
1.  Introduction
The Indo-Gangetic Plain (IGP) stretches from Pakistan to Bangladesh across Northern India. A major center 
for wheat and rice production, it is home to over 800 million people (Chauhan et  al.,  2012). The IGP expe-
riences some of the highest concentrations of airborne fine particulate matter (PM2.5) in the world (Gargava 
& Rajagopalan, 2015a; Gargava & Rajagopalan, 2015b; Guttikunda et al., 2014; Jethva et al., 2019; Srinivas 
Bikkina and August Andersson and Elena N. Kirillova and Henry Holmstrand and Suresh Tiwari and A. K. 
Srivastava and D. S. Bisht and Örjan Gustafsson, 2019; Singh et al., 2017; K. K. Lee & Greenstone, 2021b). 
High local anthropogenic emissions associated with waste and crop residue burning, transportation, industry, and 
power generation are the primary cause for the poor air quality in the region (Singh et al., 2021). The topography 
of the IGP region, bordered to the North by the Himalayan mountain range and to the South by the Chota Nagpur 
and Deccan plateaux, encourages air stagnation, which further exacerbates air pollution (Jethva et  al.,  2005; 
Mhawish et al., 2020; Ojha et al., 2020; V. S. V. S. Nair et al., 2007; M. M. Kumar et al., 2015; Yadav et al., 2015).

Exposure to PM2.5 is associated with increased risk of cardiovascular and respiratory diseases (Roth et al., 2018). 
In the states of Delhi and Uttar Pradesh, home to over 245 million people (S. S. Kumar et al., 2019), the annual 
PM2.5 concentration exceeds the recommendations (5 μg m −3) by the World Health Organization (2021) by more 
than 20-fold and is estimated to cause a loss of life expectancy of ≃10 years (K. Lee & Greenstone, 2021a). 
Unlike other major population centers in Europe, the United States, and China, air pollution has been worsening 
in the IGP over the last two decades (M. Kumar et al., 2018; M. Nair et al., 2022; Vohra et al., 2021). Turnock 
et al. (2020) recently showed that PM2.5 concentrations are projected to keep increasing by 10%–40% in South 
Asia over the next decades based on simulations in support of the Coupled Model Intercomparison Project 6 
(CMIP6, Eyring et al. (2016)) using different Shared socio-economic pathways (SSPs). The simulated changes in 
PM2.5 exhibit high correlations with precursor emissions, which highlights the importance of emission controls 
to curb air pollution. Such controls have recently been proposed by the Indian Government under the National 

Abstract  We analyze the relationship between fine particulate matter (PM2.5) and meteorology in winter in 
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Plain Language Summary  The Indo-Gangetic Plain, home to over 800 million people, experiences 
among the most elevated concentrations of fine particulate matter in the world. Such high levels of air pollution 
are estimated to reduce average life expectancy by several years. Air quality is especially poor in wintertime, 
in part due to meteorological conditions such as slow wind speeds that favor the accumulation of air pollutants 
near the surface. CMIP6 models project that increasing CO2 will cause a reduction in surface wind speed in 
the Indo-Gangetic Plain. We show that this reduction in wind speed will result in higher wintertime PM2.5 
concentration (1%/K) and more frequent high-PM2.5 days. This CO2 penalty highlights the need for stringent air 
pollution controls in this region.
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Clean Air Program (NCAP) with the aim to reduce air pollution by 20%–30% by 2024 relative to 2017 levels 
(Ganguly et al., 2020).

Air pollution in IGP is especially elevated in winter (DJF) (Gani et al., 2019; Haque & Singh, 2017; Murari 
et al., 2017; Schnell et al., 2018) when low wind speeds, shallow boundary layer heights and strong temperature 
inversions have been shown to favor stagnant conditions that promote the accumulation of PM2.5 near the surface 
(M. Kumar et al., 2015; V. S. Nair et al., 2007; Ojha et al., 2020; Schnell et al., 2018; Singh et al., 2021).

