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g r a p h i c a l a b s t r a c t
� Concentration of BC varied from 0.22
to 16.92 mg/m3 throughout the entire
study period.

� BC concentration decreased up to
78% during lockdown as compared to
pre-lockdown phase.

� Fossil fuel (BCff) emissions dominated
over those from biomass burning
(BCbb).

� Trajectory and CWT analyses indi-
cated maximum contribution from
local sources.
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a b s t r a c t

A nationwide lockdownwas imposed in India due to COVID-19 pandemic in five phases from 25th March
to May 31, 2020. The lockdown restricted major anthropogenic activities, primarily vehicular and in-
dustrial, thereby reducing the particulate matter concentration. This work investigates the variation in
Black Carbon (BC) concentration and its sources (primarily Fossil Fuel (ff) burning and Biomass Burning
(bb)) over Delhi from 18th February to July 31, 2020, covering one month of pre-lockdown phase, all the
lockdown phases, and two months of successive lockdown relaxations. The daily average BC concen-
tration varied from 0.22 to 16.92 mg/m3, with a mean value of 3.62 ± 2.93 mg/m3. During Pre-Lockdown
(PL, 18th Feb-24th March 2020), Lockdown-1 (L1, 25th March-14th April 2020), Lockdown-2 (L2, 15th
April-3rd May 2020), Lockdown-3 (L3, 4th-17th May 2020), Lockdown-4 (L4, 18th-31st May 2020),
Unlock-1 (UN1, June 2020), and Unlock-2 (UN2, July 2020) the average BC concentrations were 7.93, 1.73,
2.59, 3.76, 3.26, 2.07, and 2.70 mg/m3, respectively. During the lockdown and unlock phases, BC decreased
up to 78% compared to the PL period. The BC source apportionment studies show that fossil fuel burning
was the dominant BC source during the entire sampling period. From L1 to UN2 an increasing trend in
BCff contribution was observed (except L3) due to the successive relaxations given to anthropogenic
activities. BCff contribution dipped briefly during L3 due to the intensive crop residue burning events in
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neighboring states. CWT analysis showed that local emission sources were the dominant contributors to
BC concentration over Delhi.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Black Carbon (BC) strongly absorbs solar radiation and causes
positive radiative forcing due to the high value of the imaginary
part of its refractive index (Bond et al., 2013; Goel et al., 2020). It
affects the Earth’s radiation budget through direct, semidirect, and
indirect effects. Major sources of BC in the atmosphere are
incomplete combustion of fossil fuel, biomass, etc. (Bikkina et al.,
2019; Dumka et al., 2018). BC/Particulate Matter (PM) also has
detrimental effects on visibility, air quality, agricultural productiv-
ity, ecosystem, human health, and exacerbates global warming
(Goel et al., 2018a; Gong et al., 2016; Hazarika et al., 2017, 2019;
Reddington et al., 2013). The deposition of BC particles over gla-
ciers contributes to their premature thawing and fragmentation as
it produces the albedo effect that accelerates snowmelting (Menon
et al., 2010; Zhang et al., 2020). Recently, BC has achieved much
attention because of its high global warming potential, second only
to carbon dioxide (CO2), with a total climate forcing of þ1.1 W m-2

(0.17e2.1 W m-2) and short lifetime (<5 days) in the atmosphere
(Bond et al., 2013; Stocker, 2014).

The current COVID-19 pandemic has forced the governments of
different nations to impose countrywide partial or complete lock-
down, limiting anthropogenic activities to a larger extent. The
deadly Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) has globally caused more than 0.8 million deaths, and more
than 24 million confirmed patients (https://www.who.int/
emergencies/diseases/novel-coronavirus-2019). In India, to
contain the spread of SARS-CoV-2, a nationwide lockdown was
implemented from 25th March till May 31, 2020, in different pha-
ses. Due to lockdown, a significant decrease in vehicular move-
ment, constructionwork, industrial and other commercial activities
was noticed across the country, which reduced the PM2.5 (partic-
ulate matter with an aerodynamic diameter less than 2.5 mm) and
PM10 (particulate matter with an aerodynamic diameter less than
10 mm) concentration in Indian megacities, e.g., Delhi (Dhaka et al.,
2020; Mahato et al., 2020; Singh and Chauhan, 2020). According to
a study conducted by Mahato et al. (2020), PM2.5 and PM10 mass
concentrations reduced by 39% and 60%, respectively, during the
first phase of lockdown (25th March e April 14, 2020) in Delhi as
compared to last year (2019), due to the imposed restrictions on
diverse anthropogenic activities. To the best of our knowledge, this
is the first study over Delhi where the effect of lockdown on BC
concentration and its source contribution is discussed during the
pandemic.

