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A B S T R A C T

The sixth assessment report released by the Intergovernmental Panel on Climate Change (IPCC) in 2021 states that our
inadequate understanding of magnitudes and trends of atmospheric aerosols, particularly over Asia, is a major source
of uncertainty in climate change. In this study, the climatology and trends in different types of aerosols with focus on
absorbing aerosols over Kanpur located in the Indo-Gangetic Plain (IGP) in South Asia and Beijing in the North China
Plain (NCP) in East Asia are derived for the ﬁrst time. We perform a ﬁrst analysis of high-quality time series of columnar aerosols observations over a period of nearly two-decades, along with satellite observations to provide a broader
regional perspective. The satellite retrieved aerosol Ångström exponent (AE) values have increased (10–20%) suggesting an increasing contribution of ﬁne aerosols to aerosol optical depth (AOD) over Asia in last 2-decades. Among the
three aerosol types [urban-industrial (UI), biomass burning (BB), and dust (DU)], only UI and BB aerosols are present
over Kanpur throughout the year, while DU is present along with UI and BB aerosols only during pre-monsoon and
monsoon. Overall, there is a positive trend in BB aerosols over both Kanpur and Beijing, a positive (negative) trend
in UI aerosols over Kanpur (Beijing), and positive (negative) trend in dust over Beijing (Kanpur). However, only the
positive trend in BB aerosol type over Kanpur is statistically signiﬁcant. Further, among the three absorbing aerosol
types [mostly black carbon (MBC), mostly dust (MDU), and mixed (MIX) containing BC and dust], only MBC and
MIX are present in post-monsoon and winter over IGP, and MDU is present along with MBC and MIX only during
pre-monsoon and monsoon, which is in agreement with aerosol types found. Trends in MBC, MIX and MDU over Kanpur in IGP and in MIX over Beijing are statistically signiﬁcant. These trends are attributed mainly to the changes in anthropogenic aerosol emissions, and not to natural and climatic factors as their changes are relatively small. These
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ﬁndings on hitherto unavailable climatology and trends in aerosols and absorbing aerosols over two global aerosol
hotspots and identiﬁed contrasts will be crucial in model simulations to better decipher the aerosol-climate interactions over Asia.

1. Introduction

Ramachandran et al., 2020a). The current climate models with state-of-theart representation of physical and chemical processes are yet found to
grossly underestimate aerosol absorption in many regions, especially over
Asia (Shindell et al., 2013; Myhre et al., 2017). The knowledge and information on the ground level aerosol pollution is of a crucial concern from
air quality and public health perspective. The impact of air pollution on
human health is a serious public health crisis across Asia, where around
92% of the region's population is exposed to particulate air pollution levels
in excess of the World Health Organization (WHO) guidelines 2005 for protection of public health (UNEP, 2019). 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; UNEP, 2019). Aerosol emissions and their geographical
distributions have changed considerably over the last decade in Asia as a result of growing economic activities in various regions and introductions of
air pollution control regulations in Asian countries with a primary emphasis
on reducing adverse impacts of air pollution on public health (Meng et al.,
2019). AOD and SSA vary depending on the environmental setting, sources,
meteorological conditions (relative humidity, winds, planetary boundary
layer (PBL), rainfall, solar radiation) and dynamics (horizontal and vertical
transport), and from season to season. For example, weather conditions
such as high wind speeds, low relative humidity, higher PBL heights, rainfall could favor an early dispersion of pollutants whereas weather conditions otherwise (low wind speeds, higher relative humidity, lower PBL
heights, less rainfall) may further worsen the air pollution (e.g., Li et al.,
2020). Air quality is not only a primary public health concern but is equally
important in the context of aerosol-climate interaction as the size and composition of particles present can inﬂuence the physical, optical and chemical properties of aerosols (e.g., AOD and SSA).
The columnar aerosol properties including the aerosol type and absorbing aerosol type play a pivotal role in determining the weather, radiative
and climate impacts (Ramachandran et al., 2020a; Zhao et al., 2020). The
trends in aerosol impact on climate and climate change including the
changes in precipitation and hydrological cycle based on model simulated
aerosol absorption characteristics over these regions may not be very precise given the uncertainties associated and limitations of models including
aerosol absorption (e.g., Shindell et al., 2013; Myhre et al., 2013;
Ramachandran et al., 2020a, 2020b), rapidly changing aerosol emissions
in the region, and the non-availability of observation-based trend analysis.
This is vital since the radiative and climate effects that result from the recent changing aerosol patterns, especially decreasing emissions since
2013 in China (Fan et al., 2020), are expected to be different from those observed earlier (Samset et al., 2019). These changes can potently turn on
large scale atmospheric responses with wide-ranging impacts on climate,
clouds, chemistry, and other atmospheric processes extending well beyond
the source regions of aerosols and their precursors in South and East Asia
(Samset et al., 2019). Thus, we investigate the climatology and derive the
trends in seasonal and annual time series of aerosol types (UI, BB, DU)
and absorbing aerosol types (MBC, MDU, MIX) hitherto unavailable over
two major global aerosol hotspot regions, South and East Asia. In doing
so we utilized the high-quality time series of observations over a period of
two-decades of the radiative- and climate-relevant columnar aerosol characteristics over Kanpur in South Asia and Beijing in East Asia, along with
satellite observations providing a broader regional perspective (Fig. 1).

The net global aerosol direct radiative effect on Earth's climate due to
heating and cooling by aerosols is negative, which has masked a substantial
portion of the warming due to well-mixed greenhouse gases (GHGs). For example, the increase in well-mixed GHGs led to a warming of 1°C to 2°C from
1850 to 1900 to 2010–2019 with aerosols contributing a cooling of 0.0°C to
0.8°C (IPCC, 2021). However, the annual -, global -mean temperature
change due to aerosol radiative forcing (ARF) is uncertain by a factor of
two (IPCC, 2021). The large uncertainty in estimation of aerosol impact
on climate remains due to, among others, an inadequate understanding of
magnitudes and trends of aerosols in Asia, a major aerosol source region
(IPCC, 2021). Because of non-uniformity in ARF due to variations in sources
and composition of aerosols across time and different locations, net aerosol
effect on climate globally or regionally is not simply a fractional offset. One
of the most crucial parameters that contributes to uncertainty in ARF estimates is the aerosol absorption, including columnar aerosol absorption, as
its accurate measurements across different regions and seasons are lacking
(IPCC, 2013; Hoegh-Guldberg et al., 2018). Several methods have been employed in past studies to distinguish different aerosol types and absorbing
aerosol types using the columnar aerosol optical and microphysical properties. The relations between aerosol extinction Ångström exponent (EAE)
and absorption Ångström exponent (AAE), EAE and single scattering albedo
(SSA), and EAE and real part of refractive index (RRI) of aerosols are typically utilized to classify the aerosol types, while the absorbing aerosol
types are classiﬁed utilizing the relations between ﬁne mode fraction
(FMF) in aerosol optical depth (AOD) and Ångström exponent (AE), FMF
and SSA, and FMF and AAE (Russell et al., 2010, 2014; Giles et al., 2012;
Kedia et al., 2014; Zheng et al., 2017; Rupakheti et al., 2019;
Ramachandran and Rupakheti, 2020; Yang et al., 2021a). The spectral dependence of aerosol optical properties [optical depth (AE), extinction
(EAE), and absorption (AAE)], physical properties (size – (FMF), and chemical properties (refractive index) help in separating the aerosols from different sources, regions and fuel types (Ramachandran and Rupakheti, 2020;
Yang et al., 2021b). The aerosol types are classiﬁed as urban/industrial
(UI) aerosols, biomass burning (BB) aerosols, and dust (DU). The aerosols
over urban areas and industrialized regions are mainly from fossil fuel combustion and biomass burning in anthropogenic activities, and dominantly
ﬁne particles, whereas the coarse particles such as sea salt and dust particles, mostly from natural sources, are present as a function of season. It
may be noted that sea salt aerosols can be important over coastal and oceanic sites, however, classifying them as pure sea salt has limitations because
of their high SSA (~1) and small EAE values (due to larger size) (Russell
et al., 2010, 2014). The absorbing aerosol types are categorized as mostly
black carbon (MBC), i.e., a mixture of urban/industrial and biomass burning emissions with BC aerosols as the dominant absorbers, mostly dust
(MDU), i.e., dust is the dominant absorber, and mixture (MIX), i.e., a mixture of ﬁne mode BC particles and coarse mode dust particles as dominant
absorbers (Giles et al., 2012; Ramachandran and Rupakheti, 2020).
Asia is a global aerosol hotspot. Aerosol emissions are changing rapidly
over Asia, especially the anthropogenic emissions (Samset et al., 2019). The
recent changes in aerosol emissions over Asia, with the emissions increasing over South Asia and decreasing over East Asia, have resulted in a dipole
in aerosol pollution between South Asia and East Asia (Samset et al., 2019;

