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Impacts of current and climate induced
changes in atmospheric stagnation on Indian
surface PM2.5 pollution

Mi Zhou 1 , Yuanyu Xie 1, Chenggong Wang2, Lu Shen 3 &
Denise L. Mauzerall 1,4

Severe PM2.5 pollution threatens public health in India. Atmospheric stagna-
tion traps emitted pollutants, worsening their health impacts. Global warming
is anticipated to alter future stagnation patterns, impacting the effectiveness
of air quality policies. Here, we develop a region-specific index that char-
acterizes meteorological conditions driving stagnation and associated PM2.5

increases. Applying this index to an ensemble of climate models and global
warming scenarios, we find that future stagnation changes result from both
global CO2-driven circulation changes and local aerosol-drivenmeteorological
responses. By 2100, we project an increase in winter stagnation in the
Indo-Gangetic Plain (IGP) of 7 ± 3 days that leads to an increase in PM2.5

of ~7 ug/m3 in a high-warming and high-aerosol scenario. However, annual
stagnation occurrences decrease across most of India. Thus, stringent air
quality regulations in the IGP during winters will be critical to reduce surface
PM2.5 concentrations as climate warms. Such regulations will directly improve
air quality while reducing future stagnation occurrences, providing additional
air quality benefits.

Elevated fine particulate matter (PM2.5) concentrations have severe
adverse health impacts1–3. India experiences some of the highest
ambient PM2.5 levels in the world, which led to 1.67 million premature
deaths in 20194–6. Extensive efforts to improve air quality over India are
underway, targeting major emission sources including residential fuel
use, vehicle exhaust, industry, and power generation7,8. These
anthropogenic emissions are widely recognized as major causes of
hazardous air quality and associated mortality across India9–12. How-
ever, other factors, such as meteorological conditions, also play a
crucial role8.

Meteorological conditions regulate the accumulation, transport,
and removal of emitted air pollutants. In conjunction with emissions,
they drive observed PM2.5 variability on hourly to interannual
scales13–16. Atmospheric stagnation, characterized by a lack of pre-
cipitation, weak surface winds, and limited vertical mixing, is

particularly influential in driving the buildup of pollution near the
surface17–20. Stagnation events can therefore exacerbate PM2.5 pollu-
tion, even without abrupt emission increases21–23. Recognizing the
significant impact of stagnation on air quality, researchers have
developed several region-specific indices to accurately identify their
occurrenceover theUnited States (US), Europe, andChina22,24–26. These
indices rely on meteorological factors that are either well correlated
with surface particulate matter concentrations or indicative of atmo-
spheric dispersion strength in these locations. They are effective in
identifying elevated particulate matter episodes over the regions for
which they have been developed14,21–23. However, no India specific
index has previously been developed.

Climate change is projected to alter atmospheric circulation and
precipitation patterns, subsequently influencing the occurrence of
weather patterns that worsen air quality13,27,28. However, in India,
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previous research presents inconsistent findings regarding how
weather conditions, such as atmospheric stagnation, will change in
face of global warming19,29–32. Specifically for northern India, both
increasing30 and decreasing31,32occurrences of pollution-favorable
patterns are projected by the late 21st century. This discrepancy high-
lights the challenge in understanding climate change impacts on
stagnation and, consequently, air quality in India. In addition, some
research utilized stagnation indices initially developed for the US by
the National Oceanic and Atmospheric Administration (NOAA)29,30.
These indices, however, fail to capture the complex and region-specific
meteorological conditions influencing PM2.5 levels in northern
India16,22.

To address these issues, we develop an India-specific atmospheric
stagnation index (India-ASI). Our new index is built upon the obser-
vational relationships between surface PM2.5 concentrations and
meteorological variables, leveraging India’s recent expansion of its
national air quality continuous monitoring network (Supplementary
Fig. 1)33. The India-ASI effectively links stagnant atmospheric condi-
tions and surface PM2.5 increases over India, and thus provides an
improvement over the NOAA index. Applying our India-ASI, we eval-
uate projected changes in stagnation occurrences and subsequent
PM2.5 changes, using an ensemble of the CMIP6 (Climate Model
Intercomparison Project Phase 6) climate simulations. We analyze
three global warming scenarios with varying regional aerosol trajec-
tories. We find that as climate warms due to rising CO2, annual stag-
nation occurrences decrease across most of India, yet winter
stagnation occurrences increase over the Indo-Gangetic Plain (IGP),
where half of India’s 1.4 billion population resides and where the worst
air pollution levels already occur in winter. Furthermore, atmospheric
aerosols—mainly from anthropogenic emissions—increase stagnation
across all seasons. Our analysis underscores the compound influence
of increasing CO2 levels and aerosol emissions in driving variations in
21st-century stagnation across India. Particularly, we identify that these
factors synergistically exacerbate winter stagnation in the IGP, high-
lighting the urgent need for targeted air quality measures.

Results
Use of an India-specific stagnation index to identify surface
PM2.5 increases
We formulate the daily binary India-ASI using three meteorological
variables: precipitation, 10-m wind speed (WS10m), and temperature
inversions between 925hPa and 2m (T925hPa-T2m) (Methods). These
variableswere chosen as they exhibit robust associationswith elevated
PM2.5 surface concentrations (Supplementary Figs. 2 and 3), and col-
lectively represent the primary processes impacting stagnation: wet
scavenging, horizontal dispersion, and vertical dispersion. Specifically,
we find substantial PM2.5 increases on dry days (precipitation ≤1mm)
compared to precipitation days. In addition, we observe a combined
effect of temperature inversions and surface winds on normalized
PM2.5 levels on dry days (Fig. 1). Figure 1, synthesized by aggregating
data from various regions of India, represents a spatially averaged
relationship between T925hPa-T2m, WS10m, and PM2.5 concentrations.
We find elevated PM2.5 levels in the upper left section of each panel,
associated with suppressed dispersion resulting from weak surface
winds (low WS10m values) and strong inversions (high T925hPa-T2m

values). Theblack lines,fittedusing 100%normalizeddaily PM2.5 levels,
represent the average dispersion conditions associated with the
average seasonal PM2.5 concentrations ondry days. Thus, our India-ASI
defines a stagnation day when the following conditions are fulfilled: (1)
daily precipitation ≤1mm (dry day), and (2) daily WS10m and T925hPa-
T2m falling above the black lines in Fig. 1 (weak dispersion day).

