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were marked by an unusual delayed withdrawal of monsoon, witnessed an unprecedented
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extreme levels of toxic PM2.5 particles (≤2.5 μm in diameter) touching a peak level of ∼760
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μg/m3 (24 hr average), immediately after the monsoon retreat, surpassing WHO standards by
∼30 time and Indian national standards by ∼12 times, jeopardising lives of its citizens. How-
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ever, the normal monsoon withdrawal years do not show such extreme levels of pollution.

Monsoon

The high resolution WRF-Chem model along with meteorological data are used in this work

Air pollution

to understand that how the delayed monsoon withdrawal and associated vagarious anti-

Climatology

cyclonic circulation resulted in trapping externally generated pollutants ceaselessly under

WRF-Chem

colder conditions, leading to historic air quality crisis in landlocked mega city in these se-

Extreme events

lected years. The sensitivity analysis confirmed that when WRF-chem model forced the cli-

PM2.5

matology of normal monsoon year (2015) to simulate the pollution scenario of 2016 and 2017
for the above time period, the crisis subsided. Present findings suggest that such unusual
monsoon patterns are on the hook to spur extreme pollution events in recent time.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The demand of energy is rapidly increasing in South Asia
resulting in concerns for air pollution (Zhu et al., 2012),
deteriorating human health (Dandona, 2017), climate change
(Ramanathan and Carmichael, 2008), the food security and
hydrological cycle (Ramanathan et al., 2001). Globally, air
pollution is the most important environmental health risk
and megacities area source of growing pollution (Zhu et al.,
2012), where exposure to it may lead to burden of disease and
human casualty (Dandona, 2017; Yin et al., 2017). In recent
time, India is receiving worldwide attention with frequent
winter pollution emergencies. India’s capital Delhi is reported
∗
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to be one of the worst affected megacities in the world
(Chandra et al., 2017) for asthma mainly due to increased levels of PM2.5 whose exposure is linked to short-term increases
in mortality and hospital admissions (Dandona, 2017). The
emissions resulting from fire smoke and dust storms may
lead to high pollution events and are linked to mortality
(Johnston et al., 2011). It has been reported recently (Gao et al.,
2019), that the inter-annual variability of wintertime aerosol
pollution over northern India is regulated mainly by a combination of El Niño and the Antarctic Oscillation and the
changing frequency and intensity of these cycles due to
climate change. While the long term trend in particulate
pollutants over Indian mega cities has been linked to anthropogenic activities (Gao et al., 2019), the year-to-year variability
is controlled by meteorological conditions and large-scale
circulation patterns including monsoon dynamics. The
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southwest monsoon is one of the most powerful atmospheric
circulation systems on the planet, and to form right over a
heavily polluted region of south Asia with an onset sometime
during June for India. The monsoon has been weakening
since the 1950 s and it has been suggested that Indian air
pollution might be responsible (Bollasina et al., 2011).
Some previous studies have reported that extreme weather
events can strongly affect surface air quality, which has become a major environmental factor to affect human health
(Gulia et al., 2017; Hou and Wu, 2016; Roussel, 2020). Zhang
et al. (2017) have reported the strong relationship between extreme ozone and PM2.5 events and the representative meteorological parameters. Gulia et al. (2017) reported exceeding air
pollution hot spot regions in winter in Indian cities of Delhi
and Chennai. The impact of climate change on global air pollution is a new focus in atmospheric science but in a very
initial stage and poorly understood so far. The climate factors modulating interannual variability of air quality remain
undefined, contributing to complications in air quality management which is yet to be properly regulated in India. Moreover, some modelling studies (Horton et al., 2014) reported that
climate change may worsen air quality in many parts of the
globe and by the end of the century, more than half of the
world’s population will be exposed to increasingly stagnant
atmospheric conditions, with the tropics and subtropics bearing the brunt of the poor air quality. However, such conclusions are based on model projections and lack experimental
evidence. Current study aims to provide evidence based experimental study combined with WRF-Chem sensitivity simulations to elucidate the dominant role of erratic weather and
thereby driving the inter-annual variability of extreme pollution events in one of the largest mega cities of the world,
Delhi, as a pilot study. Our study focuses on the key role played
by Asian summer monsoon dynamics associated with time
of its withdrawal and subsequent unusual low altitude anticyclonic circulation.

1.

Material and methodology

1.1.

