), and average for 2002–2018 (A3) (a–d) in comparison with multi-model (
CESM2 (q–t), CESM2-WACCM (u-x), GFDL-CM4 (y–ab), GISS-E2-1-G (ac–af), and HadGEM3
MRI-ESM2-0 (aw–az), NorESM2-LM (ba–bd), and UKESM1-0-L1 (be–bh). Black dots correspo
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2.2. Simulations

Specific CMIP6 experiments are designed to explore the climate
change arising from the changes in aerosols, greenhouse gases, and nat-
ural forcings. In this study, CMIP6 “historical” simulations are used for
the analysis. The CMIP6 “historical” simulations run until 2014 are
complemented with a “ScenarioMIP” simulation (Eyring et al., 2016;
O'Neill et al., 2016) for the 2015 to 2018 period. The selected scenario
is the “Shared Socioeconomic Pathways” (SSP245) that follows SSP2
(middle of the road) pathway, and reaches in 2100 a global mean forc-
ing of 4.5 Wm−2 relative to pre-industrial time (Eyring et al., 2016;
O'Neill et al., 2016). Effective radiative forcing (ERF), due to aerosol-
etrieved aerosol optical depth (AOD) averaged for 2002–2006 (A1), 2014–2018 (A2), their
Table 1) mean (e–h), and with individual models - CanESM5 (i–l), CNRM-ESM2-1 (m–p),
-GC3-L1 (ag–aj), IPSL-CM6A-LR (ak–an), MIROC-ES2L (ao–ar), MPI-EMS1-2-LR (as–av),
nd to points where the trend is significant at the 95% confidence level.

https://esgf-node.llnl.gov/search/cmip6/


Fig. 3. Trends in single scattering albedo (SSA) over South and East Asia: Linear trends between 2005 and 2018 for the Asian region (year−1) for SSA (a) in satellite observations (OMI),
(b)multi-modelmean of CMIP6model simulations, and in eachCMIP6model the outputs ofwhich are used in the study, namely, (c) CanESM5, (d) CMRM-ESM2-1, (e) CESM2, (f) CESM2-
WACCM, (g)GFDL-CM4, (h) HadGEM3-GC31-LL, (i) IPSl-CM6A-lR, (j)MIROC-ES2L, (k)MPI-ESM1-2-LR, (l)MRI-ESM2-0, (m)NorESM2-LM and (n) UKESM1-0-LL (Table 1). Relative (per-
cent) trends between 2005 and 2018 for the Asian region (% year−1) for SSA (o) in satellite observations (OMI), and (p) multi-model mean of CMIP6 model simulations. OMI SSA corre-
sponds to 0.388 μm and model SSA corresponds to 0.55 μm (see text for more details). Black dots correspond to points where the trend is significant at the 95% confidence level.
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radiation interactions takes into account the rapid adjustments caused
by aerosol radiative effects on the surface energy budget (aerosol direct
effect), the atmospheric profile and cloudiness (semi-direct effect), and
therefore, it signifies the radiative forcing caused by aerosol direct effect
and the semi-direct effect (IPCC, 2013). The model simulated ERF and
observed aerosol radiative forcing (ARF) of the atmosphere (ARFATM)
are not directly comparable as the ERF also includes semi-direct effect.
The “piClim-control” and “piClim-histaer” simulations are part of the
CMIP6 Radiative Forcing Model Intercomparison Project (RFMIP;
https://rfmip.leeds.ac.uk/rfmip-erf/) to specifically address the ERF
across climatemodels. The “piClim-control” run uses the boundary con-
ditions fixed at pre-industrial (1850) levels, and serves as the baseline
for ERF calculations. The “piClim-histaer” experiment uses time varying
emissions of aerosol precursors, but keeping all other boundary condi-
tions fixed at pre-industrial levels. The “piClim-histaer” run is available
only from three CMIP6 models (CanESM5, GFDL-CM4 and MIROC6) for
the period 2002–2018 and are used for the analysis. ERF within the at-
mosphere corresponding to the particular year 2014 (present day sce-
nario) (Eyring et al., 2016) are available from CMIP6 simulations
which are used in the study for comparison.

