
1. Introduction
Fine particulate matter (PM2.5) is a major environmental concern for India. Approximately 50% of the pop-
ulation of India is exposed to PM2.5 exceeding the Indian air quality standard of 40 μg m−3 (Chowdhury & 
Dey, 2016), and the resultant premature deaths attributable to long-term exposure to ambient PM2.5 exceed 1 
million (Cohen et al., 2017). The air pollution in India has a long history and is probably worsening because 
satellite-derived PM2.5 shows a larger increase over 2010–2019 compared with 2000–2010 (Dey et al., 2020). 
Understanding the mechanism of particulate pollution in India is urgent for future air quality management.

Emissions, which mainly originate from residential biomass combustion, power plants and industrial coal 
combustion (Venkataraman et al., 2018), are the root cause of air pollution in India. The Indo-Gangetic 
Plain (IGP) in Northern India is an extremely densely populated area and experiences the highest PM2.5 
levels (Schnell et al., 2018). Emissions from the IGP contributed ∼46% of total premature mortality over 
India (David et  al.,  2019). Among various emission sectors, household emissions are reported to be the 
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northward intrusion of the subtropical high, leading to descending anomalies from the upper troposphere 
to the near surface. Together, the resultant reduced passage of cyclones, lower planetary boundary layer, 
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Compared with the 1981–2010 mean levels, Coupled Model Intercomparison Project 6 models project 
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days of clean-favorable circulation pattern in 2070–2099 under the shared socioeconomic pathway 5–8.5. 
Future decrease in the severe pollution-favorable circulation pattern may be attributed to the warming 
trends in sea surface temperature over the central Pacific and North Atlantic Ocean.

Plain Language Summary Delhi, the capital city of India, currently suffers severe fine 
particulate matter (PM2.5) pollution, which poses serious public health hazards. The root cause of this 
problem is excessive emissions from power plants, vehicles, manufactures, and domestic heating released 
into the atmosphere. During winter, severe air pollutions with high PM2.5 concentrations frequently 
occurred when coincided with bad weather conditions. Here, we show these unfavorable weather 
conditions were associated with a circulation pattern which can be captured by climate models. Global 
warming is projected to be a beneficial role throughout the whole 21st century, leading to decrease 
in pollution-favorable weather days and increase in clean-favorable weather days. Our findings have 
important implications for future air quality management in Delhi.
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largest contributor to PM2.5 in India (Chowdhury et al., 2019). Complete mitigation of household emissions, 
including biomass for cooking, domestic heating and kerosene for lighting, would lead to a 30.7% improve-
ment in the annual PM2.5 concentration (Chowdhury et al., 2019).

In addition to high emissions, meteorology is generally considered to be an external factor driving day-to-
day PM2.5 variabilities. Numerous studies have investigated the correlation between local meteorological 
parameters and daily PM2.5 concentrations. Meteorological conditions, including low wind speeds, shallow 
boundary layer heights and high relative humidity during winter in the IGP, favor pollution buildup (Nair 
et al., 2007; Ojha et al., 2020; Schnell et al., 2018), but the associated circulation characteristics and under-
lying process were not explored. Despite the lack of knowledge regarding the meteorological mechanisms 
modulating PM2.5 pollution, pollution-favorable meteorological indices consisting of correlated meteorolog-
ical parameters are used to project future meteorological conditions under a warming climate, but whether 
India would experience more (Horton et al., 2014) or less (Wu et al., 2019) polluted days remains contro-
versial. In addition, the extreme topography of northern India adds complexity to this problem because 
near-surface meteorological conditions are reportedly decoupled from upper atmospheric circulations (Sch-
nell et al., 2018). The lack of understanding of the impact of weather conditions on PM2.5 pollution may 
increase the difficulty in future pollution-favorable meteorology predictions under global warming. In this 
study, we focused on winter particulate pollution in Delhi, which ranks as the most polluted city, and winter 
is the most polluted season (Singh et al., 2020). We aim to (a) understand the influence of circulation pat-
terns on PM2.5 pollution in Delhi, which has not been previously studied, and (b) project their future chang-
es based on state-of-the-art climate models participating in Phase 6 of the Coupled Model Intercomparison 
Project (CMIP6) under a future warming scenario.

