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Abstract

The severe air pollution events continue to occur every year
during late October and early November in Delhi, forcing air/
land traffic disruptions and anxiety in the daily life of the citizens.
We analyze the behaviors of the air pollution events in October
and November 2019 that arose from the crop-residue burning as
seen using remote sensing techniques. Transport pathways and the
mean transit time from the fire hotspots are evaluated using the
FLEXPART (FLEXible PARTicle dispersion model). Our results
suggest that the polluted regions in Delhi are partly influenced by
the crop-residue burning. The uncertainty of our evaluation can
be attributable to insufficient information on emission sources
because the biomass burning emission based on daily-basis fire
radiative power (FRP) of Moderate-Resolution Imaging Spectro-
radiometry (MODIS) is significantly degraded by the existence of
hazy clouds. In future, it is desirable to establish a dense measure-
ment network between Punjab and Delhi for the early detection of
the source signals of aerosol emissions and their transport in this
region. The FLEXPART model simulation shows the transport
of emission signals from Punjab to Delhi, which further expands
toward the Bengal region within a span of two days.

(Citation: Takigawa, M., P. K. Patra, Y. Matsumi, S. K. Dhaka,
T. Nakayama, K. Yamaji, M. Kajino, and S. Hayashida, 2020: Can
Delhi’s pollution be affected by crop fires in the Punjab region?
SOLA, 16, 86-91, doi:10.2151/s01a.2020-015.)

1. Introduction

Historically, air pollution and human health have been a
major issue for the developing and fast-growing cities around the
world, and Delhi has often topped the list of most polluted cities
in the world (WHO 2016). The air pollution, especially caused by
the particulate matter of aerodynamic diameter of 2.5 pum or less
(PM2.5), is harmful to the human respiratory system (Balakrishnan
et al. 2019). Aerosol emissions in India are dominated by trans-
portation, industrial and residential energy usage and biomass
burning (Guttikunda et al. 2014; Sharma et al. 2018; Saraswat
et al. 2013).

Because of the extreme exposure to the PM2.5 in Delhi of
large societal impact, number of studies have been conducted for
understanding specific emission controls of Diwali festival and
agricultural activities in the neighboring states during the late Oc-
tober to early November, and local infrastructural developments
(Jethva et al. 2018; Kanawade et al. 2019; Mukherjee et al. 2018;
Sawlani et al. 2019; Cusworth et al. 2018). High air pollution
events are also linked with natural dynamical control, such as
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stagnation of airmass movement due to weak winds when the
wind direction changed from southwesterly to northwesterly in
the late October (Sawlani et al. 2019; Tiwari et al. 2013). It is also
reported that the daily mortality caused by particle matters can be
increased by 56% in the period of Diwali (Chen et al. 2020).

In this paper, we study the evolution and variabilities of
PM2.5 in Delhi using data at a couple of sites. A Lagrangian trans-
port model framework is employed to link the sources of black
carbon (BC) emissions from agricultural waste burning to inter-
state pollution transport and beyond to the eastern part of the
Indian subcontinent. The relationship between cloudiness and
hotspot is analyzed using remote sensing data, and transport is
diagnosed using the daily maps of the Aerosol Index, aided by the
transit time of particles by the transport model.

2. Materials and methods

2.1 Surface and satellite observations

An observational site has been set up using a compact optical
PM2.5 sensor (Panasonic-PM2.5 sensor) at Dwarka (28.58°N,
77.06°E) which is a sub-city of Delhi since May 2019. The sen-
sor’s performance was evaluated by year-round field observations
in Japan (Nakayama et al. 2018). PM2.5 mass concentration ob-
served at the US embassy in New Delhi (28.60°N, 77.19°E) was
also used for the analysis (U.S. Embassy in India 2019). Hourly-
basis observation was conducted at the US embassy using a beta
attenuation monitor (MetOne BAM-1020) which is one of the
measuring instruments certified by the US EPA (Environmental
Protection Agency) (US EPA 2016). Both sites exist in the Nation-
al Capital Region (NCR) of India, and the distance between these
two sites is about 15 km. The geographical location of the target
area is shown in Fig. 1. Locations of hotspots from FIRMS (Fire
Information for Resource Management System) based on MODIS
Collection 6 Active fire detections MCD14DL (NASA LANCE
2019) in October and November 2019 are also shown in Fig. 1.
This period coincides well with the harvest season of rice in the
states of Punjab and Haryana, India.