Applying the India-ASI, we explore the occurrence and distribu-
tion of stagnation across India (Fig. 2a). Stagnation is prevalent in
inland regions across India particularly in the north. Specifically,
annual stagnation occurrences are ~101 ± 57 days (~28% ± 16%) in the

IGP, the most polluted region in the country. In contrast, annual
stagnation days are only 43 ± 41 days (~12% ± 11%) in the states south of
18° N. Notably, the IGP also experiences high stagnation persistence,
with each stagnation event typically lasting between ~2 ± 1 (monsoon)
to ~4 ± 3 (post-monsoon) consecutive days across seasons. Further
examination reveals that northern India (including the IGP) experi-
ences weaker surfacewinds, stronger temperature inversions, and less
frequent precipitation (Supplementary Fig. 4), resulting in more stag-
nation occurrences and longer durations of consecutive stagnation
days compared to southern India. Given thewidespreaddistribution of
stagnation across India as identified by the India-ASI, we further
investigate the spatial distribution of PM2.5 increases during stagnation
periods.

The India-ASI effectively predicts PM2.5 increases in various regions
of India (Fig. 2b), despite the fact that the division between stagnation
and non-stagnation days is based on spatially aggregated data from all
regions (Fig. 1). In ~90% of areas that have PM2.5 measurement sites,
seasonal PM2.5 levels are higher on stagnation days than non-stagnation
days. This effect is most evident during winter in the IGP, where PM2.5

concentrations increase by ~45 ± 20μg/m3 (~45%± 13%) during stagna-
tion days. In Central India, despite higher occurrences of stagnation
compared to the IGP, the stagnation-induced increases in PM2.5 are lower
due to the region’s significantly lower emission intensities. A few areas
experience slightly higher seasonal PM2.5 levels on non-stagnation days,
possibly due to strong winds carrying pollutants from distant regions.
Nevertheless, on an annual basis, all analyzed areas experience PM2.5

increases on stagnation days compared to non-stagnation days:
~27 ± 10μg/m3 (~34%±8%) in the IGP and ~10± 7μg/m3 (~24%± 13%)
acrossother areas of India. This demonstrates the capability of our index
to predict PM2.5 increases across India.

We find significant correlations between monthly and regional
mean stagnation occurrences (calculated by the India-ASI) and PM2.5

concentrations, both in the IGP and across all of India (Table 1 and
Supplementary Fig. 5). The Pearson correlation coefficients range from
0.63 (p =0.03, winter) to 0.84 (p <0.01,monsoon) in the IGP, and from
0.66 (p = 0.01, pre-monsoon) to 0.84 (p <0.01, winter) in India. This
underscores the consistency of the relationship between stagnation
occurrences and PM2.5 concentrations over the analyzed period of Dec
2017 to May 2022.

Comparison of the India-ASI with the NOAA stagnation index
To illustrate the advancements introduced by the India-ASI, we com-
pare it with the NOAA stagnation index, which was developed for the
US and has been previously applied to India16,30. One fundamental
difference between our index and the NOAA index lies in the variables
chosen to represent near-surface vertical dispersion strength (Meth-
ods).While our index uses T925hPa-T2m, the NOAA index primarily relies
on mid-tropospheric wind speed (WS500hPa)

24.
T925hPa-T2m and WS500hPa exhibit marked differences in their

association with elevated surface PM2.5 across India. We observe
significant surface PM2.5 increases across locations and seasons
when there are strong inversions (high T925hPa-T2m values) indicative
of weakened dispersion (Supplementary Fig. 3b). In comparison,
during periods of lowWS500hPa when weak dispersion is expected by
the NOAA index, we observemuch weaker surface PM2.5 increases or
even PM2.5 decreases (Supplementary Fig. 3a), which is also found by
a previous study16. This stems from the weak lower-tropospheric
wind shear prevalent over northern India, which hinders the down-
ward transport of momentum associated with mid-tropospheric
winds22. This weak wind shear results in a decoupling between the
surface layer and the mid-troposphere, leading to strong mid-
tropospheric winds alongside weak surface winds, especially in
winter (Supplementary Fig. 4). Therefore, WS500hPa is less indicative
of near-surface stagnation over northern India, compared with
T925hPa-T2m.
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The NOAA index’s dependence on WS500hPa limits its ability to
predict PM2.5 increases particularly over northern India. When apply-
ing the NOAA index, we find that stagnation is almost absent (~13 ± 15
days, or ~14 ± 17%) in the IGP during winters when PM2.5 pollution is at
its worst (Supplementary Fig. 6). In addition, stagnation occurrences
exhibit almost no correlation (e.g., R = −0.14, p = 0.67) with regional
PM2.5 levels during winters in the IGP (Table 1 and Supplementary
Fig. 5). In comparison, the India-ASI consistently shows positive cor-
relations between monthly PM2.5 and stagnation occurrences across
seasons (R ≥0.63, p ≤0.08). Consequently, the India-ASI estimates
higher annual PM2.5 increases (~17 ± 12μg/m3) on stagnation days
across India, compared with the NOAA index (~5 ± 5μg/m3). Given the
advancements provided by the India-ASI, we apply this region-specific
index in subsequent sections.

Changes in stagnation occurrences during the 21st century
Building on the revealed linkage between surface PM2.5 pollution and
stagnation occurrences identified by the India-ASI, we now focus on
future stagnation projections during the 21st century. We utilize two
futurehigh-warming scenarios, SSP370 and SSP585, and compare their
results with results from twenty years of the historical scenario
(1995–2014). While both SSP scenarios include substantial increases in

the globalmean temperature, they have very different assumptions on
regional energy and air quality policies. Specifically, SSP585projects an
energy transition from coal to natural gas and strong end-of-pipe air
pollution controls, resulting in an overall decreasing trend of aerosols
and their precursor emissions. In contrast, SSP370 projects continued
coal dependence and limited air pollution controls, resulting in much
higher air pollutant emissions compared with SSP585 (Supplementary
Fig. 7)34.