Community Emissions Data System (CEDS) inventory for the period
from 1850 to 2014 is used in CMIP6 models for historical runs (Hoesly
et al., 2018). The future emission projections are used for CMIP6 simula-
tions from 2015 to 2100 (Gidden et al., 2019). Nine emission sectors
(agriculture, aircraft, energy, industry, international shipping,
Fig. 4. Aerosol single scattering albedo over Asia – observations and model simulations: OMI s
(A2), the difference between the two periods (A2 andA1), average for 2005–2018 (A3), and line
h), and for individual models - CanESM5 (i–l), CNRM-ESM2-1 (m–p), CESM2 (q–t), CESM2-WA
ES2L (ak–an),MPI-ESM1-2-LR (ao–ar),MRI-ESM2-0 (as–av), NorESM2-LM (aw–az), and UKESM
(see text for more details). Black dots correspond to points where the trend is significant at th
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residential and commercial, solvent production and application, trans-
portation, and waste) are included. For India, there are increases in an-
thropogenic emission of sulfur dioxide (SO2), BC and organic carbon
(OC) from 2002 to 2018. For China, emissions were used based on
values from Zheng et al. (2018). China's air pollution mitigation mea-
sures have yielded reductions of 9.5 Tg of SO2, 0.3 Tg of BC, and 0.3 Tg
of OC from the industrial sector in 2017 compared to their levels in
2010 (Zheng et al., 2018). The AOD and SSA simulated by CMIP6models
(Table 1) at 0.55 μm for 2001–2018 period are used in the study.

2.3. Measurements

The annual mean MODIS AOD was calculated from the daily mean
AOD (corresponding to 0.55 μm) from MODIS Daily L3 Global 1 Degree
datasets acquired from the Level-1 and Atmosphere Archive and Distri-
bution System (LAADS) (https://ladsweb.modaps.eosdis.nasa.gov/
archive/allData/61/MOD08_D3/). The uncertainty in MODIS AOD is ±
0.05 ± 0.15AOD (Levy et al., 2013). The monthly data of OMI (https://
disc.gsfc.nasa.gov/datasets/OMAERO_003/summary) SSA was created
using the first 23 clean rows of OMI Level-2 product (out of total 60
rows) that are free of row anomaly (Torres et al., 2018) throughout
the OMI operation period. The OMI SSA at 0.388 μm is used because re-
trievals at the other wavelengths in the OMAERUV dataset are not di-
rectly derived from the measurements, but converted from 0.388 μm
retrievals assuming a spectral dependence model depending upon the
atellite retrieved single scattering albedo (SSA) averaged for 2005–2009 (A1), 2014–2018
ar trends during2005–2018 (a–d) in comparisonwith themulti-model (Table 1)mean (e–
CCM (u–x), GFDL-CM4 (y–ab), HadGEM3-GC3-L1 (ac–af), IPSL-CM6A-LR (ag–aj), MIROC-
1-0-L1 (ba–bd). OMI SSA corresponds to 0.388 μmandmodel SSA corresponds to 0.55 μm

e 95% confidence level.