The impact of climate change on the meteorological conditions in the IGP and the implications for air quality 
remain uncertain. Horton et al. (2014) found that climate change would increase the air stagnation index (ASI), 
a metric that exhibits a positive correlation with PM2.5 in the United States. In contrast, Wu et al. (2019) and Li 
et al. (2021) found that synoptic conditions (e.g., location of the subtropical jet) correlated with elevated PM2.5 
become less frequent with global warming. The lack of consensus regarding the relationship between meteorol-
ogy and PM2.5 can be partly attributed to the lack of long-term PM2.5 observations and the sparseness of PM2.5 
monitoring stations in the IGP, the majority of which are located in the Delhi region. In addition, the coupling 
between meteorological conditions at the surface and in the upper atmosphere is weak in the winter over the IGP, 
which reduces the predictive power of synoptic meteorology-based indicators such as the ASI for high-pollution 
episodes in this region (Schnell et al., 2018).

Here we analyze daily wintertime (DJF) observations collected in the Indian portion of the IGP from December 
2014 to February 2020 to characterize the relationship between surface meteorological conditions and PM2.5. We 
then use these observation-based relationships to quantify how changes in meteorology associated with climate 
change will impact winter PM2.5 concentrations in the IGP. Finally we show that this meteorological response is 
qualitatively captured by CMIP6 models.

2.  Observed Relationship Between Meteorology and PM2.5

Hourly PM2.5 concentrations are obtained from India's Central Pollution Control Board (Government of India, 2021) 
and from the U.S. Embassy and Consulates' air quality monitors (U.S. Department of State, 2021) from Decem-
ber 2014 to February 2020. Note that very few PM2.5 observations are available in the IGP prior to this period. We 
average the hourly data to construct daily timeseries, filtering the data as follows: (a) exclude periods when more 
than 12 consecutive observations are identical; (b) exclude hourly data that deviate from the daily mean by more 
than 3 standard deviation (zscore ≥3, Mogno et al. (2021)); (c) exclude days with fewer than 12 measure ments 
(Mogno et al., 2021); (d) exclude daily data which differ from the annual mean by more than 5 standard deviations 
(zscore ≥5).

We focus our analysis on daily PM2.5 timeseries at stations with at least three valid winter seasons, where a valid 
winter season is defined as having valid PM2.5 observations for more than 45 days. In the Indian portion of the 
IGP, which comprises the states of Punjab, Haryana, National Capital Territory of Delhi, Uttar Pradesh, Bihar, 
Jharkhand, and West Bengal, 18 cities have one or more stations that meet the aforementioned criteria (Figure 1, 
Table S1 in Supporting Information S1). Four of these cities are located in the near vicinity of New Delhi, while 
no city meets the criteria in the state of Jharkhand. We perform the analysis on daily anomalies relative to the 
winter mean to reduce the impact of interannual variability and trends associated with emission changes.

Figure 2 summarizes the correlation between PM2.5 and meteorological variables on a daily timescale (Table S2 
in Supporting Information S1). Following previous studies (Li et al., 2021; Schnell et al., 2018; Wu et al., 2019), 
we consider collocated boundary layer height, near-surface wind speed (sfcWind) and temperature (t2m), surface 
pressure, precipitation, sea level pressure, relative humidity, and temperature inversion (INV, the difference 
between the 850 mb and surface (2m) temperature) – a proxy for the lower atmospheric stability (Ramanathan 
et al., 2005). Because meteorological observations are not available at all stations, all meteorological data are 
obtained from ECMWF Reanalysis fifth Generation (ERA5, 0.25° resolution, Hersbach et al. (2020)). Figure 2 
shows that boundary layer height and INV are significantly correlated (p < 0.01) with PM2.5 in all cities, with 
average correlations of −0.46, 0.37, respectively. sfcWind exhibits significant correlation with PM2.5 in 17 out 
of 18 cities, with an average correlation of −0.43. The correlation of PM2.5 with boundary layer height, INV, and 
sfcWind are consistent with the enhancement of PM2.5 under stagnant conditions. Other collocated meteorologi-
cal variables, that is, surface pressure, sea level pressure, relative humidity, and precipitation exhibit much weaker 
correlation with PM2.5. We also find significant correlation between PM2.5 and daily t2m in 15 out of 18 cities. 
However, this relationship is likely to be partly driven by changes in residential emissions, the largest contributor 
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to PM2.5 in wintertime (Singh et al., 2021), rather than a purely meteorological effect. In the following, we focus 
on the relationship of PM2.5 with daily sfcWind and INV, which exhibit highest correlation with PM2.5 and are 
available from many models which contributed to CMIP6. This daily variations of INV, sfcWind and PM2.5 are 
illustrated in Figure S1 of Supporting Information S1. We do not consider boundary layer height because it is 
available from fewer CMIP6 models than sfcWind, with which it exhibits high correlation (>0.5) in 16 out of 18 
cities. In contrast, the correlation between sfcWind and INV is not significant at the 0.01 level in 14 out of 18 
cities. The average sfcWind and INV over the 2010–2018 period are shown in Figures S2 and S3 of Supporting 
Information S1.