In projections for the late-21st century (2080–2099), changes in
stagnation occurrences exhibit some similarities across the two SSP
scenarios. Under the SSP585 scenario, we project decreases in annual
stagnation occurrences by ~21 ± 13 days across India, compared to the
historical period (1995–2014) (Fig. 3a). Stagnation occurrences will
decrease in all seasons except winter, and the most pronounced
reduction will occur during the monsoon season by ~11 ± 5 days
(Fig. 3b). However, marginal increases in stagnation occurrences are
projected in winter in the IGP under SSP585. Similarly, under the
SSP370 scenario, themajority of the countrywill experience decreases
in annual stagnation days, leading to a national average reduction of
~10 ± 9 days (Fig. 3c). In addition, similar to SSP585, SSP370 is pro-
jected to experience a notable decrease in stagnation days during the
monsoon season (Fig. 3d). However, during winters, we project amore
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Fig. 1 | Seasonal dependence of normalized daily PM2.5 on meteorological
conditions across India.We aggregate PM2.5 and meteorological data from 116
PM2.5 measurement sites across India from Dec 2017 to May 2022 (see their loca-
tions in Supplementary Fig. 1a). We focus exclusively on dry days and normalized
daily mean PM2.5 concentrations by station, season, and year (Methods). The black
lines are fitted to 100% normalized daily PM2.5 levels (only dots with over 30 sam-
ples are used for fitting), indicating the average dispersion conditions during dry

days in each season. Areas above (below) the black lines are defined as weak
(strong) dispersion days that are associated with elevated (reduced) PM2.5 levels.
The outer panels show the frequency distribution of daily meteorological condi-
tions across PM2.5 measurement sites during dry days for each season (see top left
for frequency labels). Light gray and dark gray shadings indicate the range from the
5th to the 95th percentile and the interquartile range (i.e., 25th to 75th percentile),
respectively. The black lines mark the median values.
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widespread and more significant increase in stagnation occurrences
over India under SSP370 than under SSP585. Specifically, winter stag-
nation days are forecast to increase by ~7 ± 3 days over the IGP under
SSP370. Overall, under both SSP scenarios, our projections indicate a
decrease in annual stagnation days across most of India, yet an
increase in winter stagnation days in the IGP.

The increases in stagnation days during winters and decreases in
other seasons (especially in the monsoon season) arise from inter-

seasonal differences in meteorological drivers during the late-21st

century. The significant reduction in stagnation days during the
monsoon season, as projected under both SSP scenarios, primarily
results from increasedprecipitation and theweakeningof temperature
inversions (Supplementary Fig. 8). These meteorological changes
subsequently lead to reductions in both dry days and weak dispersion
days, which together result in fewer stagnation days (Fig. 3b). In con-
trast, during winters, climate-induced reductions in surface wind
speed are significant in the IGP (Supplementary Fig. 8), contributing to
an increase in weak dispersion days—and thus more stagnation days—
under both SSP scenarios. In addition, a robust strengthening of
temperature inversions is projected in the IGP under the SSP370 sce-
nario, further increasing stagnation occurrences.

In projections spanning the 21st century (2015-2099), annual
stagnation occurrences over India are projected to slightly increase till
2020 s (for SSP585) and till 2030 s (for SSP370), followed by a nearly
linear decrease as global mean near-surface temperatures increase
towards the century’s end under both SSP scenarios (Fig. 4a). This
annual pattern is accompanied by decreasing seasonal stagnation
trends, particularly during the monsoon season across India, and
contrasting increasing trends during winters in the IGP (Fig. 4b).

Role of CO2 increases in driving future stagnation occurrences
These projected stagnation trends (annual decrease across India and
winter increase in the IGP) in the two SSP scenarios are reproduced in a
CO2-induced global warming scenario (Figs. 4a, b and 5), indicating the
role of CO2 on future stagnation patterns. Specifically, under CO2

Table.1 | Correlationsa between monthly mean PM2.5 con-
centrations and stagnation occurrence

India Atmospheric Stagnation Index (India-ASI)

Pre-Monsoon Monsoon Post-Monsoon Winter

IGP R =0.68
(p = 0.02)

R = 0.84
(p < 0.01)

R = 0.65
(p = 0.08)

R = 0.63
(p = 0.03)

India R = 0.66
(p = 0.01)

R = 0.79
(p < 0.01)

R = 0.77
(p = 0.03)

R = 0.84
(p < 0.01)

NOAA Atmospheric Stagnation Index

Pre-Monsoon Monsoon Post-Monsoon Winter

IGP R =0.21
(p = 0.50)

R = 0.73
(p < 0.01)

R = −0.78
(p = 0.02)

R = −0.14
(p = 0.67)

India R = 0.20
(p = 0.52)

R = 0.50
(p = 0.05)

R = −0.77
(p = 0.03)

R = 0.16
(p = 0.58)

aWeperform linear regression toevaluate thePearsoncorrelationcoefficients (R), andusea t-test
to estimate p-values (p) over the Indo-Gangetic Plain (IGP) and all of India. See scatterplots,
regression lines, and regression slopes in Supplementary Fig. 5.
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Fig. 2 | Stagnation occurrence and its impact on surface PM2.5. Spatial dis-
tribution of (a) stagnation occurrences and (b) surface PM2.5 increases on stagna-
tion days compared to non-stagnation days over India from Dec 2017 to May 2022.
We use the India-ASI to calculate stagnation occurrences and PM2.5 increases
(Methods). Gray areas indicate regions where stagnation is absent throughout the
season or temperatures at the 925 hPa layer are unavailable for stagnation esti-
mation. In a and b, inset numbers represent the mean ± one standard deviation,
calculated across all available data points within each region: the Indo-Gangetic

Plain (IGP, bounded by thick black lines) or the studied region referred to as India
(see geographic range in Supplementary Fig. 1a). In b, inset box-whisker plots
demonstrate the distribution of seasonalmean PM2.5 concentrations on stagnation
days (in red) and non-stagnation days (in blue) across all areas with available PM2.5

measurements in India. Theboxes denote the 25th, 50th, and 75th percentiles, and the
whiskers denote the 5th and 95th percentiles of PM2.5 concentrations across areas
with PM2.5 measurement sites in India.
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warming, we project increasingly more precipitation (fewer dry days)
and weaker temperature inversions (fewer weak dispersion days)
during the monsoon season as climate warms (Supplementary Fig. 9).
This results in a national average reduction of stagnation occurrences
by ~2 ± 1 per 1 °C of global warming during the monsoon season over
India, which increases the removal and dispersion of air pollutants. In
contrast, during winter, warming-induced changes in temperature
inversions are minimal over most areas in India, while reductions in
both precipitation days (more dry days) and surfacewind speed (more
weak dispersion days) are evident in the IGP, leading to ~1 ± 1 more
winter stagnation day per 1 °C of global warming. These patterns
suggest that globalwarmingmight generally improve air quality across
India, with the exception of the winter season in IGP. Supporting these
findings, a prior study that focused on annual mean conditions also
found that CO2-driven global warming increases vertical mixing over
India, which they suggest may lead to improved air quality35.