2. Data and Method
2.1. PM2.5 Observations and Meteorological Data

We utilized an eight-year observed time series of PM2.5 from the US embassy in New Delhi (77.186°E, 
28.598°N, Figure 1b), available from the websites https://in.usembassy.gov/embassy-consulates/new-delhi/
air-quality-data/ and https://www.airnow.gov/international/us-embassies-and-consulates/#India$New_
Delhi, last access, May 22, 2021. This data set has been widely used in numerous previous studies (Chen 
et al., 2020; Gunthe et al., 2021; Singh et al., 2020; Sreekanth et al., 2018; Wu et al., 2019), and we found it 
could well represent PM2.5 variations in Delhi (Text S1 and Figure S1). The quality control and daily aver-
aged PM2.5 are processed following a previous study (Li et al., 2019).

The meteorological fields used in this study are from ERA5 reanalysis data sets (Hersbach et al., 2020), with 
a spatial resolution of 2.5° × 2.5°. The pressure level variables with 37 pressure levels from the surface to 
10 hPa from January 1979 to February 2020 include geopotential height, zonal and meridional winds, tem-
perature, and relative humidity. The surface-level variables for the same period include sea level pressure 
(SLP) and zonal and meridional winds at 10 m. The observed sea surface temperatures (SSTs) from the 
Hadley Centre are downloaded from https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html 
(Rayner et al., 2003).

Aerosol optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol prod-
ucts is also used to present pollution distributions under each circulation type. The AOD data at the 550 nm 
wavelength in the MODIS daily global Level 3 products from 2013 to 2020 are obtained from https://lad-
sweb.modaps.eosdis.nasa.gov/search/, last access: May 22, 2021.

The daily global precipitation data (website: https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html, 
last access: May 22, 2021) are obtained to help understand weather condition effects on PM2.5 pollution 
under each circulation type.

2.2. Circulation Pattern Classification

We employed the SOM (self-organizing map) method (Kohonen et al., 2001) in Cost733 software (https://
projects.met.no/cost733/, last access: May 22, 2021) to classify typical wintertime circulation patterns in 
Delhi, and more details for SOM algorithm is provided in Text S2. This method has been widely applied 
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to study extreme events, such as heat waves (Horton et al., 2015), droughts (Zhuang et al., 2020), and air 
pollution (Callahan & Mankin, 2020; Liao et al., 2018).

To identify typical circulation patterns associated with PM2.5 pollution, we utilize a correlation analysis 
to select optimal meteorological variables driving the daily variations in PM2.5 concentrations. High cor-
relations are found for zonal winds at 250 hPa (U250), meridional winds at 500 hPa, SLP, zonal winds at 
10 m and meridional winds at 10 m (Figure S2). We choose U250 because (a) the major weather system 
influencing northern India during winter is the Western Disturbance (WD), a subtropical cyclone embed-
ded in the subtropical jet stream (Dimri et al., 2016; Hunt et al., 2018), which can be revealed by U250. (b) 
U250 has high correlations with PM2.5, and can well distinguish among each circulation type. The study 
region for classification is determined by a correlation map (Figure S2) between U250 and PM2.5 (30°–80°E, 
0°–40°N). We perform SOM classification on the winter (DJF, December-January-February) U250 fields 
over 1979–2019.

2.3. CMIP6 Model Output

We use the U250 from models participating in the CMIP6 to obtain future projections. There are 30 models 
for which daily U250 fields are available. Both the historical and SSP585 (see Text S3 and Figure S3) exper-
iments include a 92-member ensemble based on perturbed initial conditions (Table S1). For each model, 
we interpolated the raw U250 field into a commonly used spatial resolution of 2.5° × 2.5°. The historical 
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Figure 1. PM2.5 pollution overview of Delhi from 2013 to 2019. (a) Time series of annual PM2.5 concentrations in Delhi from 2013 to 2019. (b) Topographic 
map of India and locations of five US embassy locations with PM2.5 observations. (c) Histogram of air quality index category frequencies for each month. 
(d–e) Frequency of pollution levels during 2013–2020 for the whole period (d) and December-January-February (e). (c–e) share the same legend in (c). PM2.5 
ranges for each level are Good: 0–30 μg m−3, Satisfactory: 30–60 μg m−3, Moderate: 60–90 μg m−3, Poor: 90–120 μg m−3, Very Poor: 120–250 μg m−3, and Severe: 
>250 μg m−3.
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simulation for each model is individually classified following the same procedure on ERA5 for the historical 
period of 1979–2014. For each member, future daily U250 fields under the SSP585 experiment are assigned 
to classified types by matching the most similar type with the smallest Euclidean distance.