Fig. 1. Satellite retrieved aerosol Ångström exponent (AE) over Asia: The AE data were obtained using the MODIS Terra Deep Blue version 6.1 level-3 daily mean for Land.
Seasonal changes in AE over Asia for 2001-05, 2014-18 and the difference between the time two periods ((2014-18)–(2001-05)) corresponding to (a) winter, (b) pre-monsoon, (c) monsoon, (d) post-monsoon seasons and on (e) Annual scale.
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2. Data and methodology

corresponding to two 5-year periods, 2001–2005 (the beginning of the
study period) and 2014–2018 (the end of the study period), are compared
to prevent any biases and features that can arise out of inter-annual variability.

2.1. Study region and measurement sites
The two aerosol robotic network (AERONET) (https://aeronet.gsfc.
nasa.gov/) sites - Kanpur (26.5oN, 80.2°E, 123 m above mean sea level
(asl)) in the Indo-Gangetic Plain (IGP) in South Asia and Beijing (39.9°N,
116.4°E, 92 m asl) in the North China Plain (NCP) in East Asia are shown
in Fig. 1. Kanpur is located ca. 500 km downwind of Delhi, a megacity
with 30 million inhabitants. Kanpur is a densely populated (ca. 3 million inhabitants), industrialized and heavily polluted location. Beijing, a megacity
with a population of 20 million, is located in the heavily industrialized and
highly polluted NCP. The general environmental ambience of the sites, and
the aerosol characteristics are very similar over Beijing and Kanpur (Eck
et al., 2010; Ramachandran et al., 2020a). They are urban areas where
emissions from fossil fuel combustion and biomass burning occur during
all seasons, along with desert dust events that occur primarily in the premonsoon (spring) season (March–May) which contribute to the heavy aerosol pollution (Eck et al., 2010). Over India and China, fossil fuels (coal, oil
and natural gas) contribute 70% or more to the primary energy supply,
and their contribution is rather steady during the last 2-decades
(Ramachandran et al., 2022). BC emissions in China are at least twice as
high as in India (Kurokawa and Ohara, 2020). BC emissions in China continued to increase from early 2000s to 2010 and then started to fall 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 last 2-decades caused by growth of emissions from diesel vehicles and industrial sector (Kurokawa and Ohara, 2020). Both sites are
heavily inﬂuenced by regional emissions, in addition to emissions from
their own local sources. The plains in South Asia (IGP) and East Asia
(NCP) are inﬂuenced by the dynamics of Asian summer monsoon with
northeasterly and southwesterly winds during the winter and summer monsoon seasons, respectively. Over both the areas the monsoon period is
June–September, during which ≥80% of the total annual rainfall occurs.
In general, across India the aerosol emission types (from fossil fuel and biomass burning, and dust) were found to be the same throughout the year
(Kedia et al., 2014; Ramachandran et al., 2015), which holds good for the
IGP too. However, the abundance of each aerosol type varied across the region (depending on urban, remote, continental and rural) and seasons (winter, monsoon) (Ramachandran et al., 2015). Across China, including Beijing
the aerosol types were found to be the same as over the IGP, however, their
abundances exhibited different proportions depending on the locales
(urban, rural and coastal) (Che et al., 2019). Further, during wintertime
both IGP and NCP are found inﬂuenced by severe haze/fog events
(Ramachandran et al., 2015; An et al., 2019; Che et al., 2019).

2.3. Ground-based measurements of columnar aerosol parameters
The extinction Ångström exponent (EAE), real part of refractive index
(RIR), Ångström exponent (AE), ﬁne mode fraction (FMF) and the linear depolarization ratio (LDR) retrieved from measurements with the sun/sky radiometers at the AERONET sites at Kanpur and Beijing are analyzed to
obtain a hitherto unavailable regional and seasonal description of climatology and trends in aerosol types and absorbing aerosol types over South and
East Asia. The level 2, version 3 cloud-screened and quality-assured daily
data retrieved from direct and solar almucantar inversion algorithm are utilized. The ground-based Sun-sky radiometers measure direct solar and diffuse sky radiances in the spectral range of 0.34–1.02 μm (Holben et al.,
2001). The radiometer, which has a ﬁeld of view of 1.2o, makes direct
solar radiation measurements roughly every 15 min under clear sky condition. For direct solar measurement, triplet observations are made at each
wavelength for calibration (using Langley technique) and to screen the
clouds (Holben et al., 2001). In the present study, the direct solar measurements made at four spectral channels (0.44, 0.50, 0.675 and 0.87 μm) and
the sky radiance measurements made at four spectral channels (0.44,
0.675, 0.87 and 1.02 μm) are utilized. The radiometers under AERONET
are calibrated routinely (approximately every six to twelve months) following a detailed procedure so as to ensure data continuity and measurement
quality (Dubovik et al., 2000; Holben et al., 2001). The data for the period
of 2001–2018 over Kanpur and Beijing are utilized. The duration of level 2
data availability is the longest over Kanpur and Beijing than any other site
(s) throughout South Asia and East Asia, respectively. The above data were
available only for 3 months during 2001 (Mar-May), and 2005 (Oct-Dec)
over Beijing and hence the data from these years are not included in the
analysis. The seasonal and annual averages are calculated from the dailyaverage of instantaneous aerosol properties measured at 20 min time interval with typically about 15 measurements each day during the chosen year
(s). The seasons are deﬁned as winter (December–January-February (DJF)),
pre-monsoon or spring (March–April-May (MAM)), monsoon (Jun-July-August-September (JJAS)) and post-monsoon (October–November (ON)). The
study region experiences overcast and cloudy conditions during the monsoon season reducing the number of data points due to cloud screening,
however, the retrieved aerosol characteristics can be relied upon and are included because the observations during the monsoon also undergo the
same level of quality control measures similar to the other seasons.
It should be noted that we have used version 3, level 2, qualitycontrolled, cloud-screened and calibrated AERONET data, and therefore
uncertainties in these parameters are not expected to change any conclusions of the study. The uncertainties in the AERONET data and details of
quality checks undertaken are brieﬂy mentioned here. The uncertainty in
AOD depends on wavelength; it is less than ±0.01 for wavelengths >0.44
μm and is less than ±0.02 for shorter wavelengths (Holben et al., 2001).
The spectral AOD and extinction AOD (EAOD) follow a power law of the
form y = Kλ-α, where λ is the wavelength, y is AOD or EAOD, and α is
AE or EAE, respectively. AE, and EAE are derived using AOD, and EAOD,
measured at 0.44, 0.675 and 0.87 μm, respectively by least squares ﬁtting
of AOD or EAOD with respect to wavelength on a log-log plot. In principle,
the AOD and EAOD are the same as both represent the columnar extinction/attenuation of radiation by aerosols, however, they are retrieved
using two different algorithms in AERONET. For example, AOD is derived
from the direct radiation measurements (direct sun algorithm) while
EAOD is retrieved from the direct and diffuse sky radiation measurements
(solar almucantar scenario in Inversion algorithm) (Dubovik et al., 2000).
The error in the real part of refractive index (RIR) corresponding to the
wavelength of 0.44 μm, which is used in the study, lies in the range of
0.025–0.05 (Dubovik et al., 2000). The ﬁne mode fraction (FMF) is derived
as the ratio of ﬁne mode AOD (particles in the 0.01–1.0 μm radius range) to