Experimental design

The air quality data used in this work is generated from the
project “System of Air Quality and Weather Forecasting and
Research (SAFAR) (http://safar.tropmet.res.in) which consists
of a network of air quality and automatic weather monitoring stations in Indian capital mega city Delhi. The SAFAR
project was also recognised by the World Meteorological
Organization (WMO) (Beig et al., 2015). The SAFAR-monitoring
network consists of 8–10 air quality monitoring stations
coupled with high resolution (1.67 km) online chemistrytransport (WRF-Chem) model (Beig et al., 2019; Srinivas et al.,
2016) and its own emission inventory repository. The PM2.5
data is generated using the analyser that is approved by
the US Environmental Protection Agency. The detailed information about calibration procedure can be found by
referring to title 40 of the Code of Federal Regulations (CFR)
part 50 (http://www.law.cornell.edu/cfr/text/40/part-50). The
mass concentration of PM2.5 was continuously monitored
by online analyser based on the industry-proven princi-

ple of beta-ray attenuation method which uses suspended
particulate beta gauge monitor (BAM-1020; Met-One Instruments Inc., USA) (continuous-particulate-monitor https://pdf.
directindustry.com/pdf/envea-ex-environnement-sa-group/
mp101m-pm10-pm25-tsp-continuous-particulate-monitor/
23554–578190.html). Details for the source of PM2.5 data,
observatory network in Delhi and other data quality control
information is available at http://safar.tropmet.res.in/. The
observed daily distribution of PM2.5 mass concentration over
Delhi during the study period is averaged across all stations
spread in different microenvironments of Delhi. In a mega city,
distribution of particulate matter may vary from one location
to another based on the local environment. However, during
such extreme events, additional increment in pollutants is often high and hence station-to-station variation gets marginalized (Beig et al., 2019). Additionally, averaging removes the
in-homogeneity in the data sets and can best be considered as
representative of the city area within the standard deviation
as per the WMO guidelines (Grimmond et al., 2014).

1.2.

SAFAR WRF-Chem model

The SAFAR interactive chemical transport model is based
on WRF-Chem methodology (WRF-Chem version 3.9). The
detailed model configuration designed for Delhi along with its
validation is provided elsewhere in our several publications
and hence discussed here only briefly (Srinivas et al., 2016;
Beig et al., 2019, 2020). Model consists of 4 nested domains
(having horizontal resolution of 45, 15, 5 and 1.67 Km respectively) as shown in Fig. 1. Two outer most domains covers part
of Europe and Asia (extends from −0.9°S to 44.8°N in northsouth direction, and 45.7°E to 125.8°E (in north side), and, 65°E
to 105°E (in south side) in east-west direction with 130 (W-E) x
130 (N-S) grid cells), and India (stretching from 67.1°E to 88.4°E
(126 grid cells), and 19.1°N to 37°N (126 grid cells). Third domain covers a portion of north India (55 × 55 grid cells) to take
account of regional pollution from Indo-Gangetic Plain (IGP)
region, and the fourth domain with a resolution of 1.67 km focuses on Delhi and surrounding region. Total 32 vertical levels
reaching to 50 hPa (as model top) have been used for all domains. WRF model have many built in physical parameterisation options to choose from, although for a particular chemical
scheme we cannot use every physics scheme. We have used
the parameterisation which showed optimal performance.
Different physical parameterisations are used for set-up. The
model accounts for a few in-built physical parameterization
option to choose. Present work used the parameterization
which showed optimal performance (Beig et al., 2019, 2020).
The configuration and input library in present set-up is very
similar to recently described comprehensive WRF-Chem
study of Delhi (Chen et al., 2020a; Chen et al., 2020b) with
some updates in terms of input, largely related to latest high
resolution anthropogenic emissions as reported by us earlier
(Beig et al., 2018, 2020). Model used CBMZ-MOSAIC 4-bin chemistry scheme consisting of Carbon Bond Mechanism version
Z (CBMZ) gas phase mechanism which includes 73 chemical
species and 237 reactions, and MOSAIC (Model for Simulating
Aerosol Interactions and Chemistry) aerosol scheme that uses
4 sectional bins where 3 bins are assigned for aerosols of diameter less than 2.5 μm, and other bin describing the size range
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Fig. 1 – WRF-Chem model set-up with 4 nested domain used in this work.