The offline version of the ultraviolet (UV) aerosol index (Al)
of TROPOMI (Tropospheric Monitoring Instrument) on Sentinel-5
Precursor was also used for the analysis of the daily movement of
pollutants’ plume (Stein Zweers 2018). It offers daily-basis high-
resolution (3.5 x 7 km’) global distribution of column-amounted
aerosols even in the presence of clouds. UVAI has been a well-
established satellite product for over 40 years since Nimbus-7
(Herman et al. 1997).

2.2 Lagrangian particle dispersion model

To estimate the transport pathways of particles released from
the biomass burning, the Lagrangian particle dispersion model
FLEXPART version 10.3 was applied in this study (Pisso et al.
2019a). FLEXPART has been widely used for the analysis of
pollutants’ dispersion in South Asia region (Madala et al. 2016;
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Fig. 1. The geographical location of Delhi NCR (blue circle). Hotspots of
FIRMS (MODIS MCD14DL) from 1 October to 30 November 2019 are
also shown as red dots. Gray lines denote the borders of states in India and
Pakistan. Red-colored rectangle denotes the region including Punjab in
India and Pakistan (29.25°N—33.5°N, 73°E-77°E).

Lal et al. 2014), and an updated version of physical-based wet
deposition process for particles was implemented for in-cloud and
below-cloud scavenging since version 10 (Grythe et al. 2017). A
Gaussian-turbulence scheme was applied for the mixing within
the boundary layer. The model was driven by the 0.25° NCEP op-
erational global analysis ds083.3 (NCEP 2015). The time interval
of analysis in NCEP analysis ds083.3 is 6 hours (00, 06, 12, and
18 UTC), and 3-hour forecasts from each analysis (03, 09, 15, and
21 UTC) were also used to improve the quality of temporal inter-
polation at each timestep of FLEXPART. As FLEXPART does not
treat complex chemistry for the production of secondary organic
carbon, BC was used to estimate the contribution of biomass
burning emissions. BC is one of the constituents in PM2.5, and
the fraction of BC to the total amount of primary PM2.5 emission
from crop residue is estimated to be around 15% (Jain et al. 2014).
The mean diameter of BC particles was modified from the original
configuration in FLEXPART (from 0.4 um to 0.25 pum) based on
the observation over the IGP (Brooks et al. 2019).

2.3 Simulation for the 2019 Punjab fires

The simulation was conducted from 1 October to 30 Novem-
ber 2019 when extremely polluted events have been observed
in Delhi. The procedure of the mean transit time calculation is
described in Supplement 1. The emissions from biomass burning
were taken from the ECMWEF (European Centre for Medium-
Range Weather Forecasts) CAMS (Copernicus Atmosphere Mon-
itoring Service) -GFAS (Global Fire Assimilation System) (Rémy
et al. 2017; Di Giuseppe et al. 2017; ECMWF 2019). The horizon-
tal resolution of CAMS-GFAS is 0.1°, and the emissions were re-
gridded into 0.5° to reduce the effect of missing emission around
the hotspot. The release height was taken from the mass-weighted
average of the injection height in the CAMS-GFAS emissions
within the regridded 0.5° grid. If the injection height was zero in
the CAMS-GFAS, the ‘smoldering” emission was assumed to be
released from the surface to 200 m above the ground. Day-to-day
variation of BC emission in the CAMS-GFAS for the target region
is shown in Fig. 2. A major fraction of the biomass burning BC in
this region was emitted from the Punjab region.