2.2. Satellite observations over Asia
The MODIS Terra version 6.1 daily level-3 Å Exponent (AE) data
(https://giovanni.gsfc.nasa.gov/giovanni/) are utilized. AE, a spectral derivative of aerosol optical depth (AOD), is derived using the AODs retrieved
in the 0.47 μm–0.65 μm wavelength range in MODIS Terra Deep Blue Algorithm (Sayer et al., 2019). The uncertainty in MODIS Terra AOD is ±0.05
± 0.15AOD over land (Levy et al., 2013). AE is used widely to quantify
whether the ﬁne mode or coarse mode aerosols are dominant in the column
as AE depends on the aerosol size distribution. AE values are in the range of
1 to 3 when dominated by ﬁne mode aerosols (e.g., combustion aerosols) in
the accumulation mode whereas smaller AE values (~zero) occur when the
aerosol size distribution is dominated by coarse mode aerosols (dust and
sea salt) (e.g., Eck et al., 2010; Kedia et al., 2014). Further, it should be
noted that either an increase in the number of smaller particles or a decrease in the number of bigger particles in the size distribution can cause
an increase in the AE values. Annual and seasonal averages (Fig. 1) of AE
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total AOD (all the particles in 0.01–10 μm radius range) at 0.50 μm from the
sky radiance measurements. The error in AERONET derived FMF is ~10%
(O’Neill et al., 2003). The errors in the retrieved volume size distributions
are not signiﬁcant, and are found to not signiﬁcantly affect the main features of the aerosol size distribution, namely, the concentration and effective radii (Dubovik et al., 2002). The linear depolarization ratio (LDR)
corresponding to 0.532 μm wavelength is used. The AERONET retrieved
aerosol parameters are reported to have the highest accuracy when solar zenith angle is between 50o and 80o (Dubovik et al., 2000); only those data
that are within this solar zenith angle range are utilized in the present
study.

2.5. Derivation of trends
The seasonal and annual trends on aerosol types and absorbing aerosol
types are calculated using linear regression method. The linear regression
method is simple, robust, and less sensitive to breaks in the time series of
data, and thus, widely used to derive the trends in the time series of timedependent geographical variables. In addition, the linear regression
method is appropriate when the uncertainty in data is constant
(i.e., residuals are Gaussian white noise). In this approach regression can
be obtained by assigning the same precision for each parameter (or in
other words allocating a weight of unity to each parameter). The statistical
signiﬁcance of the trends was tested and p-values at 95% conﬁdence level
(CL) are reported.

2.4. Determination of aerosol type, and absorbing aerosol type

3. Results and discussion

The suite of aerosol characteristics retrieved by AERONET and their
inter-relation (EAE vs. RIR) can be used to classify aerosols into different
source types, such as, originating from biomass burning, urban/industrial
mix, and dust (Russell et al., 2010, 2014; Giles et al., 2012; Rupakheti
et al., 2019). EAE represents the wavelength dependence of aerosol extinction, which is based on aerosol size distribution and varies depending on
aerosol type and dominance (Russell et al., 2014). The RIR, which depends
on the chemical composition of aerosols, deﬁnes the scattering contribution. The boundary values of EAE and RIR used to classify the different
aerosol sources are EAE: 0.70–1.74 and RIR: 1.35–1.43 for urban/industrial
(UI), and EAE: 1.00–1.50 and RIR: 1.43–1.57 for biomass burning (BB), and
EAE: 0.01–0.41 and RIR: 1.44–1.59 for dust (DU) (Russell et al., 2014;
Rupakheti et al., 2019). It is worth noting that the parameters EAE and
RIR correspond to the total (composite) aerosols, as opposed to, for example, the relation between EAE and AAE (absorption Ångström exponent,
the wavelength exponent derived from the spectral dependence of absorption AOD, i.e., AAOD). In addition, the threshold values for EAE and RIR
that are used to classify the aerosols as UI, BB and DU type do not overlap
unlike between EAE and AAE. The boundary values in case of relation between EAE and AAE are EAE: 0.80–1.60 and AAE: 0.60–1.30 for UI, and
EAE: 0.80–1.70 and AAE: 1.10–2.30 for BB, and EAE: 0.01–0.40 and AAE:
1.00–3.00 for DU where the thresholds overlap.
The different absorbing aerosol types can be identiﬁed by utilizing the
relation between AE and FMF. The AE is measure of the spectral dependence of AOD with the dominant sizes of aerosol size distribution, and enables to classify the absorbing aerosol types under three major categories as
Mostly BC (MBC), Mostly Dust (MDU) and Mixed (as stated earlier) (Giles
et al., 2012). The threshold limits used for the classiﬁcation are AE:
1.00–1.50 and FMF: 0.70–1.00 for MBC, AE: 0.00–0.40 and FMF:
0.10–0.40 for MDU, AE: 0.40–1.00 and FMF: 0.40–0.70 for Mixed. In this
classiﬁcation also, both the parameters (AE and FMF) used to classify the
absorbing aerosol types pertain to total (composite) aerosols, and the
threshold limits do not overlap, unlike for example in case of AAE vs.
FMF - AAE: 1.00–2.00 and FMF: 0.50–1.00 for MBC, AAE: 2.00–3.00 and
FMF: 0.10–0.30 for MDU, and AAE: 1.00–2.00 and FMF: 0.17–0.40 for
Mixed (Giles et al., 2012; Rupakheti et al., 2019). The light absorption
by the other absorbing aerosol species, namely the brown carbon
(BrC) is strongly wavelength dependent. The absorption by BrC is significantly lower (5-times) than that of BC. The BrC absorption is effective
only over a narrow wavelength band in the 0.3 to 0.6 μm wavelength
range and peaks around 0.37 μm, with its absorption falling very steeply
beyond 0.4 μm, and makes a < 5% contribution to total light absorption
beyond 0.55 μm (Kirillova et al., 2016). The role and inﬂuence of BrC in
light absorption in this study is not included owing to the above, and
due to the fact in the present study the classiﬁcation into different aerosol types and absorbing aerosol types is based on composite (or total)
aerosols and not on absorption AOD (Ramachandran et al., 2020b)
which is needed to estimate the inﬂuence of BrC on light-absorption.
Further, a comprehensive analysis of contribution of BC and BrC to
AAODs over South and East Asia revealed that BrC contributes ≤25%
to aerosol absorption over South Asia and ≤ 16% over East Asia
(Ramachandran et al., 2020b).