To explore the relationships of PM2.5 with sfcWind and INV, we bin observations by deciles of the sfcWind 
and INV distributions (independently, see Tables S3 and S4 in Supporting Information S1). Figures 3a and 3b 
show the anomaly in DJF PM2.5 for each sfcWind and INV decile relative to the DJF average for each IGP city. 
We find significant negative and positive associations (p < 0.01) between PM2.5 and sfcWind and INV deciles, 
respectively in all cities except Kolkata, Rohtak, and Mandi Gobindgarh for sfcWind deciles. On average, the 
concentration of PM2.5 differs by close to a factor of two between the lower and upper sfcWind and INV deciles.

Figures 3c and 3d show the conditional cumulative probability of high-PM2.5 days (upper quartile) given sfcWind 
and INV deciles, respectively. On average, 50% and 75% of the worst air quality days occur for sfcWind in the 

Figure 1.  Location of the cities used in this study 1. Amritsar [Punjab]; 2. Ludhiana [Punjab]; 3. Mandi Gobindgarh 
[Punjab]; 4. Rohtak [Haryana]; 5. Panchkula [Haryana]; 6. Gurugram [Haryana]; 7. Delhi [NCT of Delhi]; 8. Faridabad 
[Haryana]; 9. Noida [Uttar Pradesh]; 10. Ghaziabad [Uttar Pradesh]; 11. Agra [Uttar Pradesh]; 12. Kanpur [Uttar Pradesh]; 
13. Lucknow [Uttar Pradesh]; 14. Varanasi [Uttar Pradesh]; 15. Gaya [Bihar]; 16. Patna [Bihar]; 17. Muzaffarpur [Bihar]; 18. 
Kolkata [West Bengal]. Locations are color coded by the average DJF PM2.5 concentration in the associated city in μg m −3 
over the 2015–2020 period. The states that comprise the IGP are highlighted in bold.
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lowest three and five deciles, respectively. In particular, the probability of a high-PM2.5 day is increased two-fold 
at the slowest wind speed deciles. No significant relationship between wind speed decile and the probability of a 
high-PM2.5 day is found at Kolkata, Rohtak, and Mandi Gobindgarh. The probability of a poor air quality day is 
less sensitive to INV than to sfcWind, as indicated by the smaller departure from the 1:1 line (Figure 3d).

In winter, the IGP circulation is dominated by nortwesterly winds (Figure S2 in Supporting Information S1). 
This stable circulation pattern tends to reduce the sensitivity of PM2.5 to regional sources (Singh et al., 2021) and 
results in a West-East increase in PM2.5 (Figure 1 and Mogno et al. (2021)). This circulation pattern may also 
contribute to the similarity in the relationship of PM2.5 to surface meteorological conditions across cities. Mandi 
Gobindgarh (northeast of IGP) and Kolkata (southwest of IGP) are located on the edge of the IGP, which may 
increase their sensitivity to the variability of local sources. In addition, Kolkata is located ≃200 km from the sea 
and air quality in the city is modulated by sea/land breeze activity (Verma et al., 2016), which we do not account 
for in our analysis. More information would be required to further explore the lack of significant relationship 
between sfcWind decile and PM2.5 at Rohtak in spite of its proximity to Delhi (Figure 1). We note that Rohtak has 
the fewest number of observations across all the cities analyzed here (Table S1 in Supporting Information S1), 
which may contribute to the less robust relationship between sfcWind and PM2.5 at this site.