Under CO2 warming, differences in seasonal changes in meteor-
ological conditions over India largely stem froman increased land-ocean
thermal contrast. This contrast is enhanced by the fact that the air above
tropical lands warm more than the air above oceans primarily because
oceans have a larger source of moisture which, when evaporated,
restrain warming due to latent heat absorption during evaporation36,37.
Consequently, the enhanced temperature contrast between land and
ocean induces anomalies in the sea level pressure (SLP) gradient. This
altered SLP gradient leads to moisture convergence over land, which in
turn boosts monsoon precipitation and delays its retreat over India38–41.
This results in more precipitation and fewer dry days during the

monsoon and post-monsoon seasons, favoring wet removal of air pol-
lutants. However, the situation in the IGP during winter is different.
There, changes in temperature inversions are minor, while the anom-
alous southeasternwind significantly weakens the prevailing wind at the
surfaceduringwinter, increasingwinter stagnationoccurrences. Beyond
the SLP-induced changes, both the frequency and intensity of western
disturbances—synoptic systems crucial for winter precipitation—are
projected to decline with global warming, which reduces winter rainfall
and simultaneously leads toweaker surfacewindsover the IGP19,42. These
CO2-induced circulation changes under global warming contribute to
the stagnation trends we project for the two SSP scenarios, particularly
during the second half of the 21st century.

Role of aerosols in driving future stagnation occurrences
However, despite similarities discussed, there are notable differences
in stagnation projections between the two SSP scenarios. Specifically,
throughout the 21st century, when equivalent global warming levels for
the two scenarios are compared, we consistently project higher annual
stagnation occurrences under SSP370 than under SSP585 (Fig. 4a, see
seasonal comparisons in Supplementary Fig. 10). Disparities in annual
stagnation occurrence between the two SSP scenarios are primarily
attributed to their differences in temperature inversions at equivalent
global warming levels (Fig. 4c, see other meteorological conditions in
Supplementary Fig. 11).

Elevated near-surface aerosol concentrations significantly enhance
lower tropospheric temperature inversions (Fig. 4d), leading to more
favorable conditions for atmospheric stagnation. The differences
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Fig. 3 | Changes in stagnation occurrences simulated using SSP585 and SSP370
during the late 21st century (2080–2099), compared with the historical period
(1995–2014). Spatial distribution of multi-model averaged changes in annual and
winter stagnation days in (a) SSP585 and (c) SSP370. Inset numbers represent the
multi-model mean change ± one standard deviation in the number of regional
mean stagnation days for the Indo-Gangetic Plain (IGP, bounded by thick black

lines) or India (see geographic range in Supplementary Fig. 1a). Gray indicates areas
where temperatures at the 925 hPa layer are unavailable. b, d Regional mean
changes ±one standarddeviation in seasonal stagnationdays over the IGP (as green
dots and lines) or India (as blue dots and lines) in (b) SSP585 and (d) SSP370. Bars
indicate the changes in number of dry days (daily precipitation ≤1mm) and weak
dispersion days (defined in Fig. 1).
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Fig. 4 | Responses of stagnation occurrences and temperature inversions to
climatewarming and varying regional aerosol concentrations. a, cMulti-model
twenty-year mean changes (lines) in annual and regional average of (a) stagnation
occurrences and (c) temperature inversions over India, compared with the his-
torical period (1995–2014). Both are shown as a function of increases in the global
mean temperature since the pre-industrial period (lower x-axis). Shadings repre-
sentmean ± one standarddeviation. Results are aggregated into0.1 °C temperature
intervals and only presented for intervals with data available for more than 75% of
the CMIP6 models. The upper x-axes denote the multi-model median levels of
global warming in the historical period, the mid-21st century (2040–2059), and the
late-21st century (2080–2099) in SSP585 and SSP370. b Linear trends of multi-

model mean stagnation days from 2015 to 2099 for two SSP scenarios and over
the 150-year span of the CO2 warming scenario, in the Indo-Gangetic Plain (IGP,
triangles) or India (circles). In a–c, CO2 warming results are from an idealized CO2-
induced global warming scenario, where CO2 concentrations rise from pre-
industrial levels to ~1200 ppm over the 150-year period (Methods). d Impact of
elevated aerosol concentrations on temperature inversions averaged every 20
years from 2015 to 2054 in the IGP (triangles) or India (circles). In d, results are
from the difference between the SSP370 scenario and the SSP370 scenario with
low near-term climate forcers including aerosols (SSP370_lowNTCF, Methods).
See the emission trajectories for SSP370, SSP370_lowNTCF, and SSP585 in
Supplementary Fig. 7.

Fig. 5 | Trends in stagnation occurrences against the global mean near-surface
temperature increases underCO2warming.We show the spatial pattern ofmulti-
model averaged trends in the number of annual and seasonal stagnation days per
1 °C of globalwarming.We perform t-tests to assess the significanceof the slope for
each CMIP6 model, using a cutoff threshold p-value of 0.01. Gray indicates areas
where temperatures at the 925 hPa layer are unavailable, or where the slopes are

insignificant acrossmodels (i.e., less than75%ofmodel slopes have the same signof
change as the mean slope). Inset numbers represent the multi-model mean
trend ± one standard deviation for the regionalmean stagnation occurrence for the
Indo-Gangetic Plain (IGP, bounded by thick black lines) or India (see geographic
range in Supplementary Fig. 1a). Numbers followed by ‘Not Sig’ indicate that the
regional mean trend is insignificant across models.
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between SSP370 and SSP370 with low near-term climate forcers
including aerosols (SSP370_lowNTCF) reveal the causal impact of
increases in surface PM2.5 concentrations on enhancements in tem-
perature inversions. This occurs because atmospheric aerosols, includ-
ing PM2.5, perturb downward shortwave radiation43–45, leading to
atmospheric heating (in thepresenceofblack carbonaerosols) andnear-
surface cooling effects. An aerosol measurement campaign in the
northern Indian Ocean supports this and demonstrated that black car-
bon aerosols significantly enhance inversions and suppress mixing
within the boundary layer46. Because the SSP370_lowNTCF scenario did
not archive sufficient daily meteorological data for our further analysis,
we then compare SSP370, with high aerosols, to SSP585, with low
aerosols, at the same levels of globalwarming todemonstrate the role of
aerosols on stagnation occurrences. We find SSP370 projects stronger
temperature inversions and, thus, more frequent stagnation occur-
rences relative to SSP585 throughout the 21st century. This underscores
howaerosols enhancemeteorological conditions conducive topollution
accumulation, which will in turn increase surface PM2.5 concentrations

47.