3. Results

3.1 Effect of Punjab fires on the pollution in Delhi NCR
Temporal variations of 6-hourly averaged PM2.5 concentra-
tion in Delhi are shown in Fig. 3. Both instruments (BAM-1020
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Fig. 2. Temporal variation of BC emission in CAMS-GFAS. Pink-colored
bars denote the daily amount over India and Pakistan (8°N—37°N, 73°E—
77°E), and red-colored bars denote over the Punjab region shown as the
red rectangle in Fig. 1, respectively. Units are t(BC)/day.
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Fig. 3. Temporal variations of 6-hourly averaged PM2.5 concentration in
New Delhi. Orange line denotes observation at Dwarka, and red line de-
notes at US Embassy, respectively. The concentration of BC emitted from
biomass burning calculated by FLEXPART is also shown as blue lines
(values are shown in the right axis). Units are pug/m’.

at the US embassy and the Panasonic-PM2.5 sensor at Dwarka)
showed quite similar temporal variations with two large events
during the target period, exceeding 900 pg/m® even for 6-hour
average. The first high pollution event was from 28 October to
5 November, and the activity of biomass burning was also quite
high during that period, except for 3 November, especially in the
Punjab region (cf. Fig. 2). Almost no fire activity was detected on
3 November, and relatively lower fire activities on 1-2 November
was noted by the MODIS sensor. The concentration of BC emitted
from biomass burning calculated by FLEXPART is also shown in
Fig. 3. It was the dry season of monsoon (typically from October
to April), and the northwest wind was dominant over the IGP and
the relative humidity was lower than 60% in most of the period.

Consequently, BC concentration in Delhi showed qualitatively
comparable variations to that of BC emissions in Punjab with
a time-lag of about 1 day. As the emission on 3 November and
12—15 November was quite small in CAMS-GFAS, the model
could not reproduce the major peaks in the observations in Delhi
on 3 and 12—15 November. Except for these “highly pollution”
events, the modeled BC showed eventual increases which also
appeared in the observed PM2.5 concentrations, especially around
29-31 October and 5 November.

3.2 Outflow of biomass burning plume across the Indo-Gangetic
Plain

To track the movement of pollution across the IGP, UV Aero-
sol Index derived from S5P/TROPOMI was investigated over
the source region (Punjab) and megacities in the downstream of
monsoon (Delhi NCR and Kolkata). Region-wide average for the
Punjab region (29.25°N—33.5°N, 73°E-77°E), the Delhi NCR
region (28.3°N—28.9°N, 76.8°E—77.4°E), and Kolkata (22.2°N—
22.7°N, 88.1°E—88.5°E) was calculated for each day, and the
day-to-day variation for each region is shown in the upper panel



88 SOLA, 2020, Vol. 16, 86—91, doi:10.2151/s0la.2020-015

TROPOMI UV Aerosol Index

1.5 the Punjab region ——
Delhi NCR —e—
. 1 Kolkata —a—
S o5
2
% 0
o
£ .05
E
o -1
5]
< -15
-2
10/01  10/08  10/15  10/22  10/29  11/05  11/12  11/19  11/26
2019
FLEXPART BC mean age
7
6
5
w
= 4
h=)
g 3
5
2
1
0

10/01 10/08 10/15 10/22 10/29 11/05 11/12 11/19 11/26

2019
Delhi NCR —— Kolkata

Fig. 4. (Upper panel) Temporal variations of ultraviolet Aerosol Index
(UVAI) derived from the SSP/TROPOMI from 1 October to 30 Novem-
ber 2019. The region-wide average for the Punjab region (red line with
crosses), the Delhi NCR region (blue line with circles; 28.3°N—28.9°N,
76.8°E—77.4°E), and Kolkata (green line with triangles; 22.2°N—22.7°N,
88.1°E—88.5°E) are shown. (Lower panel) Temporal variations of the
mean transit time of biomass burning BC at Delhi NCR and Kolkata, esti-
mated by FLEXPART. Units are days.