The observed relationship between PM2.5 and INV/sfcWind may also help diagnose model biases. For instance, 
Figure S4 in Supporting Information S1 shows the simulated relationship between INV/sfcWind and PM2.5 in 
the GFDL ESM4.1 model (Dunne et al., 2020; Horowitz et al., 2020). The model captures well the relationship 
between sfcWind and PM2.5 in the interior of the IGP but overestimates the impact of sfcWind at Kolkata. The 
model also generally underestimates the impact of INV on PM2.5, which may indicate an underestimate of the 
impact of aerosols on the lower tropospheric stability.

3.  Change in Local Meteorology With Climate Change and Implication for PM2.5

We use simulations performed for CMIP6 to estimate the impact of global warming on sfcWind and INV in the 
IGP. We first analyze changes in daily sfcWind and INV in the 1pctCO2 experiment (1% per year increase of 
the atmospheric concentration of CO2) relative to preindustrial conditions (piControl). This allows to isolate the 
impact of CO2-induced global warming from other factors that can impact local meteorology, such as changes 
in land-use (e.g., urbanization (Civerolo et al., 2007; Huszar et al., 2020; Tao et al., 2015) or non–CO2 climate 

Figure 2.  Correlation between meteorological variables and PM2.5 for cities in the Indo-Gangetic Plain. Only significant 
correlations (p < 0.01) are shown.
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Figure 3.  Average relationship of PM2.5 with surface wind speed and temperature inversion (INV) deciles in DJF for cities in the Indo-Gangetic Plain. Panels a and b 
show the average anomaly in PM2.5 concentration relative to the seasonal mean for each sfcWind (panel a) and INV decile (panel b). Panels c and d show the conditional 
cumulative probability of exceeding PM2.5 75th percentile given sfcWind and INV decile. Cities are ordered from West to East and color coded by state. The solid 
black line shows the average response across all cities. We exclude Rohtak, Mandi Gobindgarh, and Kolkata for wind speed, as no significant relationship with PM2.5 
is observed for these cities. The dashed black line (panels c and d) shows the expected distribution of PM2.5 if it were independent of sfcWind and INV (i.e., uniform 
distribution).
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forcers (Fosu et al., 2017)). Details about the 26 models used for sfcWind and 11 models for INV can be found 
in Table S5 of Supporting Information S1.

For each model, we first calculate the sfcWind and INV deciles under preindustrial conditions in each grid cell 
using at least 150 years of the piControl experiment. We then regress the frequency of each decile in the 1pctCO2 
experiment (150 years) against the global mean temperature change using ordinary least squares. To reduce the 
impact of natural variability, we apply a 20-year running mean prior to calculating the regression coefficients. 
To facilitate comparison across models, model outputs are regridded to a common 1° × 1° grid using the Earth 
System Modeling Framework conservative algorithm.

Figure S5 in Supporting Information S1 shows that most CMIP6 models project that CO2-induced global warm-
ing tends to shift the distribution of sfcWind toward slower wind speeds. The response is consistent in sign over 
much of the IGP, except in Punjab, where no significant change is found. The largest increase in slow wind 
speed days is found in Uttar-Pradesh. Figure S6 in Supporting Information  S1 illustrates this change in the 
sfcWind distribution in the GFDL ESM4.1 model in the different cities shown in Figure 1. In contrast, changes 
in the  distribution of daily INV are more geographically heterogeneous and less robust (Figure S7 in Supporting 
Information S1). Robust changes are only identified in the Northwest and Southeast portions of the IGP where 
the frequency of low and high INV days is found to increase and decrease, respectively.

The weather in Northern India in winter is modulated by the passage of western disturbances (WD). These 
cyclonic storms (10–26/year in DJF (Midhuna et al., 2020)) originate over the Mediterranean, Caspian and Black 
Seas and move eastwards across Northwestern India following the westerlies (Dimri et al., 2015). Some WDs 
bring precipitation and rapid surface wind-speed in the IGP thus modulating air quality (Pawar et al., 2015). For 
instance, low WD activity in December 2015 likely contributed to extremely high air pollution in New Delhi 
(Basu et al., 2017). Following Midhuna et al. (2020) we diagnose the change in WD activity using the West-
ern disturbance index (WDI), the difference in geopotential heights between 850 and 200 hPa over the region 
25–40°N 60–80°E. Figure S8 in Supporting Information S1 shows that the WDI is decreasing with global warm-
ing. This decrease is also supported by the simulated reduction in wintertime precipitation over the IGP (Figure 
S9 in Supporting Information S1), most of which is contributed by winter disturbances (Hunt et al., 2018). It 
is also consistent with the detailed analysis of Hunt et al. (2019), who showed that CMIP5 models projected a 
decrease in both the frequency and intensity of WDs with radiative forcing. This suggests that more research is 
needed to characterize how changes in WD activity may contribute to the projected increase in the prevalence of 
calm conditions.