Delhi is a typical urban city where fossil fuel (ff) combustion and
biomass burning (bb) are the two primary sources of BC (Dumka
et al., 2018; Bikkina et al., 2019; Kumar et al., 2020). Previous
studies have shown that the contribution of BCff and BCbb to the BC
in Delhi varies from 72 to 94% and 6e28%, respectively (Bikkina
et al., 2019; Dumka et al., 2018; Tiwari et al., 2015). The current
study reports the variation in BC concentration, sources, and their
contributions due to the lockdown in Delhi. The BC measurements
were carried out using a seven-channel aethalometer, and the BC
source apportionment was carried out using the Aethalometer
model discussed by Sandradewi et al. (2008). The BC concentration
at 880 nm was used as a representative of total BC, and the source
apportionment was carried out using the 370 and 880 wavelength
2

pair. The main objective of the present study is to investigate the
effect of lockdown on temporal (daily and diurnal) variation of BC
and its sources. This study provides a detailed information of the BC
sources which will help to formulate the BC abatement strategies.
Sources apportionment studies have become increasingly impor-
tant, which can provide details and cognizance about the influential
emission sources present in and around the receptor location
(Hopke et al., 2020). The source apportionment of BC has a prime
importance to understand its chemistry and in developing the air
pollution mitigation strategies because it has potential to offset the
CO2 induced warming in near future due to its shorter lifetime.

2. Experimental section

2.1. Sampling site

The BC measurement was done at an urban site in Delhi (Indian
Institute of Technology Delhi, IITD) (28�320N; 77�110E) from 18th
February eMarch 19, 2020, and 24thMarche July 31, 2020. During
the measurements, sampling interruption occurred between
20th �22nd March 2020. The continuous real-time BC measure-
ment was performed with the help of a seven-channel Magee®
AE33 aethalometer installed at the height of nearly 15 m from the
ground. The instrument was operated at a flow rate of 2 LPM with
PM2.5 inlet and was subjected to measure BC mass concentration in
1 min interval. The sampling site is not directly influenced by any
larger industrial hub but experiences intensive vehicular activities
due to the nearby national highway. Further details of the sampling
site can be found elsewhere (Rai et al., 2020).

To prevent the spread of SARS-CoV-2 a nationwide lockdown
was imposed all over India. The lockdown was implemented in
different phases, along with implementing restrictions in various
activities from 25th March e May 31, 2020. After 31st May, the
lockdown was lifted under the name Unlock-1 which was first
implemented from 1st - 30th June then extended till July 31, 2020
(Unlock-2). Initially, the lockdown was implemented from 25th
March to April 14, 2020, which was later extended to subsequent
phases till May 31, 2020. Each set of lockdown periods has a unique
set of relaxations in various activities. Therefore, the sampling
period was also divided into different phases; Pre-Lockdown (PL,
18th Feb-24th March 2020), Lockdown Phase 1 (L1, 25th March-
14th April 2020), Lockdown Phase 2 (L2, 15th April e May 3,
2020), Lockdown Phase 3 (L3, 4th �17th May 2020), Lockdown
Phase 4 (L4, 18th �31st May 2020), Unlock 1 (UN1, 1st �30th June
2020), and Unlock-2 (UN2, 1st �31st July 2020).

2.2. Methods

2.2.1. BC measurement
AE33measures light attenuation at 370, 470, 520, 590, 660, 880,

and 950 nm, which is linearly proportional to the BC deposited over
the filter tape (Hansen et al., 1984). The instrument uses the dual
spot technology. The incoming stream of air is divided into two
streams with unequal flow rates and passes through two spots on
the same filter tape, thus providing light attenuation simulta-
neously (Drinovec et al., 2015). Uncertainties in the BC measure-
ments of aethalometer may arise from multiple scattering of light