3.1. Satellite observations of Ångström exponent
In general, satellite observations clearly show higher AE over the NCP
than the IGP (Fig. 1), indicating the higher dominance of ﬁne mode aerosols
over East Asia. Higher AE results from dominance of ﬁne mode aerosols in
the aerosol size distribution whereas lower AE occurs when it is dominated
by larger aerosols. Across the IGP and NCP the average AE during
2014–2018 is higher than during 2001–2005, indicating that the ﬁne
mode aerosols have increased relative to coarse mode aerosols in the last
2-decades. AE values exhibit signiﬁcant seasonal variations in addition to
spatial variations (Fig. 1). AE over India and the IGP are higher during winter and post-monsoon (>1) than during the pre-monsoon and monsoon seasons (<1); typically, during post-monsoon and winter ﬁne mode aerosol
emissions from anthropogenic activities dominate the aerosol distribution
leading to higher AE whereas pre-monsoon and monsoon AE values are
modulated by the coarse mode dust and sea salt particles resulting in
lower AE (Kedia et al., 2014; Ramachandran et al., 2015). Over NCP seasonal variations in AE are less prominent (Fig. 1), with AE values in the
1.0 to 1.5 range during the year. The seasonal features in AE are similar
in both the decades. The differences in average AE between 2014–2018
and 2001–2005 are positive and are in the range of 0.2 to 0.4 on a regional
scale across the IGP and the NCP. Interestingly the AE values have become
higher during pre-monsoon and monsoon seasons over the IGP during
2014–2018 compared to 2001–2005 period resulting in more positive differences suggesting that the ﬁne mode aerosols have increased in these
two seasons during the current decade. A seasonal trend analysis of AOD
showed that natural aerosols mainly in the coarse mode (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 or 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) which are predominantly in the ﬁne mode.
Trends in AE derived from MODIS data for both IGP and NCP as well as
over Kanpur and Beijing for the 2001–2018 period are similar; the trends
being statistically signiﬁcant over Kanpur and IGP (Fig. 2). The positive
(i.e., increasing AE) trends in AE during 2001–2018 over Kanpur and IGP
are robust – they are statistically signiﬁcant at 95% conﬁdence level. In contrast, AE shows a slight negative trend over Beijing and NCP (Fig. 2) which
however is not statistically signiﬁcant. On the year-on-year comparison, the
AE has increased in 2018 when compared to 2001, however, AE values start
decreasing over Beijing and NCP post 2010 (Fig. 2). As the 2018 AE values
are lower than the 2010 values the negative trends in AE, which are negligible and not statistically signiﬁcant, are observed over Beijing and the
NCP. It can be attributed to the reduction in AOD due to reduction in emissions of primary aerosols and aerosol precursor gases as a result of comprehensive emission controls in China during the recent decade (2010–2017)
(Ramachandran et al., 2020a). The ±1σ (standard deviation) from the
mean (vertical bars) in the area-averaged AE decreases in the more recent
years (Fig. 2) indicating a regional homogeneity in increase or decrease in
5
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Fig. 2. Trend in satellite retrieved Ångström exponent (AE) over South and East Asia: (a) Kanpur (p-value <0.01, signiﬁcance <0.01 at 95% conﬁdence level (CL)), and
(b) Beijing (p-value 0.25, signiﬁcance 0.30 at 95% CL), (c) South Asia (p-value <0.01, signiﬁcance <0.01 at 95% CL) and East Asia (p-value 0.69, signiﬁcance 0.80 at
95% CL). The AE values in (c) and (d) are averaged over the areas as shown in boxes in Fig. 1.

et al., 2019; Che et al., 2019) giving rise to AE values higher than 1. The seasonal variation of FMF follows that of AE and EAE. FMF is lowest during
pre-monsoon over Kanpur (<0.4) and Beijing (<0.6), and it is about 0.5
over Kanpur during monsoon. Aerosols in ﬁne mode dominate the aerosol
distribution during post-monsoon and winter (FMF ≥ 0.8). The RIR is
around 1.50. It has the least variation during the year over both South
and East Asia. RIR values over Kanpur and Beijing are comparable during
winter and pre-monsoon. RIR values are lower over Beijing than Kanpur
during monsoon and post-monsoon. The RIR was found to lie in the
1.40–1.47 range for urban/industrial and mixed aerosols, 1.47–1.52
range for biomass burning aerosols and 1.36–1.56 range for desert dust
(Dubovik et al., 2002). The RIR over Kanpur is >1.49 during postmonsoon and winter when the aerosols from biomass burning and urban/
industrial emissions dominate, and decreases during pre-monsoon and
monsoon when dust and sea salt aerosols also contribute to the aerosol distribution, which are consistent with the range of RIR reported for different
environmental settings. Similar features are seen over Beijing – RIR is
higher during winter and post-monsoon than in the monsoon season.

emissions of aerosols and their precursors. The variations in the standard
deviations of AE over IGP and NCP are attributed primarily to the differences in the amounts, and changes in aerosol emissions (Zheng et al.,
2018; Li et al., 2017; Fan et al., 2020) rather than due to inter-annual
change in meteorological condition as the effects due to inter-annual meteorological variations on aerosol concentrations during 2013–2017 were
found to be relatively small (Zhang et al., 2019). Another notable feature
in trends is evident between the two regions – the rate of increase in AE
is higher at local scale (Kanpur) in South Asia when compared to the
broader IGP region (Fig. 2a, c), similarly over East Asia the rate of decrease
is lower over NCP compared to Beijing (Fig. 2b, d). Thus, the results indicate that though there are differences in the magnitudes of rate of increase/decrease on regional (IGP, NCP) and local scales (Kanpur, Beijing),
based on the overall similarity in aerosol parameters (discussed in
Section 2.1) and their trends, aerosol characteristics measured at these
two individual locations can be made use of as being broadly representative
of the respective region of their location.
3.2. Aerosol optical characteristics, aerosol type and absorbing aerosol type over
Kanpur and Beijing