Our analysis only addresses the impact of increasing CO2 on INV and sfcWind. To assess how changes in 
non-CO2 forcing agents including anthropogenic aerosols may alter meteorological conditions, we analyze simu-
lated changes in sfcWind and INV over the historical period and under the future ssp370 scenario. The ssp370 
scenario follows the RCP7.0 global forcing pathway with SSP3 socioeconomic conditions (O’Neill et al., 2013; 
van Vuuren et al., 2013) and corresponds to weak climate change and air quality mitigation. Under the ssp370 
scenario, surface PM2.5 concentrations in South Asia are projected to increase by 40% relative to 2005–2014 
conditions by 2060 and then decrease for the remainder of the 21st century with 2100 concentrations exceeding 
present-day concentrations by ≃20% (Turnock et al., 2020). We find that the relationship between changes in the 
sfcWind distribution and global temperature is similar to that derived from the idealized 1pctCO2 simulation 
(Figures S5 and S10 in Supporting Information S1). In contrast, we find that the response of INV is much stronger 
(Figures S7 and S11 in Supporting Information S1), consistent with previous studies (Gao et al., 2022; Hingmire 
et al., 2021; Ramanathan et al., 2005; Yang et al., 2016), which have demonstrated that higher anthropogenic 
aerosols tend to increase atmospheric stability.

To estimate the impact of the reduction in wind speed on PM2.5 concentrations associated with increasing CO2, we 
multiply the change in the frequency of each sfcWind decile per degree global warming (Figure S5 in Supporting 
Information S1) by the observed anomaly in PM2.5 in this sfcWind decile (Figure 3a, black line). Figure 4a shows 
that the change in sfcWind is projected to result in an increase in PM2.5 of ≃1%/K over much of the IGP. Similarly, 
we estimate that the change in the sfcWind distribution will increase the frequency of conditions conducive to 
high-PM2.5 episodes (75th percentile) by ≃4%/K (Figure 4b) or sfc≃1 day per season per K.

Another estimate of the impact of changes in meteorological conditions with global warming on PM2.5 may 
be derived independently by comparing the concentration of black carbon simulated by CMIP6 models in the 
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ssp370SST and ssp370pdSST experiments, conducted as part of the Aerosol Chemistry Model Intercomparison 
Project (Collins et al., 2017). The ssp370SST experiment follows the ssp370 scenario with sea surface temperature 
(SST) and sea ice concentrations (SIC) prescribed from coupled-model ssp370 simulations. The ssp370pdSST 
experiment follows the same set up except that SST and SIC are taken from the simulated 2005–2014 mean 
from the associated coupled model simulation. The difference between ssp370SST and ssp370pdSST reflects 
the impact of increasing sea surface temperature under the ssp370 scenario. We focus on black carbon rather 
than PM2.5 as the sole sources of black carbon are prescribed emissions and thus identical between the two 
experiments. As a result, differences in surface black carbon between the two runs are expected to be primarily 
associated with differences in meteorology between the two scenarios. The six models used for this analysis are 
listed in Table S6 of Supporting Information S1.

Figure 4c shows the average change in surface black carbon simulated in the ssp370SST relative to its concen-
tration in ssp370pdSST regressed against the global change in surface temperature. Similar to our analysis of 
sfcWind and INV quantiles, model outputs are regridded to a common 1° × 1° grid using the Earth System 
Modeling Framework conservative algorithm and we apply a 20-year running mean to BC concentrations prior to 
calculating the regression coefficients. The estimated response ranges from 1 to over 5%/K, which is qualitatively 
consistent with the response of PM2.5 inferred from wind speed changes (Figure 4a). However, the sensitivity 
of surface black carbon to meteorological changes is generally 1.5 to 2× stronger. This stronger response may 
be partly explained by differences in the response of sfcWind and INV in the ssp370 scenario relative to the 
1pctCO2 run.