https://rfmip.leeds.ac.uk/rfmip-erf/
https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MOD08_D3/
https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MOD08_D3/
https://disc.gsfc.nasa.gov/datasets/OMAERO_003/summary
https://disc.gsfc.nasa.gov/datasets/OMAERO_003/summary
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chosen aerosol model. Due to a few inherent uncertainties in the as-
sumed spectral dependence, which might not represent all aerosol
types/conditions globally, it has been recommended to use the
0.388 μm SSA dataset (Torres et al., 2018). The OMI observations,
since the middle of 2007, have been affected by a possible external ob-
struction that perturbs both themeasured solar flux and Earth radiance.
This obstruction,which affects the quality of radiance at all wavelengths
for a particular viewing direction, is referred to as a “row anomaly” since
the viewing geometry is associated with the row numbers on the
charge-coupled device detectors (Torres et al., 2018). The row anomaly
issue was detected initially for a few rows which, over the period of op-
eration, expanded to other rows in 2008 and later. Currently, about half
of the total 60 rows (viewing positions) across the track are identified
and flagged as affected by row anomaly for which no physical retrievals
are being performed. Due to the row anomaly issue and some scan-
related bias in the OMI SSA retrievals (Torres et al., 2018), we have uti-
lized the level-2 OMAERUV product for SSA derived using only the first
23 rows that are unaffected by the row anomaly throughout the OMI
operation for comparison. SSA derived using viewing positions 1–30,
and 31–60 were found to agree over regions dominated by carbona-
ceous or sulfate particles (Torres et al., 2018). The Level-2 retrievals
are aggregated on to each 0.5° × 0.5° grid. Note that only best quality re-
trievals (Quality Flag = 0) of SSA at 0.388 μm are included in this anal-
ysis. In a global analysis of collocated retrievals, Jethva et al. (2014)
reported that ca. 70% of OMI-AERONET SSA (at 0.44 μm) matchups
agreed within the absolute difference of ±0.05 for all aerosol types. In
case of Aerosol Robotic Network (AERONET) data, annual means of
AOD and SSA were calculated from the quality assured (level 2, version
3, cloud screened) daily AOD (retrieved from direct Sun algorithm), and
SSA (retrieved from solar almucantar inversion algorithm) at 0.55 μm
measured with ground-based Cimel Sun/sky radiometers (https://
aeronet.gsfc.nasa.gov/) (Holben et al., 2001) for 2002 to 2018 over Kan-
pur and Beijing, the two sites with the longest time series of level 2 data
in Asia. The uncertainty in AERONET AOD is less than ±0.01 at 0.55 μm,
and SSA is uncertain by±0.03when theAOD at 0.44 μmis>0.2 (Holben
Fig. 5. Aerosol emissions and their evolution over Asia: Sulfur dioxide (SO2) and black carbon
absolute trends (e, f).
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et al., 2001). Observations suggest that the spectral variation in SSA in
the wavelength region of 0.388–0.55 μm is not significant
(Ramachandran et al., 2015 and references therein). Thus, a comparison
of OMI (0.388 μm) and model derived SSA (0.55 μm) is not potentially
expected to contribute any significant differences in trends due to the
above aswell as due to the fact that OMI SSA at 0.388 μm ismore robust
than the OMI SSA derived at 0.55 μm.

2.4. Trend analysis

In the current study the least squares linear trend method is used to
estimate the trends in aerosol parameters. The statistical significance of
the trends is computed using a two-tailed student t-test. The statistical
significance is calculated using the regression line information on a
grid-by-grid basis using monthly data for the same time period from
satellite and models from 2002 to 2018 for AOD, and from 2005 to
2018 for SSA (with nomissing timeperiods). The least squares linear re-
gression method is a simple and robust method, and is a widely used
method to estimate the trends in the time-dependent geographical
and environmental variables. The method is less sensitive to gaps in
the time series of data, and further, it is quite appropriate when the un-
certainty in data is constant (i.e., Gaussian white noise) so that regres-
sion can be obtained by allocating a weight of unity (i.e., assigning the
same precision) to each parameter (Ramachandran et al., 2020).

3. Results and discussion

3.1. Aerosol optical depth

The CMIP6 multi-model mean shows an increasing trend in AOD
during 2002–2018 over almost entire South Asia, East Asia and south-
east Asia, with trends statistically significant at 95% confidence level
(CL) over entire South Asia, southwestern China and northwestern
part of southeast Asia, and not significant over East Asia. There are neg-
ative trends in AOD over northern and eastern China but they are not
(BC) emissions (in Gg per year) over Asia for 2002 (a, b), 2018 (c, d) and their respective