3. Results
3.1. PM2.5 Pollution in Delhi

First, we revisited the particulate pollution of Delhi from January 2013 to February 2020. Figure 1a shows 
the annual mean concentrations of PM2.5 over 2013–2019. Apparently, Delhi suffers from severe pollution, 
with annual mean PM2.5 concentrations all exceeding 100 μg m−3 for 2013–2019. A statistically significant 
annual trend of −3.7 μg m−3 a−1 was observed, which manifested as more days under good and satisfactory 
air quality index (AQI) in 2019 than in 2013 (Figure 1d). No significant annual trends were identified for 
any of the four seasons, while seasonal mean PM2.5 concentrations in the post-monsoon (October and No-
vember) and winter seasons (DJF, December-January-February) show interannual variations, which may 
be attributed to meteorological fluctuations. PM2.5 in Delhi has a clear seasonality with a low concentration 
in the monsoon season (June-July-August-September) and high pollution during the post-monsoon and bo-
real winters (Figure 1c). Due to extensive biomass burning in Punjab, northwestern Delhi (Liu et al., 2018), 
PM2.5 concentrations in the post-monsoon season have reached as high as 200 μg m−3.

For winter, Delhi experienced no good AQI days (Figure  1e), and the very poor AQI days accounted for 
55.8%–63.2% from 2013 to 2019. The mean PM2.5 concentration during DJFs during 2013–2019 in Delhi was 
192.4 μg m−3, approximately five times the national PM2.5 annual standard of India (40 μg m−3). Severe pol-
luted days with daily PM2.5 exceeding 250 μg m−3 range between 21.9% and 31.1%, and such a high frequency 
of exposure under extreme polluted conditions would cause serious health impacts. Unlike post-monsoon 
emissions, emissions from local sources are reported to be more important in winter, contributing more than 
70% of wintertime total PM2.5 mass concentrations in Delhi (Guo et al., 2019). The frequent occurrence of 
severe pollution in Delhi is attributed to these high emissions coinciding with unfavorable weather conditions.

3.2. PM2.5 Pollution Under Different Circulation Patterns

Four types of circulation patterns (Figure S4) of U250 (hereafter referred to as T1 through T4) are iden-
tified during boreal winter in the period of 1979–2019 (41 years; 3,760 days). T1-4 accounted for 27.1%, 
18.2%, 26.9%, and 27.8% of the 3,760  days, respectively. Considering the average PM2.5 concentrations 
and the average of the anomalies between daily PM2.5 concentrations and 7-winter mean PM2.5 concen-
trations to distinguish clean-favorable and pollution-favorable circulation patterns (Figure  2), T2 (217.5 
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Figure 2. PM2.5 pollutions under four circulation patterns. (a) Box plots of the daily average PM2.5 concentrations 
under each circulation type. (b) Mean anomalies of PM2.5 relative to the December-January-February means of 2013–
2020 for each circulation type, and the error bars are computed based on a normal distribution 95% confidence interval. 
T2 (T3) is identified as a pollution- (clean-) favorable type because of its high positive (negative) PM2.5 anomaly.
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and +27.5 μg m−3) is the severe pollution-favorable circulation type. More than 50% and 25% of days in T2 
experience daily PM2.5 above 200 μg m−3 and 250 μg m−3, respectively. T1 (192.0 and +2.0 μg m−3) and T4 
(192.3 and +2.2 μg m−3) are moderate pollution-favorable circulation patterns. Because winter PM2.5 levels 
in Delhi were mostly at high levels (daily PM2.5 concentration for about 90% days were above 100 μg m−3), T3 
(165.8 and −24.3 μg m−3) is considered as relatively clean-favorable pattern with less occurrences of severe 
pollution. Such serious situation indicate that urgent actions are needed to reduce emissions. As for severe 
pollution events, there were more than 20.6% days with daily PM2.5 exceeding 250  μg  m−3 during DJFs 
over 2013–2019. Under such heavily polluted conditions, even cutting 50% of traffic emissions did not help 
(Chowdhury et al., 2017), which emphasizes the dominant role of meteorology during severe pollution.