https://www.who.int/emergencies/diseases/novel-coronavirus-2019
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in the filter tape when the filter is relatively unloaded, and due to
the shadowing effect which occurs when the filter gets heavily
loaded (Collaud Coen et al., 2010; Weingartner et al., 2003). Ac-
cording to Weingartner et al. (2003), the shadowing effect is pre-
dominant in pure BC, not in the case of mixed BC (i.e., themixture of
different aerosols). The sampling site in the present study is a
typical urban that predominantly has a mixed BC (Ahlawat et al.,
2019; Mishra et al., 2018), so the corrections regarding the shad-
owing effect are not required in the present case. More details of
the aethalometer can be obtained elsewhere (Hansen et al., 1984;
Ramachandran and Rajesh, 2007). The 24-hourly average BC con-
centration was calculated at 880 nm, as it is considered as a true
representative of the BC concentration in the atmosphere. At
880 nm, BC is the principal absorber of light, and other species have
negligible absorption (Bodhaine, 1995; Goel et al., 2018b). Biomass
burning and vehicular emissions are regarded as the two primary
sources of BC (Dumka et al., 2018; Saraswat et al., 2013; Tiwari et al.,
2013). The instrument used in the present study is well maintained
and calibrated, the flow test, leakage test, sampling spot test, optical
chamber cleaning and inlet cleaning were performed periodically
as per the usermanual of the instrument. These parameters directly
influence accuracy of the instrument (Cuesta et al., 2020).

2.2.2. Absorption angstrom exponent
Absorption Angstrom Exponent (AAE) is a wavelength-

dependent aerosol optical property, calculated from the aerosol
absorption coefficient (babs), which is a product of BC concentration
and Mass Absorption Efficiency (MAE). MAE for 370, 470, 880, and
950 nm wavelengths are 18.47, 14.54, 7.77, and 7.19 m2g-1, respec-
tively (as provided by the instrument manufacturer). In the present
study, AAE values were calculated for two-wavelength pairs (370
and 880 nm, and 470 and 950 nm) using the following equations,

babs ¼BC �MAE (1)

AAE¼ � lnðbabs1= babs2Þ
lnðl1=l2Þ

(2)

Here, babs1 and babs2 are the absorption coefficients at wave-
lengths, l1, and l2.

2.2.3. Aethalometer model
The aethalometer model is widely used for the source appor-

tionment of BC (Dumka et al., 2018; Helin et al., 2018; Jing et al.,
2019; Ravi Kiran et al., 2019; Sandradewi et al., 2008; Tobler
et al., 2020). The functioning of the model depends on the light
absorption by BC at near UV and near IR regions. The BC coming
from the biomass burning sources consists of organic aerosols that
show strong absorption in the UV region than that of near-infrared
range. The fossil fuel emissions are generally composed of BC,
which shows strong absorption near the 880 nm (near-IR region)
wavelength. Therefore, the multi-wavelength (ranging from
370 nm to 950 nm) aethalometer could be used to bifurcate the BC
sources into biomass and fossil fuel-based on the spectral de-
pendency of babs, which is defined as:

babs � l�a (3)

where l is the wavelength, and a is AAE. Many studies have
calculated the AAE for biomass burning and reported it to vary
between 0.9 and 2.2, which strongly depends upon the type of the
wood used for burning and the burning conditions (Day et al., 2006;
Martinsson et al., 2017; Mousavi et al., 2019; Sandradewi et al.,
2008). While, for AAE fossil fuel, there is a fair consensus among
the scientific community that it does not significantly vary and lies
3

between 0.8 and 1.1 (Schnaiter et al., 2003; Kirchstetter et al., 2004;
Schnaiter, 2005; Drinovec et al., 2015). The BC source apportion-
ment calculations were done considering AAE of ff as 1 and bb as
1.8. Similar values were used by Dumka et al. (2018) for BC source
apportionment over Delhi. Earlier studies have reported the
370 nm and 880 nmwavelength pair to be themost accurate for the
BC source apportionment (Dumka et al., 2018; Garg et al., 2016;
Mousavi et al., 2019; Vaishya et al., 2017), and the same has been
used in the present study. The BC source apportionment was car-
ried out with the help of equations (4)e(9), using the absorption
coefficients calculated for 370 nm and 880 nm wavelengths. The
absorption coefficients were calculated using the BC mass con-
centrations at 370 and 880 nmwavelengths with the help of eq (1).
Equation (4) and (5) were derived on the basis of Beer-Lambert’s
law, relating the absorption coefficient (babs), wavelength (l) and
absorption angstrom exponent (a) for the pure fossil fuel and
biomass burning activities (Sandradewi et al., 2008).