Compound role of CO2 and aerosols in driving future stagnation
occurrences
Projected trajectories in 21st-century stagnationoccurrences across India
are influenced by the interplay between global warming—primarily dri-
venby risingCO2concentrations—and localmeteorological responses to
changing aerosol emissions. Under the SSP370 scenario, annual average
aerosol concentrations are projected to increase after 2015, followed by
a slow decrease after the 2050 s. However, aerosol concentrations in
SSP370 are above the historical average (1995–2014) throughout
2015–2099, due to persistently high emissions of aerosol precursors
(e.g., ammonia andnitrogenoxides in Supplementary Fig. 7). In contrast,
under the SSP585 scenario, annual average aerosol concentrations will
slightly increase after 2015, followed by a rapid decline after the 2030 s,
with end-of-century concentrations falling below historical levels. Con-
sequently, from 2015 to the 2050 s in SSP370 (and from 2015 to the
2030 s in SSP585), global warming will reduce stagnation occurrences
across India, while increasing aerosol concentrations will have the
opposite effect. After the 2050 s in SSP370 (and the 2030 s in SSP585),
the combined effects of global warming and decreasing aerosol con-
centrations are projected to drive a pronounced decreasing trend
(noted as days per °C of global warming) in annual stagnation

occurrences across India, surpassing the trend projected under a sce-
nario of CO2-induced warming alone (Fig. 4a, where the slopes of two
SSPs are steeper than the slope of CO2warming in the second half of the
21st century).

Despite the national trend towards an end-of-century reduction in
annual stagnation, winter stagnation occurrences in the IGP are pro-
jected to increase throughout the 21st century, compared with the
historical period (Supplementary Fig. 10). Specifically, under the
SSP370 scenario, the IGP’s sustained high aerosol levels are projected
to intensify global warming-induced increases in winter stagnation,
resulting in regional mean increases of ~5 ± 2 and ~7 ± 3 stagnation
days/winter during 2040–2059 and 2080–2099, respectively. In con-
trast, the SSP585 scenario predicts aerosol concentrations increasing
until the 2030s and falling to below historical levels during
2080–2099. These changes in aerosol concentrations, combined with
global warming, lead to increases in stagnation occurrences in the IGP
by ~2 ± 3days/winter for the 2030 s and ~1 ± 3days/winter during 2080-
2099 under SSP585, compared with the historical period.

Impact of climate-induced stagnation changes on surface PM2.5

concentrations
We estimate the response in surface PM2.5 concentrations to changes
in future stagnation occurrences over the IGP during the 21st century
(Methods). In the high-aerosol scenario (SSP370), winter increases
in PM2.5 concentrations over the IGP can reach up to ~7μg/m3 if
global mean temperature rises above 3 °C towards the late-21st

century (Fig. 6). These persistent winter PM2.5 increases, driven
by more frequent pollution-trapping stagnation, pose a challenge to
policy efforts aimed at improving air quality. However, the annual net
changes in stagnation-induced PM2.5 enhancements are smaller than
during winters, due to seasonal variations. For SSP585 in the IGP, the
marginal increase in winter PM2.5 concentrations are counterbalanced
by substantial reductions in other seasons, leading to annual decreases
in PM2.5 concentrations for most of the 21st century. In contrast, in the
SSP370 scenario, the substantial winter increases in PM2.5 are not
sufficiently offset by decreases in other seasons, resulting in
annual stagnation-induced PM2.5 enhancements that remain con-
sistently above historical levels throughout the 21st century. A com-
parison between the two scenarios, at equivalent global warming
levels, illustrates a win-win opportunity existing in a low-pollution
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Fig. 6 | Changes in surface PM2.5 concentrations due to climate-induced
changes in stagnation in the Indo-Gangetic Plain (IGP) during the 21st century.
The black dots and colored shadings illustrate the 20-year annual and seasonal
average changes in PM2.5 concentrations in the IGP, respectively, compared with
the historical period (1995–2014). The gray lines represent themean± one standard
deviation of the annual PM2.5 changes across the CMIP6models. Results are shown

at each 0.5 °C global warming interval and only presented for intervals with data
available for more than 75% of the CMIP6 models. Results only account for areas
with available PM2.5 measurement sites in the IGP (see their locations in
Fig. 2b or Supplementary Fig. 1a). Theupper X-axesdenote themulti-modelmedian
levels of global warming in the historical period, themid-21st century (2040–2059),
and the late-21st century (2080–2099) in SSP585 and SSP370.
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future, where strong pollution controls not only directly improve air
quality, but also reduce stagnation occurrences and lead to further
reductions in surface PM2.5 concentrations.

Discussion
Atmospheric stagnation significantly exacerbates surface PM2.5 pollu-
tion, and thus understanding its response to climate change is crucial
for effective future air qualitymanagement. In this study, we develop a
region-specific stagnation index for India that effectively links stagnant
atmospheric conditions and surface PM2.5 increases. This index pro-
vides a robust tool to understand the impact of climate change on air
quality via altering pollution-favorable conditions. Projections for the
21st century indicate that, compared with the historical period of
1995–2014, annual stagnation occurrences will decrease across most
of India, while winter stagnation occurrences will increase in the IGP—
the most polluted and most populated region in India. Our findings
indicate that the projected changes in stagnation are predominantly
driven by the compound effects of CO2-induced global warming and
regional meteorology perturbed by aerosols. We find these factors
synergistically intensify stagnation in winter over the IGP, leading to
increases in stagnation occurrences by ~7 days each winter during the
late-21st century (2080–2099) in the high-warming and high-aerosol
SSP370 scenario.