Figure 3 shows the composite anomalies in weather conditions under each circulation pattern. The severe 
pollution-favorable circulation pattern T2 shows significant differences from the other circulation patterns. 
At 250 hPa, zonal winds present a dipole pattern with positive anomalies to the north and negative anom-
alies to the south of Delhi for T2 (Figure 3b). Accompanied by positive anomalies at a geopotential height 
of 500 hPa (Figure 3f), the upper-level circulation reveals a northward shift in the subtropical jet stream 
associated with the northward intrusion of the subtropical high, leading to fewer passes of cyclone systems 
and more dominance of the subtropical high (Figure 3j). As a result, anomalous downdrafts are found from 
the upper level (250 hPa) to the near surface (850 hPa), indicating stagnant conditions over IGP (Figure 3n). 
The strengthened downdrafts would induce a warm and dry layer above the planetary boundary layer (PBL) 
(Figure 3n), which restricted the vertical diffusion of pollutants. As PM2.5 accumulates, more solar radia-
tion scatters back to space, reducing the near-surface temperature and enhancing the relative humidity 
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Figure 3. Weather conditions under each circulation type. (a–l) Composited anomalous weather patterns of (a–d) U250 (m s−1, shading) and 250 hPa winds 
(m s−1, vector), (e–h) geopotential height (m, shading) and winds (m s−1, vector) at 500 hPa, (i–l) geopotential height (m, shading) and winds (m s−1, vector) at 
850 hPa, and (m–p) pressure-longitude cross sections of the relative humidity (%, shading) and temperature (°C, contour) for T1 to T4 over the years 2013–2019. 
The cross sections in (m–p) are averaged over 27.5–30°N. The inset text in (a–d) shows the frequency of occurrences for each type during December-January-
February (DJF) in 1979–2019. The gray contours in (a–d) are the subtropical jet streams calculated by DJF means of U250 from 1981 to 2010.
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(Figure  3n). Such meteorological conditions further increase near-surface PM2.5 concentrations through 
complex chemical reactions.

In contrast, clean-favorable circulation T3 displayed the opposite pattern of U250 compared with T2 (Fig-
ures 3c–3k and 3o). Cyclone anomalies are identified for T3 and are associated with WDs, which originate 
in the Mediterranean region and are embedded in the subtropical westerly jet stream. When the subtropical 
westerly jet shifts southward (Figure 3c), WDs pass through the IGP, corresponding to circulation pattern 
T3. Then, strong winds, high PBL heights and enhanced wet depositions due to convective weather condi-
tions (ascending airflows over the IGP) are favorable for the dispersion of pollutants (Figures 3k and 3o).

Both T1 and T3 are associated with WDs, which bring precipitation to mitigate ambient PM2.5 through wet 
deposition (Figure S5). The precipitation in T1 covers most of India, and such cloudy weather restricts the 
evolution of the PBL (Figure S6a). The anomalous eastern winds at 850 hPa (Figure 3i) weaken the hori-
zontal dispersion of pollutants in Delhi. All these conditions lead to higher PM2.5 concentrations under 
T1 circulation than under T3 circulation. In contrast, T2 and T4 are under the control of an anticyclonic 
system associated with descending motions in Delhi. T2 has the lowest PBL (Figure S6b), and the entire 
IGP is dominated by northwestern flows. We notice there are high AOD loadings in the northwest of Delhi 
(Figure S7b), which may enhance PM2.5 concentrations in Delhi under the influence of northwestern air-
flows (Figure 3j). A previous study also found more regional transport of pollutants to Delhi during highly 
polluted episodes (Guo et al., 2019). Therefore, PM2.5 concentration under T2 circulation is higher than it is 
under T3 circulation.