https://aeronet.gsfc.nasa.gov/
https://aeronet.gsfc.nasa.gov/


Fig. 6. Annual trends in annual mean absorption aerosol optical depth (AAOD) over (a) Kanpur and (b) Beijing during 2002–2018 from ground-based observations (AERONET), satellites
(AOD fromMODIS andSSA fromOMI), and CMIP6multi-modelmean (thick red line). The satellite andmodel results correspond to the grids inwhich the study locations–Kanpur (26.5°N,
80.2°E) and Beijing (39.9°N, 116.4°E) - are located. The shaded region indicates the 5% to 95% confidence intervals by the CMIP6 models (Table 1, Figs. 1–4). (For interpretation of the
references to colour in this figure legend, the reader is directed to the web version of this article.)
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statistically significant (Fig. 1). In contrast, satellite observations of AOD
clearly show a regional-scale aerosol dipole between South Asia (posi-
tive) and East Asia (negative). Although the multi-model mean fails to
capture the trends in East Asia, individual realizations of six models
Fig. 7. Aerosol optical properties over Kanpur and Beijing during 2002–2018: Time series of an
based observations (AERONET), satellites (AOD fromMODIS and SSA from OMI), and the CMIP
are drawn as black line, satellite data on AOD fromMODIS and SSA fromOMI are shown in blue
correspond to grids where the study locations – Kanpur (26.5°N, 80.2°E) and Beijing (39.9°N, 11
and minimum values among the values simulated by the thirteen CMIP6 models (Table 1). AO
corresponds to 0.388 μmand that of AERONET and CMIP6models correspond to 0.55 μm respec
by the CMIP6 models (Table 1, Figs. 1–4). The simulated values by individual CMIP6 models ar
colour in this figure legend, the reader is directed to the web version of this article.)
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(CanESM5, CESM2, GDL-CM4, HadGEM3-GC3-1-LL, UKESM1-0-LL and
MRI-ESM2-0) are able to simulate aweaker negative trend (not statisti-
cally significant) over northern parts of East Asia (Figs. 1, 2). Most
models simulate high AODs over both South and East Asia instead of a
nual mean AOD (a, c) and SSA (b, d) over Kanpur and Beijing, respectively, from ground-
6 multi-model mean. In all the figures ((a)-(l)) ground-based observations from AERONET
line, and the CMIP6multi-modelmean are given in red line. The satellite andmodel results
6.4°E) are located. The shaded region in (a), (b), (c) and (d) corresponds to themaximum
Ds fromMODIS, AERONET and CMIP6 models correspond to 0.55 μm, while SSA from OMI
tively. The shaded region in (e), (f), (g) and (h) indicate the 5% to 95% confidence intervals
e shown as thin colored lines in (i), (j), (k) and (l). (For interpretation of the references to
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dipole, and the high AODs across the Indo-Gangetic Plain (IGP), a pro-
found feature of aerosol loading over Asia ismissing inmostmodel sim-
ulations (Fig. 2). Furthermore, the magnitude of simulated AODs across
models differ significantly – AODs are lower in CNRM-ESM2-1 and
CESM2 simulations with respect to the model mean and observations,
whereas the AODs are a factor of 2-higher in CanESM5 and GISS-E2-1-
G simulations (Fig. 2) compared to the above models. The positive
trends in AOD from satellite observations are statistically significant
over India, Bangladesh and northwestern Myanmar whereas the nega-
tive trends are statistically significant over most of China (Fig. 1). The
positive trend in model AOD is higher (>0.01 AOD per year) over east-
ern IGP in South Asia while in observations a higher positive trend is
seen over south and central India, and a small part of the eastern IGP
(Fig. 1). In the satellite observations a statistically significant higher neg-
ative trend (−0.01 to−0.02 per year) in AOD is seen over eastern China
the region over which the model-mean has a positive trend, which,
however, is not statistically significant. Over the rest of Asia the increase
or decrease in AOD is ≤0.01 or ≥−0.01 per year. An analysis of seasonal
trends in observed AODs (satellite and ground-based) revealed that the
positive trends in annual mean AOD and SSA over the IGP in South Asia
are controlled by their trends during post-monsoon and winter seasons
(Ramachandran et al., 2020), which are dominated by anthropogenic
aerosol emissions. This result corroborates well an observational (satel-
lite and ground-based) analysis which found ca. 0.02 per year increase
in AOD in the post-monsoon and winter seasons over the IGP during
2002–2016 (Jethva et al., 2019; Ramachandran et al., 2020), which
was associated with a positive trend in emissions from agro-residue
burning in addition to the increase in emissions from fossil fuel combus-
tion. Thus, it is clear that thepositive trend in AODover SouthAsia in ob-
servations and model simulations is due to the increasing emissions
from fossil fuel and biomass burning sources.
Fig. 8. Trends in aerosol radiative forcing over South and East Asia: Linear trend of aerosol-indu
the top of the atmosphere (TOA) – ERF at the surface (SFC)) over the Asian region (year−1) bet
(c) GFDL-CM4 and (d) MIROC6 (Table 1). Black dots correspond to points where the trend is s
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3.2. Single scattering albedo

