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Abstract Extreme smog in India widely impacts air quality in late autumn and winter months. While the
links between emissions, air quality and health impacts are well-recognized, the association of smog and its
intensification with climatic trends in the lower troposphere, where aerosol pollution and its radiative effects
manifest, are not understood well. Here we use long-term satellite data to show a significant increase in aerosol
exceedances over northern India, resulting in sustained atmospheric warming and surface cooling trends over
the last two decades. We find several lines of evidence suggesting these aerosol radiative effects have induced
a multidecadal (1980-2019) strengthening of lower tropospheric stability and increase in relative humidity,
leading to over fivefold increase in poor visibility days. Given this crucial aerosol-radiation-meteorological
feedback driving the smog intensification, results from this study would help inform mitigation strategies
supporting stronger region-wide measures, which are critical for solving the smog challenge in India.

Plain Language Summary Severe air pollution in India and its impacts on air quality and public
health are worsening. Extreme smog episodes are frequently observed in northern India associated with

the highest aerosol concentrations and hazardous visibility conditions. It is well-known that anthropogenic
emissions directly affect pollution, but it remains unclear from an observational perspective how the stability
of the lower troposphere, where aerosol pollution builds up, impacts the long-term evolution of smog. Using
a multidecadal analysis of satellite, ground and reanalysis data sets, here we show sustained intensification
of extreme smog associated with the strengthening of lower tropospheric stability, potentially amplified by
aerosol-induced atmospheric warming. Solving the smog crisis in India is increasingly critical given the
strongly linked aerosol-radiation-meteorological interactions.

1. Introduction

Air pollution in India severely impacts air quality, public health and economy in one of the world's most densely
populated regions (Chakrabarti et al., 2019; Chowdhury et al., 2019; Pandey et al., 2021; Ravishankara et al., 2020;
Venkataraman et al., 2018). Persistent agricultural fires during late autumn period (Balwinder-Singh et al., 2019;
Bikkina et al., 2019; Cusworth et al., 2018; Jethva et al., 2019; Kumar et al., 2020; Liu et al., 2021; Shyamsundar
et al., 2019) and widespread winter haze (Gautam et al., 2007; Ghude et al., 2017; Gunthe et al., 2021; Nair
et al., 2020; Ojha et al., 2020; Pan et al., 2015; Venkataraman et al., 2019) contribute to the extreme smog
over south Asia, especially affecting entire northern India. The late autumn and winter months are the worst
smog periods, resulting in the largest degradation of air quality in the Indo-Gangetic Plains (IGP), where nearly
one-seventh of the world's population lives across northern India, Pakistan, Nepal and Bangladesh.

Inrecent years, northern India has witnessed some of the most intense smog spells with extremely low visibility and
hazardous air quality. The persistent smog invariably attracts heightened public and media attention (CNN, 2019)
owing to the anomalous levels of fine particulate matter (PM, ;) recorded between November and January, every
year. For instance, daily PM, 5 concentrations during agricultural burning, frequently exceed 200 pg/m?, an order
of magnitude larger than the World Health Organization's air quality guideline (Balwinder-Singh et al., 2019;
CNN, 2019; Cusworth et al., 2018; Jethva et al., 2019). In addition to health and economic impacts of pollution
(Chakrabarti et al., 2019; Chowdhury et al., 2019; Pandey et al., 2021; Ravishankara et al., 2020; Venkataraman
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Figure 1. Aerosol distribution and trends over south Asia during the last two decades using satellite data. Aerosol optical
depth (AOD) for crop burning (November) and winter haze (December—January) periods in (a) and (c), averaged from
2002 to 2019, using Aqua/MODIS observations. The AOD (unitless) is largest along the Indo-Gangetic Plains indicated by
the warm shading. The corresponding linear trends in AOD (yr~!) are shown in (b) and (d), with dots indicating statistical
significance of trends at 95% confidence level.

et al., 2018), impacts of smog include prolonged delays/cancellations of trains and flights, and even vehicular
accidents in northern India (Gautam et al., 2007; National Geographic, 2017; Pan et al., 2015).