2.5–10 μm (Zaveri et al., 2008). The MOSAIC scheme includes
the chemistry of sea salt, soil (lumped inorganics), secondary
inorganic aerosols (nitrate, sulfate and ammonium ions),
carbonaceous aerosols (organic carbon and black carbon), and
equilibrium between water vapour, 4 inorganic trace gases
(NH3 , H2 SO4 , HNO3 , and HCl) with inorganic ions (nitrate, sulfate, NH3 and Cl). The initial and lateral boundary conditions
are taken from NCEP (https://www.emc.ncep.noaa.gov/emc/
pages/numerical_forecast_systems/gfs.php) with a global resolution of 0.5° × 0.5° for meteorological parameters. For chemical boundary condition we have used output from Whole Atmosphere Community Climate Model (WACCM) (Marsh et al.,
2013). To simulate chemical parameters properly, we provided
the latest anthropogenic emissions for gases (SO2 , NOx , NH3 ,
CO, NMVOC), and aerosol species (BC, OC, PM2.5 , PM10 ) from
different sectors for 3 outer domains from EDGAR-HTAP v4.3
(Crippa et al., 2018; Janssens-Maenhout et al., 2019).
The SAFAR model results are routinely validated for Delhi
region for normal case as well as for extreme events being
an operational service (Beig et al., 2019; Srinivas et al., 2016).
The comparison of model results with observations for the extreme pollution event of 2017 is found to be reasonable and
reported earlier (Beig et al., 2019). The comparison of PM2.5
as simulated by the model for the period 18th October to 14th
November 2016 along with standard deviation in the observed
data is shown in the supplementary Fig. S1. These sensitivity
simulations are performed in offline mode with realistic input
field and hence the agreement is found to be quite reasonable.
The verification on a day to day basis is found to be reasonable and model is able to reproduce the observed peaks well.
The correlation between model and observed data is found to
be more than 92% with 95% confidence level. It is to be mentioned here that a peak marked as d-16 around 31st October
2016 is due to Indian festival of Diwali where organized heavy
firework is done each year whose emissions estimation to be
accounted as additional load in the model (Parkhi et al., 2016),

always remain an uncertain factor and hence error is found to
be high. The MW-16 in Fig. S1 represents the monsoon withdrawal date for 2016. The background emission inventory used
in this work for the 4th Delhi domain is based on the latest
report released by Indian govt. for Delhi which is based on
the bottom up approach and a Geographical Information System (GIS) based statistical model (Beig et al., 2020, 2018). The
bottom up approach consist of a repository of activity data
from various sources on a finer resolution and the information about emission factors which is again discussed in detail in our earlier publications and hence discussed here only
briefly (Beig et al., 2020, 2019, 2018) Emissions from various
sources have been classified broadly in 6 sectors namely transport, bio-fuel, power, industrial, suspended dust and rest others. Transport sector is the most dominant sector contributing
39.1% in total PM2.5 emission. Industrial sector is the second
most dominating factor contributing 22.3%. The contributions
from the power sector, biofuel sector, resuspended dust and
others are found to be 3%, 5.7%, 18% and 11.7% respectively.
In addition, realistic additional emissions for known specific
events including gridded emissions from 35 million tonnes of
stubble burning in neighbouring Haryana and Punjab for the
season on a daily basis has been accounted for from the specific module (Beig et al., 2020). The model results under SAFAR
project were also routinely validated for the Delhi region for
normal cases as well as for extreme events (Beig et al., 2019,
2020; Srinivas et al., 2016). In order to understand the impact
of late withdrawal of monsoon, model runs for 2016 and 2017
were performed with the climatology of 2015.

2.