To better inform air quality policies, the accuracy of projections is
important. Our analysis reveals significant differences between pro-
jectionsmade by our newly developed India-ASI index and those using
the existing NOAA index. Specifically, under the SSP585 scenario, our
index predicts a decrease in annual stagnation occurrences across
India by ~22 days and in the IGP by ~18 days during 2080–2099. In
contrast, the NOAA index forecasts an annual increase of ~2 days for
India (Fig. 4a) and ~12 days for the IGPover the sameperiod (see spatial
differences of the two projections in Supplementary Fig. 12). This
discrepancy is notable, especially since one previous study employing
the NOAA index under the high-warming RCP8.5 scenario projected
even larger end-of-century increases in stagnation occurrences than
our projection using the NOAA index30. The NOAA index’s projections
of increasing annual stagnation occurrences largely result from the
expected weakening of mid-tropospheric winds (a key component of
this index) over northern India, including the IGP, as a result of a
weakeningHadleyCirculation under globalwarming48. However, given
the decoupling between the mid-troposphere and lower-troposphere
over northern India, the NOAA index does not consistenly capture
near-surface PM2.5 increases in the region (Supplementary Fig. 6). This
shortcoming makes it difficult to use NOAA index-based stagnation
projections to infer changes in surface air quality. This underscores the
importance of developing and using region-specific statistical meth-
ods to understand the impact of climate change on conditions con-
ducive to pollution, and subsequently, on surface air quality.

The CMIP6model results we used as input to our India-ASI do not
provide consistent results on the direction of the change in regional
mean winter stagnation in the IGP by the century’s end under SSP585,
despite the fact that both mean and median projections across CMIP6
models indicate an increase in winter stagnation days from the his-
torical period. Similarly, a previous study focusing on Delhi (located in
the IGP) found a mean reduction of pollution-favorable circulation
occurrences by 2 days each winter for 2070–2099 under SSP585, yet
with significant cross-model variation ranging from −9 to +7 days31.
These results highlight the inherent uncertainty in predicting end-of-
centurypollution-favorable condition changes under SSP585 in the IGP
duringwinters, likely resulting fromthe compensation effects between
aerosols and CO2. Decreasing aerosols will reduce pollution-trapping
inversions, while increasing CO2 will lead to weaker surface wind and
less precipitation that both exacerbate pollution. Despite these
uncertainties, all models consistently predict that, on average, SSP585
will experience fewer stagnation days, and therefore fewer stagnation-

induced PM2.5 concentrations, compared to SSP370 at equivalent
levels of global warming throughout the 21st century.

Our results are subject to several limitations and uncertainties.
First, wedefine stagnation days by atmospheric conditions on dry days
that are expected to result in higher-than-seasonal-mean PM2.5 con-
centrations. Although we find elevated PM2.5 concentrations during
stagnation days using observations averaged across multiple years,
PM2.5 concentrations on a specific stagnation day may not be higher
than on a non-stagnation day. Second, our stagnation index is treated
as Boolean throughout our analysis, following previous studies22,25.
This treatment limits our application of the index to explain PM2.5

variability at individual sites. However, there is a gradation in wind
speed and inversion parameters, as shown in Fig. 1, leading to varying
normalized PM2.5 levels. This indicates that our index, constructed
using wind speed and inversion strength, can be continuously inter-
preted to reflect the capacity of atmospheric dispersion to influence
PM2.5 concentrations on days without precipitation. Third, our pro-
jected future changes in PM2.5 only account for the dynamic impact of
climate change on surface PM2.5 concentrations through the modula-
tion of stagnation occurrences. Global warming can also alter PM2.5

levels via feedbacks from the biosphere (e.g., increases in biogenic
precursor emissions and wildfire-induced emissions) and secondary
aerosol formation (e.g., increases in oxidation rates and aerosol
volatility)15,49–51. While the inclusion of these processes is beyond the
scope of our study, their combined influence with stagnation on PM2.5

projections warrants investigation in future studies.
Given the projection that stagnation will increase during winters

over the IGP, compared to a significant decrease in other seasons,
wintertime air quality interventions in the IGPwill become increasingly
important as climate warms. Recently, the Graded Response Action
Plan (GRAP) was introduced in Delhi to address the escalating air
pollution levels during winter. This plan includes a set of actions trig-
gered based on the severity of air pollution. The plan regulates highly
polluting industries, controls construction dust, manages private
vehicle usage, and restricts the entry of trucks into Delhi. However,
whileGRAPhelpsmitigate immediate pollution episodes, it candisrupt
economic activities and is not sufficient to address long-term air
quality issues. A clean energy transition over India, combined with
strong air pollution controlmeasures,will directly improve regional air
quality and public health. Since 2019, the Indian government has
initiated the National Clean Air Programme (NCAP)52, a critical step to
mitigate the country’s severe PM2.5 pollution by targeting emission
sources. The insights derived from comparing the two SSP scenarios
suggest that stringent air quality policies like the NCAP will not only
directly mitigate air pollution, but will also reduce stagnation occur-
rences as climate warms, thereby yielding additional air quality
improvements.

Methods
Surface PM2.5 observations and meteorological data
We obtain surface PM2.5 measurements from the Central Pollution
Control Board (CPCB) Continuous Ambient Air Quality Monitoring
network as well as the U.S. Embassy and Consulates air quality mon-
itoring network over India. We retrieve PM2.5 data at hourly resolution.
We analyze data from December 2017 to May 2022, based on data
availability from the CPCB network, which rapidly expanded post-
201733. We manually screen data availability on the CPCB website and
initially select 150 stations (out of 500 stations) that havedata available
for at least one day each month between December 2017 and May
2022. Next, we apply rigorous quality control measures to calculate
daily PM2.5 concentrations at each station, following previous
studies33,53,54 (details can be found in the Supplementary Information).
Our study focuses on 116 stations that provide quality controlled daily
data for at least 60% of the days within our chosen analysis period. We
further check the consistency of the quality-controlled daily PM2.5
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concentrations between the Indian CPCB network and the U.S.
Embassy and Consulates network in cities where they co-locate. The
results reveal high consistency (Pearson correlation coefficient = 0.96)
between the PM2.5 observations collected by two individual networks,
indicating the reliability of our quality-controlled daily PM2.5 datasets
(Supplementary Fig. 1). Based on their geographic locations, we then
aggregate the 116 measurement sites into 46 grid boxes, each with a
horizontal resolution of 1° × 1° horizontal resolution.

Furthermore, we use an hourly climate reanalysis dataset (ERA5)
from the European Centre for Medium-Range Weather Forecasts
(ECMWF), which provides data at a resolution of 0.25° × 0.25°. We
calculate daily metrics for each variable and further interpolate the
data tomatch the re-gridded PM2.5 data at 1° × 1° horizontal resolution.