3.2.2. Aerosol types
The aerosol types and absorbing aerosol types over Kanpur (IGP) and
Beijing (NCP) follow the seasonal variations in aerosol physical and chemical characteristics (Fig. 4). UI and BB types are present throughout the year
in all seasons over both the locations. Dust (DU) type is present only during
pre-monsoon and monsoon over Kanpur, and only during pre-monsoon
over Beijing (Fig. 4). BB is the largest aerosol type in Kanpur during postmonsoon (ca. 80%) and winter (ca. 60%) while DU is a major aerosol
type (40–50%) in pre-monsoon and monsoon. The dominance of BB
aerosol type during post-monsoon over the IGP occurs due to the transport
of intense crop residue burning emissions over northwestern IGP
(Ramachandran et al., 2015; Jethva et al., 2019). These results on aerosol
type over Kanpur are consistent with earlier results (e.g., Kedia et al.,
2014; Ramachandran et al., 2015; Jethva et al., 2019).
Over Beijing, the contribution of UI aerosol type increases gradually
from winter (8%) to post-monsoon (56%) whereas the BB aerosol type reduces gradually during the same timeframe, with BB being the dominant
aerosol type. Dust aerosols with light-absorbing properties were found to
occur more frequently in spring (pre-monsoon) over northeastern China
than in the more southern regions (Zhao et al., 2015). The two major causes

3.2.1. Aerosol optical characteristics
The AE, EAE, RIR and FMF all exhibit seasonal variations (Fig. 3). At the
outset, the Beijing values are higher than Kanpur. EAE and AE are values
are almost same. They are lowest during pre-monsoon over both the locations (<1 over Beijing, and ≤ 0.6 over Kanpur). Over Kanpur, EAE and
AE values are lower (~0.6) even in monsoon while such a decrease in
EAE and AE are not clearly evident over Beijing. Lower EAE and AE values
arise due to the increase in the amount of bigger size particles in the aerosol
size distribution. In the pre-monsoon season in South and East Asia, the
winds that travel through the upwind arid regions to the west (e.g., Thar,
Taklimakan, Arabian Peninsula) bring in desert dust (coarse) particles to
the Indo-Gangetic Plain (IGP) and the North China Plain (NCP) (Kedia
et al., 2014; Che et al., 2019) thereby reducing the AE. During monsoon season dust and sea salt particles contribute to aerosol distribution over the IGP
(Kedia et al., 2014; Ramachandran et al., 2015), resulting in lower AE and
EAE values. The winter and post-monsoon seasons over the IGP and the
NCP are dominated by ﬁne mode aerosols from fossil fuel and biomass
burning emissions (Kedia et al., 2014; Ramachandran et al., 2015; Jethva
6
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that inﬂuence the aerosol chemical composition between northern and
southern China were found to be the variations in anthropogenic emissions
from seasonal biomass burning and residential heating (Che et al., 2018).

High percentage of absorbing aerosols found at the northeastern sites, during winter, were more likely due to emissions of carbonaceous aerosol from
residential heating (Zhao et al., 2015). The prevailing meteorological conditions over northern China during winter when the winds are mainly
from the north and northwest, and during pre-monsoon when the winds
are from the south and southwest inﬂuence aerosol characteristics in different regions of China (Xie et al., 2020). The ﬁndings from the current study
on the aerosol types over Beijing are consistent with these results on columnar aerosol characteristics (e.g., Che et al., 2019) as well as the results on
surface aerosol chemical composition contribution of biomass burning to
ﬁne particulate matter and BC (e.g., Xie et al., 2020). Residential heating
in cold seasons (late autumn–winter–early spring) is mostly related to
coal combustion in northern China, while over rural regions biomass burning is also used for heating. Furthermore, open biomass burning is also popular and widespread during harvest season. It was found that the inﬂuence
of coarse particle (dust) was limited during the other seasons than premonsoon (Xie et al., 2020) similar to our results.
3.2.3. Absorbing aerosol types
The absorbing aerosol types over Kanpur and Beijing validate the observed aerosol types (Fig. 4g, h). During post-monsoon and winter the dominant absorbing aerosol type (≥70%) over Kanpur is MBC which drops
very signiﬁcantly to 2% during pre-monsoon. The aerosol absorption by
MBC primarily occurs over Kanpur due to the combination of aerosol
sources, the prevailing meteorological conditions and atmospheric transport. The post-monsoon season is marked by the emissions from the crop
residue burning over northwestern India and their transport across the
IGP which exhibits a spatial gradient (Kedia et al., 2014; Jethva et al.,
2019). The winds over IGP are calm and northerly or northwesterly during
post-monsoon (Ramachandran et al., 2015). The winter is marked by colder
temperatures over the IGP. The shallow planetary boundary layer and the
increase in anthropogenic emissions in addition to vehicular/industrial
emissions, due to biomass burning (residential heating) results in more
amount of BC over IGP (Kedia et al., 2014; Ramachandran et al., 2015).
In pre-monsoon the aerosol absorption is mainly due to MDU and MIX
type aerosols. In contrast during monsoon it is due to MBC and MDU and
a small fraction by MIX aerosols. As seen earlier in aerosol type, MDU as
an absorbing aerosol type is present only during pre-monsoon and monsoon
(Fig. 4). MBC is the dominant absorbing aerosol type (≥70%) over Beijing
during winter, monsoon and post-monsoon whereas all the three absorbing
aerosol types are present during pre-monsoon (Fig. 4). The source of BC in
Beijing is found to be dominantly from local trafﬁc emissions in premonsoon while emissions from coal combustion and biomass burning
were also important during winter (Zhao et al., 2015; Xie et al., 2020). Further, dust was found to be important for aerosol absorption during premonsoon (e.g., Xie et al., 2020), similar to our results (Fig. 4).
The presence of different aerosol types and absorbing aerosol types during the year with different proportions over Kanpur in South Asia and Beijing in East Asia are in contrast to the results obtained over Hanimaadhoo, a
coastal site in the Indian Ocean affected largely by South Asian pollution
outﬂow during dry season, where the absorbing aerosol types were MBC
and MIX type during winter, pre-monsoon and post-monsoon, while MDU
was the most dominant and contributed >95% to aerosol absorption during
monsoon (Ramachandran and Rupakheti, 2020). Results on aerosol types
and absorbing aerosol types over Kanpur in the current study are consistent
with results from earlier studies over IGP (e.g., Kedia et al., 2014). Over
Gandhi College, a rural location, ~500 km downwind of Kanpur in the central IGP, MDU absorbing aerosol type was absent throughout the year as
Fig. 3. Aerosol characteristics over Kanpur and Beijing derived from the AERONET
observations: seasonal mean (Win: winter, PreM: pre-monsoon, Mon: monsoon and
PosM: post-monsoon) and annual (Ann) values of (a) extinction Ångström exponent
(EAE), (b) real part of refractive index (RIR), (c) Ångström exponent (AE), and
(d) ﬁne mode fraction (FMF) over Kanpur and Beijing in 2012 and 2011,
respectively. The vertical bar in each column represents ±1σ (standard deviation)
from the seasonal or annual mean.
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Fig. 4. Aerosol types [classiﬁed as Urban/Industrial (UI), Biomass Burning (BB) and Dust (DU)] and absorbing aerosol types [classiﬁed as (Mostly BC (MBC), Mostly Dust
(MDU) and Mixed (MIX)] derived from the AERONET observations over Kanpur and Beijing in different seasons (Win: winter, PreM: pre-monsoon, Mon: monsoon and
PosM: post-monsoon) and annual (Ann) scales: aerosol types over (a) Kanpur in 2012 and (b) Beijing in 2011, percentage contributions of aerosol types over (c) Kanpur
and (d) Beijing, absorbing aerosol types over (e) Kanpur in 2012 and (f) Beijing in 2011, and percentage contributions of absorbing aerosol types over (g) Kanpur and
(h) Beijing.