In case of SSA, themulti-model mean exhibits a negative trend (sta-
tistically significant) during 2005–2018 over East Asia and generally
positive trend (statistically insignificant) over much of South Asia
(Fig. 3). The SSA derived from the satellite observation (OMI) shows
negative trends (statistically insignificant) over most of East Asia and
South Asia (except a narrow strip of east coast of India and eastern
IGP including Bangladesh). The rate of decrease in SSA, however, is an
order ofmagnitude smaller than that of AOD. Itmay bedifficult to envis-
age a comparison of absolute (linear) trends in the ‘unit’ of AOD and SSA
which is the focus of the study and not in terms of relative (percentile)
trends, as the amount of variationwill depend on the ‘unit’ itself - in this
case AOD naturally has a larger range than SSA. We calculated the rela-
tive (percentile) trends (% year−1) of AOD and SSA by dividing the slope
of the trendwith themedian value of AOD (obtained for the time period
2002–2018) (Fig. 1p, q) and SSA (obtained for the time period
2005–2018) (Fig. 3o, p). The analysis reveals that even the relative (per-
centile) trends for AOD have a larger range than SSA, and are at least
5–8% higher for AOD than the trends in SSA, similar to their respective
linear trends (Figs. 1a, b, 3a, b). The rate of decrease in model-mean
SSA is significantly higher, at least by 3-times, over the North China
Plain (NCP) than the rest of Asia. A decrease in SSA suggests an increase
in proportion of aerosol absorption (either proportion of scattering
aerosols, e.g., sulfate has decreased and/or that of absorbing aerosols,
e.g., BC has increased). As mentioned earlier, emissions of SO2, BC, and
other air pollutants have been reduced more rapidly over China than
India (Li et al., 2017; Zheng et al., 2018), which however, have not re-
sulted in an increase in SSA as evident from the satellite observations
and model simulations (Figs. 3, 4). SSA values also exhibit a significant
range across the CMIP6 models – the aerosols are considered more
ced effective radiative forcing (ERF, Wm−2) in the atmosphere (ATM) (ERFATM) (= ERF at
ween 2002 and 2018 in (a) multi-model mean of CMIP6 model simulations, (b) CanESM5,
ignificant at the 95% confidence level.
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absorbing if 0.85 ≤ SSA < 0.90 (CanESM5), moderately absorbing if
0.90 ≤ SSA < 0.95 (GFDL-CM4), and less absorbing if SSA >0.95 (IPSL-
CM6A-LR, MIROC-ES2L, MPI-ESM1-2-LR) (Figs. 3, 4).

The reduction in emissions of SO2, BC and other air pollutants has
beenmore rapid in China than 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 have de-
creased (Zheng et al., 2018; Kurokawa and Ohara, 2020; Kanaya et al.,
2020); however, with significantly different rates – SO2 by 62% and BC
by 28% during 2010–17 (Zheng et al., 2018). The decrease in SO2

emissions is seen more clearly than BC emissions (which have changed
only slightly during the last 2-decades) over China (Fig. 5). A significant
reduction in SO2 as compared to little changes in BC (and OC), with de-
crease in both emissions from 2015 to 2017 being slower in CMIP6
models than observation-based changes over China (Wang et al.,
2021) result in an increase in aerosol absorption (Fig. 6) leading to
stronger negative SSA trends in the models (Figs. 3, 4). In contrast, in
India the emissions of PM2.5 and BC have increased concurrently with
increase in the coal and heavy oil consumption in thermal power plants
and industries, and diesel in transport sector (Sadavarte and
Fig. 9.Aerosol radiative forcing over Asia –model-mean andmodels:Multi-modelmean aeroso
(ATM) averaged for 2002–2006 (A1) (a), and 2014–2018 (A2) (b), the difference between the t
as above for results obtained from model simulations of CanESM5 (e-h), GFDL-CM4 (i-l) and M
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Venkataraman, 2014; Kurokawa and Ohara, 2020). 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 during 1996–2015,
which was attributed to the growth in process emissions resulting
from an increase in production activity (Sadavarte and Venkataraman,
2014). In the transport sector, the increase in these emissions was
smaller than the corresponding increase in fuel consumption, owing
to the implementation of emissions and fuel quality norms (Sadavarte
and Venkataraman, 2014). The biomass burning amounts over
India were nearly constant during the last decades as compared to
China where biomass use has been decreasing (Sadavarte and
Venkataraman, 2014).