Results

Fig. 2a shows the observed daily average (24 hr) of PM2.5 mass
concentration over Delhi for the period 18th October to 14th
November for 5 consecutive years (2014–2018). Fig. 2a indicates
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Fig. 2 – Time series for the period 18th October to 14th November of (a) distribution of mass concentration of PM2.5 (μg/m3 )
for 2014 to 2018; (b) a comparison of model sensitivity run for the mass concentration of PM2.5 (μg/m3 ) for 2016 with 2015
climatology and that of observed realistic levels of 2016 along with minimum temperature and wind speed for 2015 and
2016; (c) same as (b) but for 2017(d) percentage change in PM2.5 during 2016 and 2017.
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that there were two unusual record breaking prolonged extreme pollution events, one in 2016 (28th Oct to 12th Nov) and
another in 2017 (6th Nov to 14th Nov) during which PM2.5 levels surpassed 250 μg/m3 , considered as “severe plus” levels as
per Indian standards (Beig et al., 2015). This period is called
‘crisis periods’ in the rest of this paper. Although PM2.5 levels remain generally high during winter, such extended extremely elevated levels are not observed in other years as evident from Fig. 2a. The peak in PM2.5 marked by d-14 to d-18
(2014 to 2018) is associated with the annual Indian festival Diwali that is known and characterised by large displays of fireworks leading to peaks whose impact normally does not last
more than 1–2 days under fair weather conditions. The MW-16
and MW-17 in this figure represent the monsoon withdrawal
date for 2016 and 2017 respectively.
A sensitivity study was performed using the WRF-Chem
based SAFAR model for the years 2016 and 2017 where local
Delhi climatology of 2015 was used and all parameters including the external intrusion due to biomass burning or dust
storm were kept unchanged to understand the impact of stagnation conditions trigger by late withdrawal of monsoon and
low altitude anticyclone as discussed above in the methodology section. Simulated PM2.5 time series with 2015 climatology for 2016 and 2017 during the period 18th Oct to 14th
(includes crisis periods) are compared with the original time
series shown in Fig. 2b and Fig. 1c respectively. Also shown is
the comparison of wind speed for 2016 and 2017 and compared with 2015. In both the years, the wind speed during
the crisis period was mostly below 2kmph leading to stagnation conditions. The model also indicated that the minimum
temperature, which helps in lowering the inversion layer, was
significantly colder in both years as compared to 2015, particularly during the crisis periods. The impact of biomass intrusion combined with Diwali firework (2016) and the of dust
storm (2017) was significantly smaller in the model simulated
PM2.5 time series (Fig. 2a, b) with 2015 climatology where the
late withdrawal related stagnation phenomenon were absent.
Fig. 2d shows the percentage change in PM2.5 for sensitivity
runs from that of original values for both the years 2016 and
2017. During the crisis period (marked with vertical lines), significant improvement in PM2.5 is indicated with a peak reduction of around −70% in 2016 and −50% in 2017. An increase
was also noticed in 2016 before the crisis period but it was
insignificant because the magnitude of PM2.5 during that period was relatively quite low which resulted in the prevention
of severe levels.

3.

Discussion

We hereby provide an interpretation to understand emergency air pollution events as discussed above for those
selected years of 2016 and 2017. In general, Indian summer
monsoon (ISM) withdrawal occurs sometime during September to early October (Syroka and Toumi, 2004). The withdrawal
of the ISM is defined in terms of 850 mb daily winds. The
withdrawal of the ISM is found to be more variable than the
onset. Most of the interannual variability of the total seasonal
rainfall is dominated by the variability of the retreat phase.
The withdrawal of the ISM follows a period of enhanced con-
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vective activity over the Indian subcontinent and is associated
with a dry phase of the intra-seasonal oscillation. The intraseasonal break dynamics have relatively more hemispheric
symmetry than during the main monsoon season (Syroka and
Toumi, 2004). If monsoon withdrawal in India is at normal
time then associated anticyclone normally occurs at higher altitude because temperature is still warmer and it is unlikely to
lead to stagnation condition. However, monsoon withdrawal
was quite late in 2016 and 2017 unlike other years. Total
monsoon withdrawal occurred by 28th October in 2016 and by
25th October in 2017. In both these cases, winter was already
set-in and temperature was cooler. These unusual conditions
impacted the total circulation system. As a result, easterlies
could not enter the Delhi region. Anticyclone establishment
that is one of the major synoptic features considered for the
withdrawal of monsoon from the western parts of northwest
India was very deep this time. To explain the process in detail,
we choose 2016 as a pilot case. Fig. 3 shows the schematic
depicting different scientific processes in and around Indian
subcontinent leading to environmental emergencies in India’s
capital city Delhi. In the background map, general circulation
is depicted by white dotted lines; high-pressure area by “H”,
anticyclone at 850hpa by black curved lines with arrows and
location of Delhi with stars. An area surrounding Delhi is
zoomed and shown as an offset where wind trajectory (line
with black triangles during 2–6 Nov) from stubble burning
area is shown. The anti-cyclone in these years was unusually
at very low altitude @700–850 hpa which is clear from Fig. 4
which shows winds at 850 hpa and 700 hPa over the larger
region of Northwest part of India during 30 October to 6
November 2016 in 2 bottom panels of Fig. 4. The mean sea
level pressure at 1014 hPa, calm surface winds (< 2 kmph)
and high-pressure region (H) are depicted in the top most
panel of Fig. 4 and explained in detail in Fig. 3. An established
anticyclone in the lower troposphere (850 hPa and below) as
depicted in Fig. 3 had a major effect on the entire lower atmosphere (imd http://www.imd.gov.in). The ring with arrows
in Fig. 4 indicates the anticyclonic circulation in and around
Delhi region. As we can see that the stubble burning during
this period (2–6 November) of the Northern part of India was
intense. There is a strong indication that the initial injection
of the biomass burning aerosol was near the top of the boundary layer (700–850 hPa) where wind speed was moderately
high over Northern states Punjab and Haryana. Atmospheric
flow transported the aerosol towards Delhi as per the wind direction during the peak period, where the boundary layer was
lower and calm surface wind was prevailing, which resulted
in stagnation condition. Under such stagnant conditions, the
whole atmosphere became very stable beneath due to air circulation associated with clear skies and sinking motion. Such
phenomenon led to significantly weak surface winds in the
Delhi region for these late monsoon withdrawal years. Similar
processes led to stagnation conditions in 2016 and 2017 as
evident from Fig. 2b and c where a comparison with winds of
normal monsoon withdrawal year of 2015 is provided for 2016
and 2017 respectively. This time period coincided with two
external forcing one after another in 2016. The accumulated
impact of Diwali (large scale fireworks activity was on 30th October) emissions and favourable upper air wind transporting
neighbouring biomass generated plume under the influence
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Fig. 3 – Schematic depicting different scientific processes in and around Indian subcontinent lead to environmental
emergency in India’s capital city Delhi. In background map, general circulation is depicted by white dotted lines;
high-pressure area by “H”, anticyclone at 850hpa by black curved lines with arrows and location of Delhi with yellow start.
An area surrounding Delhi is zoomed and shown as offset where wind trajectory (line with black triangles during 2–6 Nov)
from stubble burning area is shown. The star mark depicts Diwali impact on 30th Oct 2017. The resulting impact of
low-level anticyclone, stubble-burning and favourable wind trajectory towards Delhi leads to the crisis. (Background
map-courtesy Google Inc., open source).