Historical long-term variations in the wintertime frequencies of each circulation pattern for 1979–2019 were 
also investigated (Figure S8). The frequencies of the four circulation patterns have no significant trends in 
winter over 1979–2019, but strong interannual variations are observed. Observational evidence also showed 
that there was no significant trend in the WD frequency or the position of the subtropical westerly jet stream 
in the past 50 years (Hunt et al., 2019), which resembled our findings.

3.3. Future Projection

We evaluate the role of climate change by comparing the frequency of the winter circulation patterns be-
tween the historical period (1981–2010) and the future period (2020–2100) under the SSP585 scenario in 
30 CMIP6 models. First, the performance of simulated historical circulations is evaluated by comparison 
with the classified circulation from the ERA5 data set. For each CMIP6 model member, the daily U250 in 
historical experiments is classified over 1979–2014. We found the simulated historical circulation patterns 
compared well with the observed spatial distribution, with most models showing spatial correlation higher 
than 0.9, and the standard deviation ratios ranged between 0.9 and 1.2 (Figure S9). Then the daily U250 
under the SSP585 scenario over 2020–2100 is assigned to its most similar historical classification.

Under climate change, the frequencies of T1, T2, and T4 exhibit monotonic decreasing trends during the 
whole 21st century (Figures 4a, 4b and 4d). Our result is consistent with a previous study (Wu et al., 2019), 
which established a haze weather index and projected that meteorological conditions would be more ben-
eficial for pollution dispersion during 2046–2054. For the severe pollution-favorable type T2, although the 
uncertainties of future projections rise from 2000 to 2100, more than 60% of ensemble members projected a 
reduced frequency of occurrence. In contrast, the frequency of the clean-favorable circulation pattern (T3) 
increases robustly (Figure 4c), which is supported by an intermember consensus, with more than 75% of 
ensemble members producing an increased frequency on clean-favorable days since 2020. Although the 
robustness of the future changes in pollution-favorable days and clean-favorable days in Deli, the 92 CMIP6 
members still show slight disagreement in future projections under global warming scenarios, which most-
ly result from the uncertainty in the sensitivity of model physics and thermodynamics to global warming 
(Knutti & Sedláček, 2013). Compared with the 1981–2010 mean levels, the CMIP6 models project Delhi 
would experience two fewer days of severe pollution-favorable circulation pattern (T2) and seven more 
days of clean-favorable circulation pattern (T3) in 2070–2099. From 2020 to 2099, the linear trends for T2 
and T3 are −0.34 and 1.06 days per decade (Figure S10), both are significant at 99% confident level. We also 
investigated future changes in the four circulation patterns under SSP126 and SSP370 scenario (see details 
in Text S4 and Figures S11–S14), which exhibit similar variations in four circulation patterns under SSP585 
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but with smaller linear trends. Besides meteorological conditions, anthropogenic emission is another factor 
inducing PM2.5 pollutions. Since the SSP585 is a “fossil-fueled development” scenario, SO2 and NOx emis-
sions (mainly from energy, industrial and transportation) peak until 2040 (Figure S15). Therefore, although 
meteorological conditions are projected to mitigate PM2.5 pollutions in Delhi since 2020, the high anthropo-
genic emissions may increase the risk of severe pollution before 2040.