Both estimates suggest that global warming tends to favor meteorological conditions that are conducive to higher 
wintertime PM2.5 in the IGP. In contrast, Li et al. (2021) recently showed that changes in synoptic conditions 
diagnosed from the zonal wind speed at 250 hPa associated with climate change will decrease the likelihood of 
poor winter air quality events in Delhi. This discrepancy may stem in part from the complex coupling between 
upper atmospheric conditions and surface meteorology in the IGP in winter (Schnell et al., 2018). More PM2.5 
observations (e.g., outside of urban centers) are needed to better characterize the interactions between meteorol-
ogy and PM2.5 and thus improve future PM2.5 projections.

4.  Conclusion
The Indo-Gangetic Plain is one of the most polluted regions in the world. The concentration of PM2.5 is espe-
cially high in winter, frequently exceeding Word Health Organization recommendations by more than an order 
of magnitude. Such high levels of PM2.5 are primarily driven by local and regional precursor emissions and 
modulated by meteorology. We focus here on the observed relationship of surface wind speed and temperature 
inversion with PM2.5. We show that the frequency of low-wind episodes in the IGP is projected to increase with 
increasing CO2, resulting in an increase in both the average wintertime PM2.5 (1% per K of global warming) and 
the likelihood of high PM2.5 episodes. In contrast, changes in temperature inversion associated with CO2-induced 

Figure 4.  Change in surface PM2.5 (a) and probability of exceeding the present-day 75th percentile in PM2.5 (b) estimated from the changes in surface wind speed in the 
1pctCO2 experiment. The change in BC in the ssp370SST relative to ssp370pdSST experiment is shown in panel (c). All changes are normalized by the global surface 
temperature change.Stippling indicates regions where changes are statistically significant (p < 0.01) and agree on the sign for at least 70% of the models.
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global warming are small. We show that such increase in PM2.5 in response to future wind speed changes is 
qualitatively consistent with, although generally weaker than, the model-simulated sensitivity of black carbon to 
meteorological changes simulated under the ssp370 scenario. In the near-term, the reduction in sfcWind asso-
ciated with global warming is expected to have a small impact on PM2.5 relative to that of projected emission 
changes (−20 to +40% change in PM2.5 over the next 20 years in South Asia depending on the forcing socioeco-
nomic pathway (Turnock et al., 2020)). By the end of the century, global mean surface temperature are projected 
to rise by as much as 5°C (for a very high greenhouse gas emission but strong pollution control scenario, ssp585 
(Tebaldi et al., 2021),). Our work suggests that under such a scenario, the reduction in sfcWind would signif-
icantly worsen air quality in the IGP (+5% in DJF PM2.5 and 20% increase in the frequency of meteorological 
conditions conducive to high pollution episodes). This suggests that meteorological changes associated with 
global warming may require stronger reductions in anthropogenic emissions than expected to achieve lasting 
improvements in air quality in the IGP. We further show that such emission reductions would also benefit air 
quality by reducing the lower atmospheric stability.

More research is needed to understand the mechanism that results in the projected increase in the prevalence 
of calm conditions in the IGP in winter. Here, we hypothesize that reduction in the frequency and/or inten-
sity of western disturbances may contribute to this change. Besides air quality, western disturbances have many 
well-known impact for agriculture and hydrology in the IGP (Dimri et al., 2015). Their influence on air quality 
further highlights the need for additional research to characterize the response of western disturbances to climate 
change (Hunt et al., 2019).

Data Availability Statement
Open Research Observations can be downloaded from https://app.cpcbccr.com/ccr/%23/caaqm%2Ddashboard/
caaqm%2Dlanding/data and from https://www.airnow.gov/international/us-embassies-and-consulates/ (New 
Delhi, Chennai, Kolkata, Mumbai). ERA5 reanalysis can be obtained at https://doi.org/10.24381/cds.adbb2d47. 
CMIP6 model output can be obtained at https://esgf-node.llnl.gov/search/cmip6/. Models used in this study are 
listed in Tables S5 and S6 of Supporting Information S1. We acknowledge the use of the following open source 
software: Python 3.8, xarray (Hoyer & Hamman, 2017), pandas (Reback et al., 2021), cartopy (Elson et al., 2020), 
matplotlib (Caswell et al., 2021), and xesmf (Zhuang et al., 2021).
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