While the worsening air quality in India has deservedly received growing attention, linkages between smog inten-
sification and climatic trends in the lower troposphere where aerosol pollution occurs, are not understood well.
On the other hand, it is well known that sunlight-absorbing aerosols lead to atmospheric warming and surface
cooling via aerosol radiative effects (Ramanathan et al., 2001), thereby increasing the stability of lower tropo-
sphere by inducing a temperature inversion (An et al., 2019; Li et al., 2017). A stable lower troposphere implies
reduced dispersion of pollutants leading to further accumulation of aerosols in the shallow boundary layer. Here,
from an observational perspective, we examine lower-tropospheric changes during the last 40 years to investi-
gate such aerosol-radiation-meteorological feedbacks for gaining new insights into the extreme smog problem in
northern India and unraveling its long-term intensification.

2. Results
2.1. Trends in Aerosol-Induced Atmospheric Warming and Surface Cooling

We start with characterizing aerosol trends in northern India, where much of the agricultural burning occurs in
the northwestern state of Punjab, the so-called breadbasket of the country and among the largest producing rice
and wheat crop states nationally. Figure 1 shows the long-term climatology of satellite-derived aerosol opti-
cal depth (AOD), an indicator of aerosol loading, over south Asia averaged during the last two decades from
MODIS observations (see data sets description in Supporting Information S1). The spatial distribution of AOD
indicates pronounced enhancement in the IGP, along the southern edge of the Himalaya. November is the domi-
nant crop burning month in recent years when peak fire activity and subsequent aerosol loading has increased
(Jethva et al., 2019; Liu et al., 2021) and is separately shown from December—January mean (winter haze period)
(Figure 1). We find accelerated upward trends in November AOD, which are higher by a factor of >3.5 relative to
the annual-mean trend over northern India (Figure S1 in Supporting Information S1), leading to a ~90% increase
in November from 2002 to 2019 (Figure 2a).
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Figure 2. Trends in aerosol extremes, aerosol-induced surface cooling and atmospheric warming. Time series and linear
trends for (a) mean and (b) exceedance aerosol optical depth, averaged over the Indo-Gangetic Plains for crop burning (red)
and winter haze (blue) periods from 2002 to 2019. The corresponding trends in cloud-free collocated instantaneous shortwave
fluxes, derived from Aqua/CERES observations, are shown in (c) surface cooling (W/m?) and (d) atmospheric forcing
(W/m?) averaged over northern India. Error bars indicate +1 standard deviation.

In order to characterize changes in extreme smog, we show AOD exceedances (mean of daily pixel-level data
found above +1 standard deviation of the spatial mean AOD; see data sets section in Supporting Information S1)
indicating an even larger increase of ~140% in November over northern India (Figure 2b). Recent studies have
reported upward trends in AOD over northern India during the dry season encompassing post-monsoon and
winter periods (Dey et al., 2020; Jethva et al., 2019; Liu et al., 2021; Prijith & Sai, 2022). This upsurge appears
consistent with increase in agricultural fire activity, attributed to a government-mandated delay in transplanting of
rice seedlings (contributing to increased burning in a shorter timespan) and expanded crop productivity in Punjab
(Balwinder-Singh et al., 2019; Cusworth et al., 2018; Jethva et al., 2019; Liu et al., 2021). With respect to winter
months, northern India experiences the largest aerosol loading (AOD > 0.8) over central-eastern IGP (Figure 1c¢),
where population density is the highest across states of eastern Uttar Pradesh, Bihar and West Bengal. The winter
smog is known to be associated with a shallow boundary layer, frequent temperature inversion, light winds and
high relative humidity (RH) (Gautam et al., 2007; Ghude et al., 2017; Nair et al., 2020; Ojha et al., 2020; Pan
et al., 2015; Venkataraman et al., 2019). Similar to November, although smaller in magnitude, we find significant
positive trends in winter AOD (Figures 1d and 2a), which are >1.5 times higher than the annually-averaged trend
(Figure S1 in Supporting Information S1). There is a >40% rise in winter aerosol exceedances during the last two
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decades (Figure 2b), with the largest increase of ~60% in central-eastern IGP (Figure 1d). We also find upward
trends in ground-based and other satellite data sets (Figures S2-S4 in Supporting Information S1), during both
crop burning and winter haze, supporting the observation of intensification in aerosol pollution as detected in
multiple disparate measurements.