Himalaya, ca. 600 km to the northeast from Kanpur) (Rupakheti et al.,
2019). It should be noted that the results mentioned above in comparison
follow the same approach (boundary values/thresholds for the different
aerosol characteristics and the seasonality are the same) outlined in the
present study to classify and categorize the aerosol type and the absorbing

dust exhibits a west (high) to east (low) gradient across the IGP
(Ramachandran et al., 2015). Similar to Gandhi College, MBC and MIX
aerosols were present in all the seasons while MDU was absent in Lumbini
(located in the northern edge of the central IGP, ca. 400 km to the northeast
from Kanpur) and Kathmandu (a polluted valley in the foothills of central
8
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Fig. 5. Seasonal and annual trends in aerosol types [urban/industrial (UI), biomass burning (BB) and dust (du)] derived from the AERONET observations over Kanpur and
Beijing during 2001–2018: Left column for Kanpur [(a) winter, (b) pre-monsoon, (c) monsoon, (d) post-monsoon, and (e) annual], and right column for Beijing [(f) winter,
(g) pre-monsoon, (h) monsoon, (i) post-monsoon, and (j) annual]. The equations for the overall trend (2001–2018) for each aerosol type are given in each ﬁgure.
9
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observed to be higher over Beijing than Kanpur during post-monsoon.
The statistical signiﬁcance of the trends estimated for 2001–2018 is found
to have a low p-value ≤0.05 (meaning highly signiﬁcant) at 95% conﬁdence level in almost all of the trends on aerosol types and absorbing aerosol types on both seasonal and yearly time scales (Tables 1, 2).
The climatology and the trends observed in aerosol types are corroborated by the changes in volume concentration and their percentage contribution in ﬁne (aerosols of radius < 1 μm), coarse (particles of radius > 1 μm)
modes, and their total (Figs. 6, 7). The ﬁne mode aerosol volume concentration over Kanpur has increased with statistically signiﬁcant trends during
the last 2-decades in all the seasons, and on the yearly scale (Fig. 6,
Table 2). The increasing trends in ﬁne mode aerosol volume concentrations
are in tandem with the positive trends in UI and/or BB aerosol types, which
are typically in ﬁne mode. Likewise, the signiﬁcantly negative trend of
coarse mode volume concentration during pre-monsoon is consistent with
the negative trend in dust aerosol type (Fig. 5). The percentage contribution
of ﬁne mode aerosols to the total volume concentration also shows a positive trend (Fig. 7) whereas the share of coarse mode aerosol to total volume
shows a negative trend throughout the year, with both trends statistically
signiﬁcant (Table 2), which is consistent with the trends in aerosol types
(Fig. 5, Table 1). Over Beijing, the ﬁne, coarse and total aerosol volume concentrations all show negative trends on both annual and seasonal scales
(Fig. 6), with the trends statistically signiﬁcant during pre-monsoon and
monsoon season (Table 2). In contrast to South Asian aerosols, over Beijing
the percentage contribution of ﬁne mode aerosols to total volume has negative trends during winter and pre-monsoon whereas it has positive trends
during monsoon and post-monsoon (Fig. 7). On the yearly scale, it shows a
negative trend (Fig. 7). The percentage contribution of coarse mode aerosols exhibits trends opposite to trends of ﬁne mode's contribution (Fig. 7).
The linear depolarization ratio (LDR), a measure of shape and size of
aerosol particles in the size distribution, can be used to distinguish the dominance of ﬁne mode from coarse mode particles in the aerosol distribution.
LDR is smaller for ﬁne mode aerosols (which are mostly spherical) than
coarse mode dust (and sea salt) particles which can be aspherical. Typical
values of LDR for ﬁne mode aerosols (from fossil fuel and biomass burning
emissions) are in the 0.05–0.10 range whereas for dust particles LDR is
higher (≥0.20 or even higher) (Ramachandran et al., 2020b). The seasonal
and annual mean LDR over both Kanpur and Beijing are <0.30 (Fig. 8). On
seasonal scale the LDR is <0.10 over Kanpur during post-monsoon and winter corroborating the dominance of ﬁne mode aerosols whereas LDR is
>0.10 going up to ~0.25 during pre-monsoon and monsoon seasons. The
annual mean LDR values are close to 0.10. The LDR values over Beijing
are <0.10 throughout the year except for pre-monsoon (Fig. 8). The LDR
values exhibit decreasing trends over Kanpur during all the seasons (except
for winter) and annually. Over Beijing LDR exhibits a decreasing trend during post-monsoon and winter. The LDR shows a statistically signiﬁcant
trend over Kanpur during monsoon facilitated by the statistically signiﬁcant
increasing (decreasing) trends of UI and BB (dust) aerosol types. The climatology and trend analysis of LDR over the IGP and NCP show that overall
LDR values are lower, decreasing in general, and conﬁrm that the ﬁne
(coarse) mode aerosols are increasing (decreasing).
The absorbing aerosol types are MBC and MIX only during postmonsoon and winter over Kanpur whereas during pre-monsoon and

Table 1
Details of statistical tests (p-values at 95% conﬁdence level) for the trends in different aerosol types [urban/industrial (UI), biomass burning (BB) and dust (DU)] over
Kanpur and Beijing on seasonal and annual scales. Trends in linear depolarization
ratio (LDR) are also given. The p-values ≤0.05 are shown in boldface.
Season

Winter
Pre-monsoon
Monsoon
Post-monsoon
Annual

Kanpur

Beijing

UI

BB

0.02
0.50
<0.01
0.07
0.58

0.03
0.04
0.05
0.05
0.03

DU
0.03
0.01
0.10

LDR

UI

BB

0.67
0.10
0.02
0.08
0.38

0.05
0.10
<0.01
<0.01
0.20

0.01
0.09
0.04
0.70
0.95

DU
0.44

0.90

LDR
0.94
0.42
0.43
0.88
0.21

aerosol type. A seasonal classiﬁcation of aerosol type and absorbing aerosol
type is important to distinguish the natural from anthropogenic aerosols.
Further, in order to quantify the aerosol absorption which has implications
to radiation budget and climate, we need to critically investigate and examine the climatology of aerosol types and absorbing aerosol types with an
aim to determine whether they maintain the same seasonal variations
every year.
3.3. Climatology and trends in aerosol type and absorbing aerosol type over Kanpur and Beijing
Overall, the climatology of aerosol types over a period of almost twodecades (2001–2018) over Kanpur clearly shows a positive trend (statistically signiﬁcant) of BB aerosol type in every season, a negative trend (statistically signiﬁcant) of UI type in winter and pre-monsoon and a positive
trend during monsoon and post-monsoon, and a negative trend (statistically
signiﬁcant) of DU type during pre-monsoon and monsoon (Fig. 5, Table 1).
The DU type is not present in post-monsoon and winter. On the annual scale
(Fig. 5e), BB and UI show positive trends over Kanpur while DU shows a
negative trend. The seasonal trends are examined in order to be able to attribute the annual trends to changes in seasonal aerosol loading. This is necessary as both the study regions experience strong seasonal changes in
aerosol amounts and types due to seasonal changes in natural processes
and anthropogenic activities, and therefore, breaking down the annual
trend into seasonal trends would enable a tracing of different sources of
aerosols contributing to seasonal and annual trends. Over Beijing, UI aerosol type has a slight negative trend on annual scale during 2001–2018
whereas BB and DU aerosols exhibit a small positive trend (Fig. 5j). These
annual trends are not statistically signiﬁcant though (Table 1), in contrast
to Kanpur where the trend in BB aerosol type is statistically signiﬁcant.
On a seasonal scale, the negative trend in UI aerosols over Beijing and the
positive trend in BB aerosols are statistically signiﬁcant during winter.
The pattern of trend – increasing BB and decreasing UI – observed during
winter also occurs in pre-monsoon, and DU shows a subtle positive trend
in pre-monsoon. The scenario reverses in monsoon where BB shows a negative trend whereas UI exhibits a positive trend, both trends being statistically signiﬁcant. The post-monsoon negative trend in UI aerosol type is
statistically signiﬁcant as opposed to the statistically insigniﬁcant positive
trend in BB aerosol type. The inter-annual variation in aerosol types is