babs;ff ;370
babs;bb;880

¼ð370
880

Þfff (4)

babs;bb;370
babs;bb;880

¼ð370
880

Þ�fbb (5)

babs;l ¼ babs;ff ;l þ babs;bb;l (6)

BCff ¼
babs;ff ;880
MAC880

(7)

BCbb ¼
babs;bb;880
MAC880

(8)

BC¼BCff þ BCbb (9)

where, babs,l is an aerosol absorption coefficient at l. babs,ff,l and
babs,bb,l are the aerosol absorption coefficients of fossil fuel and
biomass at l; babs,ff,370 and babs,ff,880 are aerosol absorption coeffi-
cient of fossil fuel BC at 370 and 880 nm, respectively. Similarly,
babs,bb,370 and babs,bb,880 are aerosol absorption coefficient of biomass
burning BC at 370 and 880 nm, respectively. MAC880 is a mass ab-
sorption coefficient at 880 nm. BCff and BCbb are the Black Carbon
(BC) concentrations coming from fossil fuel and biomass burning,
respectively. The exponents aff and abb represent AAE of fossil fuel
and biomass burning, respectively.

2.3. Backward wind trajectory and CWT analysis

To find out the transboundary movement of BC at the receptor
site from potential sources, 72 h backward wind trajectories were
plotted at the height of 100 m AMSL for the entire sampling period.
The trajectories were plotted with the help of the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model devel-
oped by the National Oceanic and Atmospheric Administration
(NOAA) Air Resource Laboratory’s (ARL) (http://ready.arl.noaa.gov/
HYSPLIT.php) with the Global Data Assimilation System (GDAS)
data as input.

The potential source regions contributing to the BC concentra-
tion at the receptor site were identified with the help of the Con-
centration Weighted Trajectories (CWT) analysis (Goel et al., 2020;
Jain et al., 2017). Potential source regions surrounding the receptor
site were divided into ijth gridded array. CWT is a function of BC
concentration and time spent by the trajectory in ijth grid, which is
defined as Eq (10):

http://ready.arl.noaa.gov/HYSPLIT.php
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Cij ¼
1

PM
l¼1tijl

XM

l¼1

Cltijl (10)

Here, Cij is themeanweighted concentration at the ijth grid, M is
a total number of trajectories, Cl is a measured concentration at the
receptor site on the arrival of the trajectory l, and tijl is the time
spend in the ijth grid cell associated with the Cl sample.
3. Result and discussion

3.1. BC concentration

3.1.1. Temporal and diurnal variation of BC concentrations
The temporal and diurnal variations of BC concentration are

shown in Fig. 1 (a and b). In the entire sampling period, the BC
concentration varied from 0.22 to 16.92 mg/m3, with a mean con-
centration of 3.62 ± 2.93 mg/m3. The maximum concentration was
observed in the PL period (on March 2, 2020), and the minimum
concentration was observed in UN2 (on July 1, 2020). The average
BC concentrations during PL, L1, L2, L3, L4, UN1, and UN2 were 7.93,
1.73, 2.59, 3.76, 3.26, 2.07, and 2.70 mg/m3, respectively. The BC
concentration observed during PL was comparable to BC reported
in the earlier studies ~8 mg/m3 (Bikkina et al., 2019; Tobler et al.,
2020). The BC concentration during March, April, and May 2020
was ~35%, ~77%, and ~52% lower than the BC reported during
similar months in 2018 (Tobler et al., 2020). The BC concentration
observed during UN1 (June 2020) and UN2 (July 2020) was ~59%
and ~27% lower than the BC measured during a similar period in
2017 (Tyagi et al., 2020). During L1, L2, L3, L4, UN1, and UN2, the BC
concentration compared to PL was reduce by 78%, 67%, 53%, 59%,
74%, and 66%, respectively, due to the decrease BC emissions.
Among the specified phases, the maximum concentration was
observed during PL, whereas it was minimum during the UN2
period. An increasing trend in the BC concentration from L1 to L3
was due to the phase-wise relaxations given in successive lock-
downs. However, after L3, the BC concentration decreased due to
the high wind speed, high temperature, and rain events during this
period. Delhi experiences heavy rainfall and high wind speed in
June and July, which decreases the PM/BC concentrations (Jain
et al., 2020; Sharma et al., 2018). During UN1 and UN2, the direc-
tion of the wind parcel changes, and the strong monsoonal winds
Fig. 1. (a) Temporal variation of BC mass concentration and

4

are one of the reasons for decreased BC concentration (Fig, S1,
supplementary information).