Development of the India-specific stagnation index
We develop an improved index to define atmospheric stagnation over
India (India-ASI) that builds upon a widely-applied stagnation index by
the U.S. National Oceanic and Atmospheric Administration (NOAA)24.
The NOAA index identifies stagnation using daily thresholds of three
variables: 10-meter wind speed (WS10m ≤ 3.2m/s), 500-hpa wind speed
(WS500hPa ≤ 13m/s), and precipitation (precip ≤ 1mm). In addition,
when a temperature inversion occurs in the boundary layer, theWS10m
criterion is relaxed by 10%. The WS10m influences the strength of
atmospheric dispersion, while precipitation controls the washout of
local air pollutants. WS500hPa is influenced by the synoptic system; a
low WS500hPa indicates a high-pressure system, which is associated
with weak vertical dispersion in the U.S..

We conduct both a regression analysis and a composite analysis,
performed separately for each season, to investigate relationships
between meteorological components of the NOAA index and surface
PM2.5 concentrations across India (Supplementary Figs. 2 and 3). Prior
to performing the regression analysis, we detrend and de-seasonalize
the daily meteorological and PM2.5 datasets by subtracting the 30-day
moving averages from the original time series. This process refines our
focus on synoptic-scale variability14. Our regression analysis calculates
the Pearson correlation coefficients between meteorological variables
and PM2.5 concentrations. In addition, the composite analysis calcu-
lates the difference in PM2.5 levels between days with high and low
anomalies of specific meteorological conditions. Results reveal that
the WS10m displays a significant negative correlation (p <0.01) with
PM2.5 concentrations at ~70% of the measurement stations, while low
WS10m anomalies are associated with elevated PM2.5 concentrations
across most analyzed areas. Similarly, the absence of precipitation
considerably increases PM2.5 concentrations at over 90% of the ana-
lyzed areas across India. However, the WS500hPa exhibits poor corre-
lation with surface PM2.5, showing weak associations at only 9% of the
stations during the winter. Consequently, we find a limited association
between stagnation days (defined by the NOAA index) and PM2.5

increases over India (Supplementary Fig. 6).
To improve the performance of the NOAA index over India, we

explore alternatives to theWS500hPametric. Our objective is to identify
a meteorological condition that both statistically and consistently
correlates with increases in PM2.5, and physically represents the
dynamics of near-surface vertical mixing, thus serving as a replace-
ment for WS500hPa. Specifically, we evaluate the capability of three
alternative metrics to predict observed PM2.5 increases: temperature
inversions between 850 hPa and 2m (T850hPa-T2m), boundary layer
height (BLH) and temperature inversions between 925 hPa and 2m
(T925hPa-T2m). We select T850hPa-T2m and BLH because they are known
to represent vertical mixing and are associated with high PM2.5 epi-
sodes, particularly during winters in India, as found in previous
studies16,19,31. We also include T925hPa-T2m because it represents overall
vertical stability for an atmospheric layer that is closer to the surface,
making it potentially more relevant for near-surface PM2.5 concentra-
tions, compared to the layer represented by T850hPa-T2m.

Our results indicate that T925hPa-T2m is the most effective metric
that statistically correlates with increases in PM2.5, showing significant
correlations at roughly 60–80% of the measurement stations across
India (Supplementary Fig. 2b). Additionally, PM2.5 levels on days with
high T925hPa-T2m anomalies are consistently and notably higher thanon
dayswith lowanomalies T925hPa-T2m across all seasons (Supplementary
Fig. 3b). In contrast, the correlations between PM2.5 levels and the
other two metrics (T850hPa-T2m and BLH) show inconsistent results
across seasons, with particularly weaker significance of seaso-
nal correlations compared to those observed with T925hPa-T2m. In
addition,we apply radiosondedata collected atDelhi andKolkata from
2017 to 2022, which reveals amore consistent seasonal dependence of
PM2.5 levels on T925hPa-T2m compared to T850hPa-T2m and BLH (Sup-
plementary Fig. 13). This further supports our finding that T925hPa-T2m

is the most effective metric to predict increases in PM2.5.
In light of these results, we select T925hPa-T2m as the alternative to

the WS500hPa metric used in the NOAA index. We continue to use
precipitation and WS10m metrics in our index due to their strong
association with elevated PM2.5 levels across India in all seasons.

We follow the method of Wang22 to define an atmospheric stag-
nation day over India, which is different from traditional approaches
(e.g., setting cut-off values for each meteorological variable). First, we
exclude rainy days (days with total precipitation exceeding 1mm) and
focus our study on dry days, which could potentially feature stagna-
tion. Next, we normalize the daily PM2.5 concentrations against the
seasonal mean PM2.5 concentrations for each station, each season, and
each year. This step lessens the influence of spatially and seasonally
varying emission intensities on observed daily PM2.5 levels. Then, we
map all normalized daily PM2.5 data onto a coordinate system where
the X-axis represents daily WS10m and the Y-axis represents daily
T925hPa-T2m (Fig. 1). In the coordinate system, results are aggregated by
WS10m andT925hPa-T2m intervals of 0.2m/s and0.5 °C, respectively, and
are shown only when there are at least 10 daily samples in the interval.
Finally, we fit the points close to 100% normalized daily PM2.5 levels.
Points above the fitted curve are indicative of elevated PM2.5 levels (i.e.,
higher than seasonal mean) on dry days with weak atmospheric dis-
persion. Conversely, points below the curve suggest reduced PM2.5

levels on days with stronger dispersion. We define an atmospheric
stagnation day if (1) daily precipitation ≤1mm (representing a dry day),
and (2) daily WS10m and T925hPa-T2m fall above the black lines in Fig. 1
(representing a weak dispersion day).

Increases in PM2.5 concentrations (ΔPM2.5) due to stagnation in a
given period are calculated as follows:

ΔPM2:5 = PM2:5 stag�PM2:5 non-stag

Where PM2.5_stag represents mean PM2.5 concentrations during
stagnation days in that period, and PM2.5_non-stag representsmeanPM2.5

concentrations during non-stagnation days in that period.

Estimation of climate-change-driven changes in stagnation
occurrences
The projection of future stagnation occurrences fundamentally
depends on the prediction of key meteorological variables that define
stagnation, such as temperature inversions and precipitations, under
future climate conditions. The sensitivity of these variables to global
warming and the sensitivity of global warming to anthropogenic for-
cings are critical factors influencing these predictions. Climatemodels
have a wide spread in simulating these sensitivities due to their
structural differences and varying capabilities to simulate aerosol and
cloud feedbacks55. This leads to divergent projections of future
meteorological conditions, even when driven by identical anthro-
pogenic forcings. Inour study,we address this issue byutilizing a set of
climate models to predict ensemble-mean stagnation changes, fol-
lowing previous research19,26,29,30. This ensemble approach helps
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mitigate individual model biases and provides a more robust predic-
tion of future conditions.