The CMIP6models' failure to capture themagnitude, regional distri-
bution, and the trends in AOD and SSA is re-emphasized here in a com-
parison with ground-based observations from two AERONET sites with
longest records in South Asia and East Asia (Fig. 7) - Kanpur (26.5°N,
80.2°E, 123 m above mean sea level (asl)) located in central IGP in
South Asia and Beijing (39.9°N, 116.4°E, 92 m asl) located in NCP in
East Asia (Fig. 7). Kanpur is an industrialized, densely populated (with
ca. 3 million inhabitants in 2011) and a highly polluted city. It is located
l-induced effective radiative forcing in the atmosphere (ERFATM,Wm−2) in the atmosphere
wo time periods ((2014–2018) – (2002–2006)) (c), average for 2002–2018 (A3) (d). Same
IROC6 (m-p).



Fig. 10. Aerosol radiative forcing over Asia for 2014: Aerosol-induced effective radiative
forcing in the atmosphere (ERFATM, Wm−2) for the year 2014 simulated by nine CMIP 6
models and their mean – (a) model-mean, (b) CanESM5, (c) CNRM-ESM2-1, (d) CESM2,
(e) GFDL-ESM4, (f) GISS-E2-1-G, (g) IPSL-CA6A-LR, (h) MIROC6, (i) MRI-ESM2-0, and
(j) NorESM2-LM.
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ca. 500 km to the southeast of the megacity New Delhi (ca. 19 million
population). Beijing, another megacity in Asia (with 21 million popula-
tion), is situated in the heavily polluted and heavily industrialized NCP.
Aerosol characteristics over both Kanpur and Beijing are quite similar as
they are urban centers located in generally similar settings. The heavy
aerosol pollution over these locations arises mainly from biomass burn-
ing emissions and fossil fuel combustion during all seasons with differ-
ent seasonal contributions of some specific sources (Eck et al., 2010;
Ramachandran et al., 2020). On a seasonal scale during the spring sea-
son (March-April-May) dust from nearby deserts and arid regions con-
tribute to the aerosol loading over both IGP and NCP. Emissions from
biomass burning in South Asia, i.e., forest fires and agro-residue burning
during pre-monsoon season and agro-residue burning during post-
monsoon in addition to biomass use for residential activities which oc-
curs throughout the year, affects heavily the aerosol loading in South
Asia (Ramachandran et al., 2015; Jethva et al., 2019; Ramachandran
et al., 2020). Thus, both locations are strongly influenced by regional
emissions aswell as their own local sources. The ground-based observa-
tions of AOD and SSA over Kanpur andBeijing exhibit remarkably differ-
ent features among them in comparison with satellite and model
results, despite the satellite and model results correspond to grids
where the study locations – Kanpur (26.5°N, 80.2°E) and Beijing
(39.9°N, 116.4°E) are located. The dipole in aerosol content (AOD) is
clearly visible with that of a negative trend in AOD over Beijing and a
positive trend over Kanpur (Fig. 7a, c). In contrast, the trend in SSA is
the same over both the locations, which is positive in nature suggesting
that aerosols have become relatively less absorbing (ormore scattering)
in the recent times than they were a decade ago (Fig. 7b, d). It is clearly
evident that the satellites andmodels are not able to capture themagni-
tude of observed (ground-based) AOD and SSA as well (Fig. 7a–d). The
ground-based observations of AOD lie between the satellite andmodels
while the SSA values are higher than satellite and models, with the
model-mean being the lowest among three different datasets (Fig. 7a–
d). The observed AOD and SSA are beyond the bounds of the 5 to 95%
confidence level interval (by CMIP6 models) during 2002–2010, and
2010–2018 respectively over Kanpur and Beijing (Fig. 7e–h) as the
models exhibit significant differences (Fig. 7i–l). The MODIS AODs
show a positive trend over Kanpur and a negative trend over Beijing
similar to the ground-based observations. The performance of the
models differs in these two locations – model AODs show an increase
over Kanpur whereas the models struggle to capture the observed
trend, staying more or less same during the last 2-decades over Beijing.
More remarkably, the ground-based SSA shows clearly a positive trend
in both the locations whereas both the satellite observations andmodel
simulations show a negative trend, more so over Beijing (Fig. 7d).
Therefore, aerosol composition and associated optical properties over
Asia, in particular aerosol absorption, may not be properly represented
in models, as for example, decreases in emissions of SO2 and BC in
CMIP6 models over China are far too slower than observation-based
emissions reduction (Wang et al., 2021), and biomass burning aerosols
are too absorbing in many current climate models (Brown et al., 2021).