The diurnal variation of BC concentration is shown in the con-
tour plot (Fig. 1b). The morning and evening peaks of the BC con-
centration are visible in the PL period, primarily driven by high
vehicular emissions and low boundary layer height during the
morning and evening hours. The BC concentration during the PL
period between 10:00 h and 18:00 h decreased up to ~4 mg/m3 due
to the increased boundary layer height and low vehicular emis-
sions. In the afternoon hours, the strong convective air pushed the
boundary layer upward, which decreases the ambient aerosol
concentration. In the L1 and L2 periods, the intensity of both
morning and evening peaks decreased to ~2 mg/m3 due to the
minimal vehicular emissions. In the L3 and L4 periods, the morning
and evening peaks again started reappearing, with less intensity
than the Pre-Lockdown period due to the biomass burning activ-
ities that occurred in the Punjab and Haryana regions in northern
India during this period. During UN1 and UN2, the intensity of the
peaks again decreased due to high wind speed and rain events that
occurred during this period.
3.2. Diurnal variation of AAE

AAE is an important optical property of light-absorbing aerosol
particles used for aerosol characterization and source apportion-
ment. AAE gives information about the particle’s shape, size, and
chemical composition. AAE near to 1 implies the BC particles
coming from fossil fuel combustion sources, whereas higher AAE
corresponds to organic aerosols from the biomass burning sources
(Russell et al., 2010). AAE is widely used to quantitatively distin-
guish the brown carbon absorption from BC absorption
(Kirchstetter and Thatcher, 2012; Liu et al., 2015). Diurnal variations
of AAE calculated for two-wavelength pairs (370e880 nm,
470e950 nm) are shown in Fig. 2 (a and b). The significant daily and
diurnal variations in calculated AAE indicated the variation in
composition and relative source contribution of light-absorbing
aerosols to the BC. During the entire sampling period, AAE370-880
varied from 1.13 to 2.42 with a mean value of 1.32 ± 0.16 (Fig. 2a),
which is lower than the AAE value (1.9 ± 0.1) reported over Delhi
during wintertime by Ganguly et al. (2006), and higher than the
Tiwari et al. (2015), i.e., 1.09 ± 0.11 measured during December
2011eMarch 2012. The AAE values reported in the present study
(b) the daily-diurnal variation of BC using contour plot.



Fig. 2. Diurnal contour plots of (a) AAE370-880 and (b) AAE470-950.
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are comparable to the AAE values (1.29 ± 0.08) reported by Dumka
et al. (2018) over Delhi from December 2015eFebruary 2016. The
average AAE370-880 during PL, L1, L2, L3, L4, UN1, and UN2were 1.25,
1.46, 1.41, 1.44, 1.26, 1.24, and 1.27, respectively. The higher value of
AAE370-880 during L1, L2, and L3 shows the elevated contribution
from biomass burning sources and the lowAAE370-880 values during
PL, L4, UN1 and UN2 are suggesting the major contribution from
fossil fuel combustion sources. The AAE470-950 was observed to vary
from 0.81 to 2.16 with a mean value of 1.04 ± 0.12 (Fig. 2b). The
average AAE470-950 during PL, L1, L2, L3, L4, UN1, and UN2 was
observed 1.01, 1.13, 1.09, 1.10, 1.01, 1.00, and 1.03, respectively.
3.3. BC source apportionment

Source apportionment of BC was done using the Aethalometer
5

model discussed in section 2.3. The source apportionment was
done using 370 nm and 880 nmwavelength pair and considering aff
and abb as 1 and 1.8, respectively (Dumka et al., 2018). The source
apportionment results are shown in Fig. 3. The average BCff con-
centrations during PL, L1, L2, L3, L4, UN1, and UN2 were 5.9, 0.88,
1.48, 2.00, 2.18, 1.59, and 2.12 mg/m3, respectively. The BCff con-
centration was highest during PL than other phases as there were
no restrictions on vehicular, industrial, or any other anthropogenic
activities (Fig. 3a). Whereas, during the lockdown, strict laws were
enforced, which restricted the movement of public vehicles except
the vehicles used for essential services (doctors, essential com-
modities, police, etc.). During L1, the BCff was significantly
decreased to 0.88 mg/m3 because of the complete restriction on
anthropogenic activities. However, an increasing trend in BCff
concentration was observed from L1 to L4, due to the successive