We examine the impact of climate change on stagnation using 8
climate models (12 ensembles in total) from the Climate Model Inter-
comparison Project Phase 6 (CMIP6, Supplementary Table 1). These
models were selected based on their availability of necessary daily
meteorological variables (i.e., T925hPa-T2m, WS10m, and precipitation)
critical for our analysis, as our index for identifying stagnation events
relies ondaily resolutiondata. Allmodel outputs are downloaded from
the CMIP6 website (https://aims2.llnl.gov/search/cmip6/) and inter-
polated using a flux-conserved method to align with the 1° × 1° hor-
izontal grid of PM2.5 observations and the ERA5 reanalysis.

To analyze stagnation changes throughout the 21st century,we use
three CMIP6 scenarios: historical, SSP370, and SSP585. Averages from
1995 to 2014 in the historical scenario set the baseline against which
SSP370 and SSP585 projections are compared. Both SSP370 and
SSP585 project high global warming by 2100, averaging 3.8 °C and
5.0 °C increases respectively across all CMIP6models56. However, their
projections for anthropogenic emissions of air pollutants (including
primary aerosols and their gaseous precursors), follow opposite
overall trends during the 21st century (Supplementary Fig. 7)57. Speci-
fically, in SSP370, anthropogenic primary aerosol emissions (black
carbon and organic carbon) are projected to increase until 2050, then
decrease by 2100 to slightly below their 2015 levels. For aerosol pre-
cursors emissions in SSP370, both NH3 and NOx will continuously
increase by 2100, while SO2 will peak by 2050 and then decrease to
below their 2015 levels by 2100. In contrast, SSP585 projects sub-
stantial and consistent decline in anthropogenic primary aerosol
emissions post-2015, with 2100 levels projected to be significantly
below those of 2015. For aerosol precursors emissions in SSP585, SO2,
NOx and NH3, will increase until 2040 and then decline by 2100, with
2100 emissions falling below the 2015 levels. These scenarios facilitate
an exploration of future stagnation under varied global warming and
air pollution emission trajectories.

To isolate the impact of increasingCO2-induced global warmingon
stagnation occurrences over India, we utilize two CMIP6 benchmark
scenarios: piControl and 1pctCO2

58. The piControl scenario is driven by
conditions representative of the pre-industrial period. Conversely,
1pctCO2 is an idealized climate scenario, where global warming is solely
driven by an annual 1% increase in CO2 concentrations until they
quadruple.Over its 150-year simulation, the 1pctCO2 scenario startswith
CO2 concentrations from the piControl scenario and increases them to
~1200 ppm. The comparison between the 1pctCO2 and piControl sce-
narios allows us to directly attribute differences in stagnation patterns
across India to the effects of CO2-induced global warming.

To contextualize our findings within a range of global warming,
and considering the varying climate sensitivities of models, we nor-
malize changes in variables from the 1pctCO2 (changes relative to
piControl), SSP370 (changes relative to historical), and SSP585 (chan-
ges relative to historical) scenarios by global mean near-surface tem-
perature increases since the pre-industrial period (calculated using
piControl) in each model.

To isolate the causal impact of aerosols on temperature inver-
sions, we examined two distinct sets of climate simulations from
AerChemMIP experiments59: the SSP370 scenario and the
SSP370 scenariowith lownear-termclimate forcers including aerosols.
They are identical in all aspects except for the levels of aerosols and
their precursor emissions (Supplementary Fig. 7), and are targeted to
quantify the impact of short-lived climate forcers on the climate. This
controlled setup ensures that any observed differences between these
two scenarios in meteorological conditions can be confidently attrib-
uted to the effects of aerosols, since all other external forcings,
including CO2 and CH4 levels, are constant across both scenarios.
Given that SSP370_lowNTCF data is only available from 2015 to 2054,
we utilize a running 20-year average for this period to facilitate our

scenario comparison. This allows us to attribute any observed differ-
ences in meteorological conditions specifically to the influence of
aerosols, by contrasting the SSP370 scenario (with its higher aerosol
levels), against the SSP370_lowNTCF scenario.

Estimation of stagnation-driven changes in surface PM2.5

concentrations
To project the future impact of altered stagnation patterns on surface
PM2.5 concentrations, we utilize the observed relationship between
seasonal mean PM2.5 concentrations and stagnation occurrences from
December 2017 to May 2022 (Supplementary Fig. 5). We proceed
under the assumption that, despite the presence of seasonal varia-
tions, the intensity of emissions for a specific season remains relatively
consistent across years. We exclude the pre-monsoon season
of 2020 when estimating the slope, due to the emission perturbation
caused by the pandemics. Therefore, the slopes reflect the depen-
dence of PM2.5 on stagnation occurrences. Accordingly, we apply the
derived regression slope, which quantifies the rate of change in PM2.5

concentrations with respect to changes in stagnation occurrences, to
project how future changes in stagnation occurrences, relative to the
historical baseline, will influence PM2.5 levels.

Data availability
The continuous PM2.5 measurement data across India are publicly
available and can be retrieved from the Indian CPCB website
(https://airquality.cpcb.gov.in/ccr/#/caaqm-dashboard-all/caaqm-
landing) and the U.S. Embassies and Consulates website (https://
www.airnow.gov/international/us-embassies-and-consulates/). The
hourly climate reanalysis data at the surface level and pressure
levels from ERA5 are available at https://cds.climate.copernicus.
eu/#!/search?text=ERA5&type=dataset. The radiosonde data for
New Delhi and Kolkata can be accessed from the Integrated Global
Radiosonde Archive (IGRA, https://www.ncei.noaa.gov/products/
weather-balloon/integrated-global-radiosonde-archive). The sha-
pefile for Indian states used in our map plots is provided by geo-
Boundaries datasets (https://www.geoboundaries.org/#tabs1-
html). The CMIP6 model results are publicly available from
https://aims2.llnl.gov/search/cmip6/. Source data that support all
figures in the main text are provided with this paper.

Code availability
The MATLAB modules we developed to load and spatially interpolate
the CMIP6 daily and monthly output using a flux-conserved
method are provided in Github (https://github.com/MickeyCKG/
Source-Code-For-Indian-Stagnation-Project/releases). All other cus-
tom codes are direct implementation of standard methods and tech-
niques as described in detail in the Methods and Supplementary
Information.
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