How does the increased aerosol pollution impact the regional radiation budget? We analyze the direct radia-
tive effect of aerosols (Satheesh & Ramanathan, 2000), specifically to characterize the impact of increasing
AOQOD, observed in the last two decades, on surface cooling and atmospheric warming trends using solar radiation
fluxes from CERES satellite observations (see methods and data sets in Supporting Information S1). A consistent
increase is found in top-of-atmosphere (TOA) flux (Figure S5 in Supporting Information S1) and a reduction in
surface-reaching radiation (implying surface cooling), corresponding to cloud-free aerosol-laden observations
during the last two decades (Figure 2c¢). An example of the relationship between collocated AOD and radiation
fluxes (Figure S6 in Supporting Information S1), indicates a positive aerosol-induced effect at the TOA (bright-
ening) and negative effect at surface (cooling). The surface cooling associated with crop burning and winter haze
is evident across the IGP, leading to over 15%-25% instantaneous reduction in solar insolation (Figures S6 and
S7 in Supporting Information S1).

Our central finding in the radiative effects analysis is the net increase in aerosol-induced surface cooling over
the last two decades (over 10% increase in surface cooling from 2002 to 2019 as shown in Figure 2c¢), is twice
as large compared to the corresponding increase in TOA flux (~5% increase in TOA flux from 2002 to 2019 as
shown in Figure S5 in Supporting Information S1). This disparity implies that considerably less radiation is being
reflected at TOA over the past two decades as a result of significant solar absorption within the aerosol layer, in
turn causing the large surface cooling anomaly. This result is significant because here we report aerosol-induced
“trends” in TOA fluxes and surface cooling over the last two decades, which builds on previous aerosol-radiation
studies that have reported large “absolute” differences in TOA and surface fluxes over 1-2 years (Satheesh &
Ramanathan, 2000). Our study therefore highlights, from a long-term trend perspective, the radiative effects of
continued degradation of air quality in northern India during late autumn crop burning and winter haze periods.
This is consistent with the low aerosol single scattering albedo in northern India (Kaskaoutis et al., 2014; Li
et al., 2015), indicative of an absorbing aerosol layer. The resulting aerosol-induced absorption (Figure 2d) and
atmospheric heating rate (Figure S9 in Supporting Information S1) is largely confined to the lowest ~1.5 km of
the troposphere, where most of the aerosol layer resides during late autumn-winter in northern India, as indicated
by spaceborne lidar observations (Figure S10 in Supporting Information S1). Overall, concurrent with enhanced
surface cooling, there is a 70%—-80% increase in aerosol-induced lower tropospheric warming over the last two
decades (Figures 2c and 2d), suggesting an increasing tendency toward a stable lower troposphere, which favors
buildup of aerosol pollution in the shallow boundary layer where emissions from agricultural fires and other
anthropogenic sources occur.