Fig. 3. (a) Mass concentration of BC, BCff and BCbb observed during PL, L1, L2, L3, L4, UN1, and UN2, (b) contribution of BCff and BCbb in BC during different phases.
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relaxations of diverse man-made activities in lockdown. Google
mobility report data of transit stations has also shown a similar
trend, reinforcing the findings of the present study (Fig. 4a). Despite
the more relaxations in UN1 and UN2, BCff concentration during
UN1 and UN2 has reduced compared to L4 due to the increased
wind speed and rain events during this period (Jain et al., 2020;
Sharma et al., 2018). The average BCbb concentrations during the PL,
L1, L2, L3, L4, UN1 and UN2were 1.76, 0.84,1.06,1.76, 0.99, 0.49, and
0.56 mg/m3, respectively. BCbb was high during L3 and L4 due to the
crop residue burning events that occurred in the northern region of
India during that time. During L3 and L4, the potential source re-
gions of BC lie in the Punjab, Haryana, parts of Pakistan, and Indo-
Gangetic Plains (IGP), where intensive crop residue burning activ-
ities were observed (Fig. 5 d and e).

The contributions of BCff and BCbb to the total BC during PL, L1,
L2, L3, L4, UN1, and UN2 are shown in Fig. 3b. The BCff contribution
Fig. 4. Temporal variation of (a) BCff and Google mobility tr

6

to the total BC was high during PL, UN1, and UN2, i.e., 77%, 77%, and
79%, respectively. The high BCff contribution during PL is due to the
non-restriction on anthropogenic activities, e.g., vehicular, indus-
trial, etc. During UN1 and UN2, the BCff contribution was compa-
rable with PL due to the relaxations given during that period.
During UN1 and UN2, the Delhi Metro, a major mode of commute
for Delhi people was not operational, which consequently led to an
increment of private vehicles. From L1 to UN2, an increasing trend
in BCff contribution was observed (except L3), which is due to the
relaxations given in successive lockdowns and unlocks. During L3,
BCff contribution decreased due to the crop residue burning events
in Punjab, Haryana, and parts of Uttar Pradesh during this period.
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite-
derived Fire Information for ResourceManagement System (FIRMS)
data plotted with the BCbb mass concentration confirms the higher
numbers of fire events during that period (Fig. 4b). However, a
ansit station data, and (b) BCbb and MODIS fire counts.



Fig. 5. Diurnal variation of (a) BCff, and (b) BCbb.
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contrasting trend was observed in BCbb contribution, which was
highest during L1 and lowest during UN2. BCbb contribution was
high during L1 and L3 due to decreased vehicular emission during
L1 and increased crop residue burning activities during L3.
3.4. Temporal and diurnal variation of BCff and BCbb

During the entire sampling period, the daily average BCff mass
concentration varied from 0.1 to 14.0 mg/m3, with a mean value of
7

2.6 ± 2.36 mg/m3 (Fig. 4a). The BCff mass concentration was high
during PL, which decrease substantially in different lockdown
phases. The daily average BCbb concentration varied from 0.05 to
3.77 mg/m3, with amean value of 1.02 ± 0.76 mg/m3 (Fig. 4b). Intense
BCbb concentration peaks during L3 and L4 were observed probably
due to the crop residue burning events in India’s northern region
(particularly in Punjab and Haryana) during that period. Whereas,
the decrease in BCbb concentration during UN1 and UN2 period
could be attributed to the prevailing meteorology like high rainfall,



Fig. 6. Maps of concentration weighted trajectories for the complete sampling period (a)18 Feb-31 July 2020, (b) PL, (c) L1, (d) L2, (e) L3, (f) L4, (g) UN1, and (h) UN2 phases. The
values shown in the legend represents the BC mass concentration in mg/m3.
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high wind speed, and change in wind direction (Figure S1; sup-
plementary information).