of Fig. 4. UVAI showed large positive values which indicate the
existence of absorbing aerosols over Delhi from 28 October to 4
November (first event) and from 12 to 14 November (2nd event),
and the temporal variation of UVAI was generally consistent with
that of the observed surface PM2.5 concentration in Delhi (Fig. 3).
Except for these large events, the variation in Delhi was generally
corresponding with that of Punjab with a time-lag of about 1-2
days. It implies that the long-range transport from Punjab contrib-
utes to the pollution in Delhi in most days during the target period,
but the large events might be caused as a mixture of local emission
in Delhi and Punjab fires. This hypothesis is also supported by the
greater UVALI values over Delhi than the source region of Punjab
(28 October to 04 November; 11—15 November). The mean transit
time estimated by FLEXPART is also shown in the lower panel of
Fig. 4. It showed that the airmass with biomass burning emissions
was transported from Punjab to Delhi within 2 days after the re-
lease. The carbon yield for the conversion from the non-methane
organic gases (NMOG) to secondary organic carbon (SOA) was
estimated to be about 40% after 2 days for biomass burning emis-
sions (Lim et al. 2019) and produced SOA might also contribute
to the increased UVAI in Delhi. Kolkata is located at the most
downstream region in the IGP, about 1500 km away from Delhi.
The temporal variation of UVAI in Kolkata was generally consis-
tent with that of Delhi with a time lag of 2—3 days. The difference
of mean transit time calculated by FLEXPART between Delhi and
Kolkata was 1—4 days.

3.3 Day-to-Day movement of plumes from 30 October to 2 Novem-
ber 2019

Horizontal distribution of UVAI derived from S5P/TROPOMI
from 30 October to 2 November is shown in Figs. Sa—5e. As the
observation by SSP/TROPOMI is conducted at 13:30 LT (08 UTC
for India), 6-hourly averaged modeled BC concentration from
06 UTC to 12 UTC (from 11:30 to 17:30 LT) near the surface is
also shown as Figs. 5f—5j. The model treats BC emitted from the
biomass burning only, but it generally succeeded to reproduce
the day-to-day movement of plumes which was shown as UVAI

showed large positive values. For example, the mean transit
time of plume in Delhi showed 2—-3 days on 30 October (Fig.
5f). It moved southeastward and reaches around Kolkata around
3 November, mixing with the local burning at the west side of
Kolkata (dark blue lines on 2 and 3 November around Kolkata,
which means young airmass (Figs. 5i and 5j). Southwestward
transport could be seen on the west side of Delhi from 1 to 3
November (Figs. Sc—5e). As mentioned in Section 3.1, a high con-
centration of PM2.5 was observed in Delhi from 3 to 4 November.

Corresponding to that event, new plumes were existing over
Punjab and the northern part of the Delhi NCR region in the
observation (Fig. 5¢). The model failed to reproduce eventual
increase on 3 November around Delhi, but the model also showed
the intrusion of young airmass (with a low concentration of BC)
from Punjab to Delhi (Fig. 5j). It was also found that the polluted
region was quite limited. By assuming the region of UVAI
exceeding 2.0 to be a “highly-polluted” region, the size of the
plume was estimated to be 20 x 100 km” on 1 November, and 30 x
40 km’ on 3 November, respectively.