In addition, we analyzed AOD and radiative forcing data during pre-monsoon (March—-May) and monsoon (June—
September) seasons in order to investigate whether similar trends exist relative to the crop burning and winter
haze periods. Figure S1 (and Table S1) in Supporting Information S1 show neutral trends in pre-monsoon and
monsoon seasons, from 2002 to 2019, that are statistically not significant for AOD (both mean and exceed-
ance AOD). Subsequently, Figure S8 (and Table S1) in Supporting Information S1 shows a clear lack of trends
for aerosol-induced surface cooling and atmospheric forcing, that are statistically not significant, during both
pre-monsoon and monsoon seasons. These results are in sharp contrast with respect to the observed increasing
AOD, surface cooling and atmospheric forcing trends consistently found for November and December—January.
Overall, the observed annual mean increasing trend in AOD is mainly contributed by the AOD increase during
crop burning and winter haze periods, despite the neutral or lack of trends found in pre-monsoon and monsoon
seasons. These results strengthen our argument about smog intensification during November—January, consistent
with the prevailing meteorology where lower tropospheric conditions during late autumn and winter period are
favorable for the accumulation and persistence of aerosol pollution in the shallow boundary layer.

2.2. Strengthening of Lower Tropospheric Stability and Intensification of Smog

With aerosol-induced radiative effects evident in the observed lower tropospheric warming and surface cooling,
we then investigate whether long-term changes in atmospheric stability and related meteorological parameters
have occurred, in turn amplifying the smog intensification. Figure 3 shows the climatology and trends of lower
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Figure 3. Lower tropospheric stability (LTS) and long-term trends in smog. The LTS is shown as (a) the multidecadal
average and (b) spatial trend, from November—January for the period 1980-2019, with significantly increasing LTS along the
Indo-Gangetic Plains. Dots in (b) indicate statistical significance of trends at 95% confidence level. Number of visibility days
during (c) crop burning in November (out of 30 days) and (d) winter haze in December—January (out of 62 days) over Delhi.
Visibility <1 km is shown in red and <0.5 km in blue. The monthly mean relative humidity (e) is shown for crop burning
(red) and winter haze (blue) periods. Shading represents +1 standard deviation.

tropospheric stability (LTS) (Wood & Bretherton, 2006), a measure of the strength of temperature inversion that
caps the planetary boundary layer (PBL) (see data sets section in Supporting Information S1). The IGP emerges
under a strong LTS influence during late autumn and winter, based on the past four decades of meteorological
data (Figure 3a; Figure S11 in Supporting Information S1). The enhanced LTS is particularly evident over north-
ern India, as part of an overall stable lower-tropospheric feature. We find a significant and sustained upward
trend leading to an 18%-25% increase in LTS over northern India from 1980 to 2019 (Figure 3b; Table S2 in
Supporting Information S1).

Coincidentally, the number of poor visibility days (defined here as visibility <1000 m) has increased fivefold over
northern India during November and >2 times during December—January over the last 40 years (Figure S12 in
Supporting Information S1). This worsening trend is even severe for days with much lower visibility (<500 m),
indicating a factor of >9 increase during the crop burning period and a fivefold increase in winter. Over Delhi,
where pollution levels are among the highest in the world, the smog has undergone significant intensification (at
least a fivefold increase for visibility <500 m), with poor visibility largely dominating the late autumn-winter
periods since the 1990s (Figures 3¢ and 3d; Table S2 in Supporting Information S1). The degrading visibility is
accompanied by a systematic 20% increase in near-surface RH, over the last four decades, with high RH (85%—
95%) observed in recent years (Figure 3e).

Overall, there appears to be an aerosol-radiation-meteorological feedback mechanism playing a potentially
crucial role toward smog intensification whereby aerosol-induced atmospheric warming may strengthen the
stability of the lower troposphere. This association is elucidated in Figure 4 where aerosol-induced atmospheric
warming is shown as a function of AOD derived from co-located CERES and MODIS satellite observations,
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Figure 4. Aerosol-Radiation-Meteorological interactions over northern India.
Aerosol-induced atmospheric heating rate (K/day~!) is shown as a function

of aerosol optical depth (AOD) derived from CERES and MODIS satellite
observations, corresponding to lower tropospheric stability (LTS) (indicated by
shading of the hexagon symbols) and planetary boundary layer (PBL) height
(meters) indicated by the size of the colored symbols. The aerosol-induced
heating rate increases with aerosol optical depth along with an increase in
LTS which strengthens at lower PBL heights (shallow boundary layer) and
weakens at larger PBL heights (deeper boundary layer). The aerosol-radiation-
meteorological analysis presented here is for the November—January period
(i.e., covering the crop burning and winter haze months) from 2002 to 2019.