Table 2
Details of statistical tests (p-values at 95% conﬁdence level) for the trends in aerosol volume concentration in ﬁne and coarse modes and their total over Kanpur and Beijing on
seasonal and annual scales. Trends in percentage contribution of ﬁne mode aerosols to total volume concentration, and coarse mode aerosols to total volume concentration
are also given. p-values ≤0.05 are shown in boldface.
Season

Kanpur
Winter
Pre-monsoon
Monsoon
Post-monsoon
Annual

Kanpur

Beijing

Fine

Coarse

Total

%Fine to Total

%Coarse to Total

Fine

Coarse

Total

%Fine to Total

%Coarse to Total

<0.01
<0.01
<0.01
<0.01
<0.01

0.51
0.05
0.43
0.91
0.46

<0.01
0.07
0.64
0.07
0.52

<0.01
<0.01
<0.01
0.01
<0.01

<0.01
<0.01
<0.01
0.01
<0.01

0.41
<0.01
<0.01
0.25
<0.01

0.26
0.04
<0.01
0.08
0.10

0.47
<0.01
<0.01
0.10
<0.01

0.81
<0.01
0.08
0.41
0.08

0.81
<0.01
0.08
0.41
0.08
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Fig. 6. Seasonal and annual trends in volume concentration of aerosols (μm3/μm2) in ﬁne mode (F), coarse mode (C) and total (T) over Kanpur and Beijing during 2001–2018
derived from the AERONET observations: left column for Kanpur [(a) winter, (b) pre-monsoon, (c) monsoon, (d) post-monsoon, and (e) annual], and right column for Beijing
[(f) winter, (g) pre-monsoon, (h) monsoon, (i) post-monsoon and (j) annual]. The equations for the overall trend (2001–2018) in volume concentrations in ﬁne (F), coarse
(C) and total (T) are also given in each ﬁgure.
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Fig. 7. Seasonal and annual percentage contributions of ﬁne mode (F) and coarse mode (C) aerosols to the total volume concentrations (Fig. 6) and their trends over Kanpur
and Beijing during 2001–2018: left column for Kanpur [(a) winter, (b) pre-monsoon, (c) monsoon, (d) post-monsoon, and (e) annual], and right column for Beijing
[(f) winter, (g) pre-monsoon, (h) monsoon, (i) post-monsoon, and (j) annual]. The equations for the overall trend (2001–2018) for each mode are given in each ﬁgure.
12
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Fig. 8. Seasonal and annual mean linear depolarization ratio (LDR) of aerosols over Kanpur Beijing during 2002–2018 derived from the AERONET observations: left column
for Kanpur [(a) winter, (b) pre-monsoon, (c) monsoon, (d) post-monsoon, and (e) annual], and right column for Beijing [(f) winter, (g) pre-monsoon, (h) monsoon, (i) postmonsoon, and (j) annual]. Vertical bars indicate ±1σ (standard deviation) from the mean. Trend lines and the equations for the overall trend (2001–2018) for LDR are given
at the top of each ﬁgure.

types (Fig. 9) are consistent with the trends obtained on aerosol types
(Fig. 5) and the volume concentrations in ﬁne and coarse modes (Figs. 6, 7).

monsoon MDU is also present (Fig. 9) consistent with the aerosol types
found (Fig. 5). The MBC shows an increasing trend throughout the year
in all the seasons whereas the MIX absorbing aerosol type exhibits a decreasing trend during post-monsoon and winter over Kanpur in IGP,
South Asia. The MDU, present only in pre-monsoon and monsoon, shows
a decreasing trend which leads to an annually decreasing trend during
the last two-decades over the IGP. The trends (increase/decrease) of
MBC, MIX and MDU over Kanpur are statistically signiﬁcant during the
year except in post-monsoon of that of MBC (Fig. 9, Table 3). In contrast,
over Beijing in East Asia, MBC shows a decreasing trend in all the seasons
(except winter) and yearly, while the MIX type exhibits an increasing
trend on seasonal and annual scales. The MDU absorbing aerosol type is
present only during pre-monsoon and shows almost no trend on seasonal
(pre-monsoon) as well as annual timescales. The decreasing trends of
MBC over Beijing are statistically signiﬁcant during pre-monsoon and
post-monsoon seasons, and on yearly scale. The trends of MIX type which
is increasing over Beijing in the last two-decades are statistically signiﬁcant
throughout the year (except in pre-monsoon when the decrease in MBC
type is statistically signiﬁcant (Table 3)). The trends in absorbing aerosol

3.4. Discussion
The sixth assessment report released by the IPCC in 2021 states that our
inadequate understanding of magnitudes and trends of atmospheric aerosols, particularly over Asia, is a major source of uncertainty in climate
change (IPCC, 2021). For an accurate and better quantiﬁcation of aerosol
direct and indirect radiative effects and their climate impact not only the
trends but also the magnitudes in aerosol types and absorbing aerosol
types are crucial, especially over highly polluted aerosol source region
such as Asia. One of the main factors that contributes to the uncertainty is
especially the lack of knowledge on absorbing aerosols. However, quantitative determination and attribution of the atmospheric warming produced
by these aerosol types has been difﬁcult, especially due to a 50% uncertainty in their contribution to aerosol absorption (IPCC, 2013). AOD is directly proportional to aerosol loading and the size distribution of aerosol
mass burden in atmospheric column; typically, in the aerosol size
13
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during the same period due to the growth of emissions from diesel vehicles
and industry sector (Kurokawa and Ohara, 2020). In the transport sector,
the increase in these emissions was smaller than the corresponding increase
in fuel consumption because of implementation of emissions and fuel quality norms in India (Sadavarte and Venkataraman, 2014). The BB aerosol
type exhibits statistically signiﬁcant increasing trends in all seasons over
Kanpur in the IGP (Fig. 5, Table 1) suggesting that biomass burning aerosols
and associated precursor emissions have increased during the last twodecades over the IGP. This corroborates the results from a trend analysis
of MODIS Aqua AODs over the IGP region which showed an increase in
AOD of 0.0187 per year during the post-monsoon and 0.0168 per year during winter over the IGP during 2002–2016, which was attributed to a positive trend in agricultural ﬁres during the same period as a major factor
contributing to the trend, in addition to the increase in fossil fuel burning
emissions (Jethva et al., 2019). The vegetation ﬁres in South and Southeast
Asian countries have shown a positive trend during 2002–2016 (Jethva
et al., 2019; Vadrevu et al., 2019), however, there are no studies reporting
trends or changes in biomass burning activities such as agro-residue/waste
burning and forest ﬁres over East Asia which might inﬂuence aerosol loading and composition. In the absence of such information, it is clear that the
reduction in anthropogenic aerosol content (mainly sulfate, and BC) over
Beijing resulted in a negative trend of MBC in all seasons. Thus, the seasonal
trend analysis of aerosol types and absorbing aerosol types clearly illustrates that natural aerosols (mainly dust) decreased over the IGP and NCP
during the last two decades. Further, the inﬂuence of changes in climatic
factors (meteorology) leading to long term trends in aerosol characteristics
was relatively small (e.g., Zhang et al., 2019). Therefore, it is clear from the
study that the changing (positive/negative) trends in aerosols from urban/
industrial and biomass burning emissions and the resultant absorbing aerosol types, BC and BC mixed with dust occur mainly due to the increase/decrease in emissions of anthropogenic aerosols and aerosol precursor gases.