4. Discussion

To investigate the cause of the model’s failure at the large
event on 3 November, an additional calculation was conducted
to estimate the origin of airmass. Based on the mean transit time
estimation, 5-days’ backward calculation of FLEXPART was
conducted from Delhi at 06 UTC 3 November, when the observed
concentration of PM2.5 was highest. The horizontal distribution
of estimated residence time is shown in Fig. 6. As CAMS-GFAS
uses the FRP of MODIS based on the temperature anomaly (Di
Giuseppe et al. 2017), the cloudiness using MODIS Aqua (MYD
09GA) and the location of 1-km pixels which shows FRP is larger
than O derived from MODIS is also shown in Fig. 6 (Freeborn
et al. 2014). The number of hotspots was 831 in Punjab on 31
October, but there was no hotspot in MODIS Terra on 2 Novem-
ber, because hazy clouds covered Punjab and Delhi area since 1
November. The origin of airmass was estimated to be on the north-
west side of Delhi including Punjab, but most of the footprint was
covered by hazy clouds and a limited number of “clear” pixels
were used for the estimation of hotspots. The relationship of the
hotspot number and the cloud fraction over the Punjab region and
the Delhi NCR region is shown in Fig. 7. Cloud fraction was quite
large especially during the “most polluted” events in Delhi, such
as the first event (3 November) and the second event (from 12 to
14 November). The number of hotspots rapidly decreased during
these events, because more than 80% of the region was covered
by the hazy cloud.

These results suggest that the estimation of day-to-day varia-
tion of the biomass burning emission is still challenging especially
after the build-up of hazy clouds. In addition, MODIS tends to
underestimate burned area in croplands because its resolution
(500 m) is not enough especially for small (100 ha or smaller)
fires (Zhu et al. 2017). There are several emission inventories for
biomass burning, but most of them are based on MODIS tempera-
ture anomaly or burned area (Liu et al. 2020). Coupling of polar-
orbiting satellites such as MODIS (500 m, 4 times in a day) and
geostationary-orbiting satellites (e.g. ~4 km, every 5—15 minutes
for GOES) might be useful to increase the number of observations
over the target area (Li et al. 2019). Inverse model calculation
with a ground-based observation network would be of importance
to improve the spatio-temporal variation in a priori emissions
(Lucas et al. 2017; Pisso et al. 2019b; Guo et al. 2018). The in situ
PM2.5 measurement network should include high-density sites in
the source regions, and cover the whole IGP extending towards
the Bay of Bengal.

5. Conclusions

We have evaluated the possible pathways and the mean transit
time of particles that were emitted from biomass burning, espe-
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Fig. 5. a)—e): Horizontal distribution of UVAI derived from the SSP/TROPOMI from 29 October to 2 November 2019. f)—j) Biomass burning BC concen-
tration near the surface calculated by FLEXPART. The unit is pg/m". Blue lines denote the mean transit time from the release. Blue circle and green triangle

denote Delhi and Kolkata, respectively.

cially in the Punjab region to understand the time evolution of the
high pollution episodes observed in Delhi in 2019. By using the
FLEXPART forward calculation, the mean transit time to Delhi
was estimated to be 1-2 days after the release. It was also found
that the particles released from Punjab fire might travel across the
IGP within a week during the dry monsoon season. The model
failed to reproduce two distinguished polluted events in October—
November 2019, but it was estimated that the airmass was trans-
ported from Punjab to Delhi on the days of the events by using the
FLEXPART backward calculation. By analyzing the relationship
between cloud fraction and FRP, it was suggested that the build-

up of hazy clouds might reduce the possibility of the detection
of hotspots from satellites. Calculation using models with much
higher resolution (5 km or finer to reproduce the 30-km plume)
such as WRF-FLEXPART might be also useful for evaluating the
fine structure of plumes which was observed in SSP/TROPOMI
(Brioude et al. 2013). For more detailed and quantitative analysis
of PM2.5, it is needed to conduct calculations using three-dimen-
sional chemical transport models such as WRF-Chem (Grell et al.
2005). Japan Meteorological Agency’s Non-Hydrostatic Model
(JMANHM) coupled with a chemical transport model (NHM-
Chem) is another option, which provides a detailed aerosol rep-
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resentation method (Kajino et al. 2019). Large improvements in
emission inventories and their refinements using the inversion of
in situ observations are required for a better understanding of the
regional air pollution for Delhi and the surrounding regions of the
Indo-Gangetic Plain.
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