respectively; whereas the corresponding changes in LTS also co-located with
aerosol-induced warming are indicated by the shading of the hexagon symbols.
Based on daily observations aggregated from 19 years (2002-2019), we find
that as the aerosol loading increases by a factor of 10 (from AOD = 0.1 to
AOD = 1.0), averaged over the IGP during the crop burning and winter haze
periods, the aerosol-induced warming increases by ~170%, whereas the
corresponding LTS also systematically increases by ~50%. At the same time,
the co-located PBL over the IGP becomes systematically shallower by ~30%
(indicated by the size of the colored symbols), overlapping with simultane-
ous increases in AOD, aerosol-induced atmospheric warming and stability of
lower troposphere (Figure 4).

Altogether, as the aerosol-induced warming increases (between the top of
the shallow boundary layer and ~1,000 m above m.s.l., more information
is included in Supporting Information S1 methods section (i) aerosol radi-
ative forcing), the stability of lower troposphere is found to significantly
strengthen along with the contraction of PBL (as indicated by lower PBL
heights at high AOD and vice versa). Increased stability means capping of
pollutants and further increase in aerosol loading in the shallow PBL; at the
same time entrainment of dry air from the free troposphere decreases, caus-
ing enhanced moisture availability in the PBL and higher RH (Li et al., 2017;
Nair et al., 2020). The increase in RH enhances aerosol scattering mediated
by the hygroscopic growth of aerosols, and promotes formation of second-
ary aerosols, further exacerbating the severity of smog (An et al., 2019;
Pan et al., 2015). Coincidentally, we found a strong association between
RH and poor visibility that indicates a higher correlation (r: 0.77-0.85,
p-value << 0.01) for days with visibility <500 m in both November and
December—January months (Figure 5a), relative to visibility <1000 m,
supporting the observation of enhanced visibility degradation under humid

conditions. We also find indication of the contraction of PBL in recent decades (see Figures S13 and S16 and

methods in Supporting Information S1), suggesting a moistened shallow boundary layer favorable for persis-

tence of smoggy conditions. These distinct concomitant associations may not necessarily be construed as a

cause-and-effect relationship, but they reveal observational insights related to aerosol-radiation-meteorological

feedbacks (refer to process-level schematic shown in Figure S14 in Supporting Information S1), based on a

synthesis of disparate variables and data sets, which strengthen the long-term intensification of smog.

The increase in RH may also in part be linked to the increase in irrigated area in the IGP; irrigation in India

has expanded 2-3 times since the 1970s and may contribute to the enhanced moisture in the PBL (Ambika &

Mishra, 2020). The increase in irrigation over northern India may have contributed to an increase in soil mois-

ture and decrease in land surface temperature, as seen in reanalysis data and satellite observations in the last
four decades, respectively (Ambika & Mishra, 2020). Such changes in the shallow boundary layer can favor
the hygroscopic growth of aerosols supporting the development of smog, as discussed earlier. Regardless of the
cause, smog intensification appears to be amplified by aerosol-radiation-meteorological feedbacks, as observed
in the increasing trends of aerosol-induced atmospheric warming and surface cooling, along with the long-term
strengthening of LTS and concurrent trends in RH and visibility degradation during the last 40 years.