Table 3
Details of statistical tests (p-values at 95% conﬁdence level) for the trends in absorbing aerosol types (Mostly BC (MBC), Mostly Dust (MDU) and Mixed (MIX)) over
Kanpur and Beijing on seasonal and annual scales. p-values ≤0.05 are highlighted
in boldface.
Season

Kanpur
MBC

Winter
Pre-monsoon
Monsoon
Post-monsoon
Annual

<0.01
0.01
<0.01
0.25
0.05

Beijing
MDU
<0.01
<0.01
<0.01

MIX

MBC

<0.01
<0.01
<0.01
0.01
<0.01

0.13
0.02
0.06
0.03
<0.01

MDU
0.58

0.44

MIX
0.01
0.21
<0.01
0.02
<0.01

distribution, number of ﬁne mode aerosols are orders of magnitude higher
than coarse mode particles. The aerosol size distribution plays a crucial role
in determining the value of SSA as it is determined (whether high or low)
by the ratio of the number of absorbing to scattering particles in a size distribution. Typically, the columnar content (AOD) over a region/location is
dominated by the scattering aerosols (e.g., sulfate, SSA = 1.00) which are
relatively more abundant in the atmosphere whereas the SSA, a measure of
absorption capacity of aerosols in the atmosphere and related to chemical
composition, is controlled/governed by the absorbing aerosols whose
SSAs are lower (e.g., in particular BC, SSA = 0.19) even though their contribution to AOD is less than the other aerosol constituents. The relation between AOD and SSA is distinct is substantiated by the fact that when the
aerosol loading in the atmosphere decreases AOD also decreases, however,
a decrease in aerosol loading need not change the SSA as SSA is determined
by the ratio of scattering to absorbing aerosols, as stated earlier. Thus, for
any change in SSA to occur the composition of aerosol distribution (ratio
of scattering to absorbing aerosols) should change whereas for any change
in AOD the aerosol loading comprising scattering and absorbing aerosols
should change (increase or decrease). Further, the relationship between
AOD and aerosol radiative forcing (atmospheric warming) is linear,
whereas the relation between SSA and atmospheric warming is nonlinear; for example, the atmospheric warming increases by 10% for a 10%
increase in AOD, but it increases by >20% for a 10% decrease in SSA
from 0.99 to 0.89. It is imperative, therefore, that trends and quantiﬁcation
of absorbing aerosol types are quite crucial, which is the major focus of the
present study, to reduce the uncertainty in the direct and indirect radiative
effects and hence on climate. Developing effective mitigation options for
climate change over Asia, a major aerosol hot spot, yet vulnerable and relatively poorly-studied region, requires a better quantiﬁcation of the contributions of absorbing aerosol particles. In the present work, the magnitudes
and trends in aerosol, and absorbing aerosol types are quantiﬁed accurately
using high-quality ground-based observations on seasonal scales over Asia.
With an aim to address the public health concerns stringent air quality
measures were introduced in 2008 over South Asia and East Asia (more
stringent) since when the aerosol emissions have been changing. The reduction of sulfur dioxide (SO2) and other pollutants including black carbon
(BC) is seen to be more rapid over China than India (Li et al., 2017;
Zheng et al., 2018), however, with signiﬁcant differences in their rates of
decrease – SO2 emissions decreased by 62% and BC emissions decreased
by 28% during 2010–2017 (Zheng et al., 2018; Kurokawa and Ohara,
2020; Kanaya et al., 2020). BC emissions in China were found to increase
from early 2000s to 2010, which then started to fall mainly due to reductions in transport and industrial emissions rapidly accompanied with 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 biofuel consumption (Kurokawa
and Ohara, 2020). In contrast, in India BC emissions showed positive trends

4. Conclusions
The climatology and the trends on seasonal and annual time scales in
aerosol types and absorbing aerosol types unavailable so far over two important regions, East Asia and South Asia are derived, by performing the
ﬁrst analysis of high quality time series of observations over a period of
two-decades of the radiative- and climate-relevant columnar aerosol characteristics over Kanpur located in the Indo-Gangetic Plains (IGP) in South
Asia and Beijing in the North China Plain (NCP) in East Asia, along with satellite observations to provide a broader regional perspective. An analysis of
MODIS retrieved Ångström exponent (AE), spectral derivative of columnar
aerosol optical depth (AOD), reveals that AE in the recent 5-year period
(2014–2018) is higher than the ﬁrst 5-year period (2001–2005) of the
21st century indicating that ﬁne mode aerosols have increased over Asia
in the last 2-decades. The increasing trends are statistically signiﬁcant (at
95% conﬁdence level) and robust over Kanpur and IGP in South Asia. The
climatology of aerosol types, categorized as urban/industrial (UI), biomass
burning (BB) and dust (DU), reveals that the aerosols are of UI and BB types
over Kanpur in IGP during winter and post-monsoon, whereas DU is present
only during pre-monsoon and monsoon. Overall, the BB aerosols show a
positive trend, UI type exhibits a negative trend during winter and premonsoon and DU shows a negative trend during pre-monsoon and monsoon. On the annual scale, BB and UI aerosols show positive trends over
Kanpur while DU shows a negative trend. Over Beijing in NCP, UI aerosols
decrease on annual scale during 2001–2018 whereas BB aerosols exhibit a
positive trend. The DU aerosols show a small positive trend, however, the
annual trends during 2001–2018 are not statistically signiﬁcant over Beijing for any aerosol type, in contrast to Kanpur where the trend in BB aerosol type is statistically signiﬁcant. On a seasonal scale, however, over

Fig. 9. Seasonal and annual trends in absorbing aerosol types [classiﬁed as Mostly BC(MBC), Mostly Dust (MDU), and Mixed (MIX)] over the IGP and NCP during 2001–2018:
left column for Kanpur [(a) winter, (b) pre-monsoon, (c) monsoon, (d) post-monsoon, and (e) annual], and right column for Beijing [(f) winter, (g) pre-monsoon, (h) monsoon
and (i) post-monsoon, and (j) annual]. Trend lines and the equations for the overall trend (2001–2018) for the respective absorbing aerosol type are given in each ﬁgure.
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