What is responsible for the opposite changes between pollution- and clean-favorable weather conditions 
under global warming? Previous studies indicated that the sea surface temperature (SST) greatly impacts 
the winter circulation in India (Abid et al., 2021; Schott et al., 2009; Yadav et al., 2009). Moreover, aero-
sol pollution in northern India has been linked to sea surface temperature anomalies in the Pacific and 
Indian Oceans (Gao et  al.,  2019). To explore the underlying climate factors that are responsible for the 
polluted circulation pattern, we conduct correlation analyses to find signals from sea surface temperature. 
Figure S16 shows the correlation coefficient between SST and T2, which presented an ENSO Modoki-like 
SST anomaly pattern from 1979 to 2019, with a significant negative correlation identified in the center of 
the Pacific Ocean. The historical frequency of T2 has a close relation with the ENSO Modoki index (EMI; 
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Figure 4. Future changes in the frequencies of four circulation types under SSP585 scenario based on 92 Coupled 
Model Intercomparison Project6 members. For each model member, the future changes in the mean frequencies of 
each circulation type are differences between future periods and historical period of 1981–2010. The whole error bar 
bounds are determined by 5% and 95% percentile values, and the central bold black lines denote interquartile range 
(25%–75%).
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download from http://www.jamstec.go.jp/frsgc/research/d1/iod/modoki_home.html.en), with a statistical-
ly significant correlation coefficient of −0.5, which passes the 99% confidence level. Significant negative 
correlations also exist in the North Atlantic Ocean. The SST index in the North Atlantic Ocean (SST-Atl), 
defined as SST anomalies averaged in the area of 80°–20°W, 5°–25°N, also has a negative correlation with 
the historical frequency of T2 with a correlation coefficient of −0.5. The SST-Atl and EWI have no signifi-
cant relationship. During La Niña Modoki events (EMI < −0.5), significant negative anomalies expanding 
from the Arabian Peninsula to the Bay of Bengal and positive anomalies over northern India and Iran are 
induced (Graf & Zanchettin, 2012; He et al., 2021), implying a northward subtropical jet stream similar to T2 
(Figure S17a). Additionally, the decline in North Atlantic SST over 80°–20°W, 5°–25°N (SST-Atl < 0) leads 
to an atmospheric wave train that excites a northward subtropical jet stream over India (Chen et al., 2019; 
Watanabe, 2004) (Figure S17b). Opposite SST forcing may induce clean-favorable conditions (T3).

During the historical period of 1979–2019, the combined opposite effect of the La Niña-like trend in Pacific 
SST and the warming trend in North Atlantic SST on weather conditions over India (Figure S18) might 
be responsible for the insignificant trends in T2 and T3 (Figure S8). However, for future scenario under 
SSP585, an El Niño-like trend occurs in the tropical Pacific Ocean, and a warming trend is located in the 
North Atlantic Ocean under climate change (Figures S19 and S20). These two factors conspire to generate 
an increasing frequency of clean-favorable circulation pattern and a decreasing frequency of severe pollu-
tion-favorable circulation pattern.

4. Conclusion
This study investigated the meteorological mechanisms in the formation of wintertime PM2.5 pollution in 
Delhi, and future frequency changes in four circulation patterns were also projected under a warming sce-
nario of SSP585. The annual mean PM2.5 concentrations in Delhi all exceeded 100 μg m−3 during 2013–2019. 
Although a statistically significant annual trend of −3.7 μg m−3 a−1 was observed, no significant annual 
trends were identified for the four seasons. Based on the SOM classification technique, four typical weather 
patterns are identified in winters for 2013–2019 in Delhi. The severe pollution-favorable circulation pattern 
is characterized by a northward shift in subtropical jet streams, accompanied by a northward intrusion of 
the subtropical high, leading to descending anomalies from the upper troposphere to the near surface. Com-
bined, the resultant lower passage of WDs, lower PBL, weakened winds and less precipitation contributed 
to severe particulate pollution in Delhi in wintertime. Under the future SSP585 scenario, Delhi is project-
ed to experience two fewer days of severe pollution-favorable circulation pattern and seven more days of 
clean-favorable circulation pattern. We further explored the potential underlying cause and found that the 
time series of wintertime frequency of the severe pollution-favorable circulation pattern T2 was correlated 
with the cooling SST anomaly pattern in the central Pacific and North Atlantic Ocean over 1979–2019. How-
ever, CMIP6 models under SSP585 scenarios during future periods of 2020–2099 display warming trends in 
these two areas, leading to fewer occurrences of severe pollution-favorable days. We conclude that future 
meteorological conditions would be beneficial for air pollution improvement in India under climate change.

Data Availability Statement
The PM2.5 observation is obtained from the https://in.usembassy.gov/embassy-consulates/new-delhi/
air-quality-data/and https://www.airnow.gov/international/us-embassies-and-consulates/#India$New_
Delhi. The ERA5 reanalysis data are available from https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels?tab=form. Aerosol optical depth (AOD) from Moderate Resolution Imaging 
Spectroradiometer (MODIS) aerosol products are obtained from https://ladsweb.modaps.eosdis.nasa.gov/
search/. The daily global precipitation data are downloaded from https://psl.noaa.gov/data/gridded/data.
cpc.globalprecip.html. CMIP6 outputs are available from https://esgf-node.llnl.gov/projects/cmip6/.
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