3. Discussion

It is noteworthy that extreme smog episodes in November, coinciding with agricultural burning, arrive in advance

of the peak winter smog season in the IGP. As an illustration of the aerosol-radiation-meteorological coupling,

Figure Sc shows the evolution of a dense smog spell in satellite imagery with thick haze around the beginning of

November 2017, transforming into foggy conditions that altogether persisted for almost three weeks. The smog

was so severe across northern India that the peak PM, 5 concentrations reached ~1,000 pg/m? in Delhi, prompting

the closure of 4,000 schools (Shyamsundar et al., 2019) and a major international airliner to suspend its flight

operations into the city (CNN, 2017). In another recent smog-filled episode, an international cricket match (most
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Figure 5. Long-term evolution of smog blanketing southern Asia. (a) Correlation between number of poor visibility days
and monthly mean relative humidity for the period 1980-2019, based on surface meteorological observations over Delhi, for
November (red color, left y-axis) and December—January (blue color, right y-axis). The number of visibility days <1 km is
shown in light red (November) and light blue (December—January), whereas number of visibility days <0.5 km are shown in
dark red (November) and dark blue (December—January). Correlation is higher for visibility <0.5 km for both time periods
(r: 0.77-0.85, p-value << 0.01) suggesting enhanced poor visibility degradation under humid conditions. (b) Time series and
linear trends in the frequency of temperature inversion (i.e., monthly count of the total number of detected inversion layers, in
daily radiosonde observations) in the lower troposphere over Delhi from 1980 to 2019, for November (red) and December—
January (blue). (c) An illustrative depiction of the evolution of smog in the Indo-Gangetic Plains, south of the Himalaya,
encompassing Pakistan, northern India and Nepal. Satellite imagery (Terra/MODIS) is from 1, 3, 6 November 2017 acquired
at ~10:30 a.m. local-time. Orange dots on 1 November show fire detections from Aqua/MODIS satellite observations (1:30
p-m. local-time).

popular sport in south Asia) was halted probably for the first time in the sports' history due to smog, with players
visibly sick and wearing pollution masks on the field (Guardian, 2017). This intense degradation in air quality
and visibility could have been amplified by a pronounced temperature inversion and high RH in the lower tropo-
sphere (Figure S14 in Supporting Information S1). We also analyzed 40 years of radiosonde observations of daily
temperature profiles and found a twofold increase in the frequency of lower tropospheric temperature inversion
(Figure 5b; Figure S15 and Table S2 in Supporting Information S1), consistent with upward trends in LTS, visi-
bility degradation and RH (Figure 3).

Such extreme events serve as examples of the heightened attention the smog problem has increasingly received.
On the other hand, there seems to be a lack of clarity regarding sources and transport mechanisms across states
and countries in south Asia (Hindu, 2020; Miro et al., 2019), which could be limiting effective measures to
address the smog. In addition, the possible role of climate variability in contributing to poor ventilation condi-
tions, suggested as conducive for extreme haze formation in China (Zou et al., 2017), may be worth investigating
for studying severe smog episodes in India.

The government of India, in October 2020, promulgated a major commission on air quality management in the
national capital region (NCR) around Delhi and adjoining areas (The Gazette of India, 2020). This initiative
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distinctly recognizes the air pollution challenge in NCR; where adjoining areas are defined as “where any source
of pollution is located causing adverse impact of air quality in the NCR” (The Gazette of India, 2020). As our
results indicate, the increasing aerosol pollution and radiative impacts, clearly extend beyond NCR (<60 million
population) and encompass the whole of northern India, affecting both the urban and the vast rural populations
(>600 million population of Indian states in the IGP).

While reductions in emissions are known to have led to significant air quality improvements across broad regions
of Europe, North America, and East Asia (Hammer et al., 2020; Vautard et al., 2009), the long-term rise in
extreme smog over northern India is particularly concerning and in turn provides an opportunity to strengthen
mitigation action. The northern Indian region, as part of the broader IGP, lies in a valley-type terrain immedi-
ately south of the towering Himalaya and so is naturally vulnerable to pollution build-up. Given the likely role
of aerosol-radiation-meteorological feedbacks in worsening the widespread smog, expanding upon current air
quality improvement efforts by accounting for pollution sources and transport processes across entire northern
India, will support the development of a region-wide mitigation strategy.
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