Diurnal contour plots of BCbb and BCff are shown in Fig. 5(a and
b). Intense BCff concentration peaks were observed during morning
and evening hours of PL period, a characteristic of high vehicular
emission and low boundary layer height during these hours. High
BCff concentration (10e20 mg/m3) was observed during morning
and evening hours, which gradually decreased to ~1.5e2.5 mg/m3 in
the afternoon hours (12:00e18:00) during the PL period (Fig. 5a).
Themorning and evening peaks of BCff were rarely observed during
L1, L2, L3, L4, UN1, and UN2 due to the traffic movement re-
strictions. However, a contrasting pattern was observed in the
contour plot of BCbb (Fig. 5b), where the morning and evening
peaks were visible till L4. This could be attributed to the non-
restrictions on biomass burning activities during the lockdown
and elevated crop residue burning events in the Punjab and Har-
yana regions during L3 and L4. The intensity of the BCbb peaks was
decreased during UN1 and UN2 due to the variation in meteoro-
logical parameters (increased wind speed and rain events) (Sharma
et al., 2018).
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3.5. Concentration weighted trajectories analysis

Maps of CWT analysis for an entire sampling period, i.e., 18th
Feb-31st July 2020 (except 20th �23rd July 2020), PL, L1, L2, L3, L4,
UN1, and UN2 periods are shown in Fig. 6. The maps of backward
wind trajectories for the same periods are shown in the supple-
mentary information (Fig. S1, supplementary information). During
the entire sampling period, stronger to moderate BC source regions
were located in the northwest direction (Punjab and Haryana). As
discussed earlier, during mid-April-May, the events of crop residue
burning are generally high in the parts of Punjab and Haryana,
which is one of the primary reasons behind the elevated concen-
tration of BC over the Delhi. The same is being evident from the
CWTanalysis (Fig. 6a). While moderate to low-value grid cells were
spread across the parts of Uttar Pradesh. The potential source re-
gions of BC at the receptor site during the PL period were the parts
of Uttar Pradesh, the North-western region (Punjab and Haryana) of
India and Pakistan (Fig. 6b). During L1, the major sources of BC were
present in/around Rajasthan, Haryana, and Punjab (Fig. 6c). During
L2, the major emissions of BC were coming from Pakistan, Punjab,
Rajasthan, and the parts of Indo-Gangetic Plain (IGP) region
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(Fig. 6d). During L3; Pakistan, Punjab, Haryana, and parts of IGP
were the potential source regions of BC (Fig. 6e). During L4, the BC
was coming from Punjab, Haryana, and parts of Pakistan (Fig. 6f).
During UN1, Haryana and other surrounding regions of Delhi were
major source regions of BC (Fig. 6g), and during UN2, BC was pri-
marily coming from the entire IGP belt of India (Fig. 6h). It is to be
noted that the strongest emissions sources were present in and
around the receptor location, which showed that local sources
played a significant role in contributing to the loading of BC over-
Delhi (Fig. 6 a, b, c, d, g, and h).

4. Conclusion

The COVID-19 lockdown has resulted in the blue sky and
reduced BC concentration over Delhi. During the sampling period,
the BC mass concentration varied from 0.22 to 16.92 mg/m3 (mean
3.62 ± 2.93 mg/m3) and reduced by 78%, 67%, 53%, 59%, 74%, and 66%
during L1, L2, L3, L4, UN1 and UN2 in comparison to PL period.
Aethalometer model-based source apportionment results showed
that BCff and BCbb mass concentrations varied from 1.2 to 14.0 mg/
m3 (mean 6.1 ± 2.36 mg/m3) and 0.38e3.77 mg/m3 (mean
1.80 ± 0.76 mg/m3), respectively. The fossil fuel BC contribution to
BC was maximum during UN2 and minimum during L1. An
increasing trend in BCff contribution to BC was observed due to
increased lockdown relaxations in successive lockdowns and un-
locks except L3. High BCbb contribution during L3 was due to the
increased agricultural waste burning activities in the nearby North
Indian states, primarily Punjab, Haryana, and parts of Uttar Pradesh.
The AAE370-880 and AAE470-950 values varied from 1.13 to 2.42 (mean
1.32 ± 0.16) and 0.81 to 2.16 (mean 1.04 ± 0.12), respectively. The
present study showed a significant decrease in BC, BCff, and BCbb
mass concentration over Delhi due to the restrictions on vehicular
and industrial activities. This study provides a clear understanding
of variation in the contribution of BC from fossil fuel and biomass
burning sources due to the reduction in various emission sources of
BC in Delhi megacity during COVID-19 pandemic. This detailed
observation can be used as a baseline to understand the contribu-
tions of potential sources to BC.
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