4. Implications and summary

For an accurate and better quantification of direct and indirect radi-
ative effects of aerosols not only the trends but also the magnitude in
AOD and SSA are crucial, especially over highly polluted aerosol source
region like Asia, because the radiative effects have a linear relation with
column aerosol content (AOD) while they exhibit a non-linear relation
with composition (SSA) (Ramanathan et al., 2007; IPCC, 2013;
Ramachandran et al., 2020). For example, the atmospheric heating due
to aerosols will increase by 10% for a 10% increase in AOD and vice
versa, whereas the atmospheric heating will increase by >20% when
SSA decreases by 10% from1.00 to 0.90 (Ramachandran et al., 2020). Re-
sults from the present study bring out clearly that the CMIP6models are
unable to simulate the recently observed aerosol trends (AOD and SSA),
11
their magnitudes and regional distributions over Asia despite all the
models in CMIP6 using the same aerosol emissions (Fig. 5) and initial
boundary conditions. An analysis of seasonal trends in observed AOD
and SSA over South Asia and East Asia conducted earlier revealed that
the changes (increase/decline) in AOD and SSA over the IGP and the
NCP during the last two decades occurred primarily due to the increase
or decrease in emissions of anthropogenic aerosols and aerosol precur-
sor gases, whereas therewas no significant change in atmospheric load-
ing of natural aerosols (dust and sea salt) over these two regions
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(Ramachandran et al., 2020). The discrepancies in aerosol properties ob-
served between models and measurements were attributed to the lack
of/absence of proper aerosol emissions and removal mechanisms in the
models over the south Asian region (Ramachandran et al., 2015). How-
ever, the present analysis over Asia clearly points to the fact that in ad-
dition to discrepancies in emission inventories (not applicable for the
CMIP6), representation of aerosol properties, atmospheric transport,
and processes such as wet and dry deposition in models could be con-
tributing significantly to the differences between observations and
model simulations (e.g., Myhre et al., 2013). The climate responses to
the changing aerosol patterns over Asia have become highly uncertain
as the climatemodels are not able to capture the recent trends in aerosol
content (AOD) and composition (SSA, AAOD), thus, leading to an uncer-
tainty in the model projected/predicted aerosol effect on monsoon and
precipitation. The trends in these two aerosol parameters are the most
crucial to estimate the direct and indirect radiative effects of aerosols.

Owing to the changes (decrease/increase) in aerosol content (AOD)
and composition (SSA) the aerosol-induced atmospheric heating
rate (HR) has decreased considerably in the last two decades over
Asia despite a dipole in AOD between South Asia and East Asia
(Ramachandran et al., 2020). The decrease in HR is more significant
over East Asia (30%) due to decreasing AOD and increasing SSA com-
pared to South Asia (10%) where both AOD and SSA are increasing.
The aerosol-induced effective radiative forcing (ERF within the atmo-
sphere (ERFATM)) simulated with three CMIP6 models and their
model-mean show a positive trend over Asia (Figs. 8, 9). ERFATM
simulated by nine different CMIP6 models for the year 2014 do not
differ significantly (Fig. 10), implying that the trends in ERFATM if
simulated by the other CMIP6 models would also be comparable to
the trends obtained from the 3-modelmean (shown in Fig. 9). A positive
trend in atmospheric heating due to aerosols in model simulations is
consistent with the model simulated trends in AOD (positive) and SSA
(negative) (Figs. 1, 2). Given the relation of aerosol radiative effects is
linear with AOD, and non-linear with SSA, ERFATM should be lower if
we considered the observed trends in AOD (positive) and SSA (nega-
tive). Li et al. (2016) report that noneof themodelswere able to account
satisfactorily the combination of changes over Asia – weakening of
monsoon circulation, decrease in South Asian rainfall versus an increase
in southern China's rainfall. These new results on model-observations
intercomparison serve as an eye opener which need to be taken into ac-
count while examining the projected/expected present and future cli-
mate impacts due to aerosols, and the potential value of various
mitigation measures, in particular on regional and decadal climate
change in Asia which is largely uncertain.
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