of unusually calm surface winds triggered after 28 October
2016 played a key role in aggravating and accumulating
pollutants into the air to make it severe and lasting prolonged
period of 15 days as marked by vertical lines in Fig. 2a. During
5–6 November, upper wind components became north-northwest and north-west and further accelerated the influx resulting in a peak at 760 μg/m3 on 6 November. Later, Surface winds
picked up and upper wind direction changed on 7–8 November, which started to flush out major parts of accumulated
pollutants rapidly. This resulted in the drop of PM2.5 level,
which touched the pre-event period by 12th November 2016.

In the case of 2017, this extremely calm period coincided
with a unique phenomenon of large multi-day dust storm
that emerged over Iraq, Kuwait, and Saudi Arabia in the
last week of October 2017 as explained in detail elsewhere
(Beig et al., 2019) and hence discussion not included here. This
was a unique incident as desert dust storms impacting North
India are a common feature during summer but it rarely
occurs during winter when cooler temperature prevents
its transport (Beig et al., 2019). Incidentally, this period was
free from Diwali emissions (occurred much earlier on 20th
October in 2017), and hence the episode lasted for a relatively
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shorter period but still extended for 8 days (6–14, November)
with PM2.5 peak recorded at 640 μg/m3 . We wish to stress here
that although the sources of high emissions were different in
2016 and 2017 but the underlying mechanism which triggered
the emergency episodes with longevity was related to late
withdrawal of monsoon induced stagnation conditions.

4.

Conclusions

This work led us to conclude that the stagnant weather conditions (e.g., low wind speeds, descending air, and compressed
boundary layer) triggered by late withdrawal of monsoon
favoured rapid aerosol formation and made the situation extremely explosive leading to accumulation and thereby trigger air quality crisis. Present research proposed a mechanism
that demonstrated that changing circulation patterns is likely
one of many factors leading to stagnation conditions. Hence,
it can be concluded that the extreme pollution events reported in this work is a result of erratic weather patterns. Although erratic weather patterns are linked to climate change
(Horton et al., 2014), it would be premature at this stage to
link extreme pollution events with climate change as more
data is needed through future work. Prolonged high pollution
exposure leads to cause-specific morbidity and mortality. Understanding the factors modulating the interannual variability of wintertime pollution would help foresee future ventilation conditions and thus contribute to long-term mitigation
planning. We strongly believe that the interpretation provided
in this work may provide an incremental advancement to understand extreme air pollution events in other mega cities of
the regions of similar climatic characteristics and misfortune.
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November 2016. The ring with arrows indicates the
anticyclonic circulation in and around Delhi region.
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