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Abstract Black carbon (BC) not only warms the atmosphere but also affects human health. The
nationwide lockdown due to the Coronavirus Disease 2019 (COVID-19) pandemic led to a major
reduction in human activity during the past 30 years. Here, the concentration of BC in the urban,
urban-industry, suburb, and rural areas of a megacity Hangzhou were monitored using a multiwavelength
Aethalometer to estimate the impact of the COVID-19 lockdown on BC emissions. The citywide BC
decreased by 44% from 2.30 to 1.29 ug/ m? following the COVID-19 lockdown period. The source
apportionment based on the Aethalometer model shows that vehicle emission reduction responded to BC
decline in the urban area and biomass burning in rural areas around the megacity had a regional
contribution of BC. We highlight that the emission controls of vehicles in urban areas and biomass burning
in rural areas should be more efficient in reducing BC in the megacity Hangzhou.

1. Introduction

Rapid industrialization and urbanization over the past few decades has led to severe air pollution across
China, which poses adverse effects on public health (Lelieveld et al., 2020; Zhang, Wang, Guo, et al., 2015).
To address issues of air pollution, the State Council of China promulgated the Air Pollution Prevention
and Control Action Plan in September 2013 (State Council of the People's Republic of China, 2013). A recent
study has shown that air quality in China has improved significantly. In particular, from 2013 to 2017, the
decline in the annual fine particulate matter (PM, s) concentrations was 39%, 34%, and 26% in Beijing-
Tianjin-Hebei, the Yangtze River Delta, and the Pearl River Delta, respectively (Wang et al., 2018).
However, extreme haze events occasionally occur, especially in winter and spring, due to multiple factors,
such as unfavorable meteorology, regional transport, and heterogeneous reactions (Zhang, Wang, Wang,
et al., 2015). Therefore, more efforts are required for the further improvement in the air quality.

Controlling anthropogenic emissions is an effective way to mitigate the air pollution level. Various emission
reduction campaigns have been employed to improve the local air quality during several major events,
including the 2008 Beijing Olympic (Okuda et al., 2011), the 2014 Asia-Pacific Economic Cooperation
(APEC) meeting (Zhang, Li, et al., 2018), the 2015 China Victory Day Parade (Zhao et al., 2017), and the
2016 G20 summit (Li et al., 2018). During these special events, some factories with high emissions were tem-
porarily closed, construction activities were stopped, and the number of vehicles was restricted
(Sun et al., 2016). These special emission reduction periods are valuable for both the government and scien-
tists to assess the effectiveness of the control measures on air quality improvement. However, these previous
campaigns were only regional with a few control days, which might have influenced their significance.

As the first country reporting and fighting Coronavirus Disease 2019 (COVID-19), China has implemented a
series of effective measures to prevent the spread of COVID-19, including stay-at-home orders, travel bans,
shutting down nonessential commercial activities, and a national lockdown (Tian et al., 2020). These nation-
wide restrictions have led to the lowest human activity in modern China in the past 30 years, resulting in the
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lowest anthropogenic pollutant emissions and the mitigation of the air
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>z

St 4 ' :g“m could provide us with a comprehensive understanding of the sources of
ol ":18*“ air pollutants and our current emission control strategies. Revealing the
’"\‘."Z?ilh,_ lanf\lloim changes in pollutant emissions during the COVID-19 is important for

- . L future emission control strategies to improve air quality in China.
:g&gz:k:::usw Black carbon (BC) is a primary aerosol emitted from the incomplete com-
o Rural bustion of fossil fuels and biomass. BC has been considered the second
Population Density k' 935 greatest contributor to global warming, just after CO, (Bond et al., 2013).
— —odi BC coated with other aerosol materials could further alter light absorption
220 [ 3682 (Cappa et al., 2019). Studies on BC are a continuous hot topic in atmo-
‘:ﬁz =f;2‘l,; spheric sciences and climate change (Liu, Whitehead, et al., 2017). The

[ 1893 I 14009

L main sources of BC include (1) on-road and off-road diesel engines;
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Figure 1. The location of observation sites and the population density of

Hangzhou City.
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12000 (2) industrial coal combustion; (3) residential solid fuels (wood, crop resi-

due, and coal); and (4) open burning of biomass (Chen et al., 2017; Liu,
Kong, et al., 2017; Wang et al., 2017; Zhang, Yuan, et al., 2018).
However, it is difficult to know the BC source apportionment in cities
because BC does not have specific chemical tracers among the different sources (Bond et al., 2013). Here,
the COVID-19 period provides a unique opportunity to understand the BC sources and concentrations,
which can be helpful for policy makers to reduce BC at the city level.

Many studies have reported the variations in air pollutants due to the COVID-19 pandemic. They revealed
the variations of SO,, NOy, and PM, 5 concentration from a regional perspective based on data from satellites
(Bauwens et al., 2020; Zhang et al., 2020), ground-based national environmental monitoring centers
(Cui et al., 2020; Huang et al., 2020; Yuan et al., 2021), or model simulations (Huang et al., 2020; Wang
et al., 2020). However, this is the first study that focuses on the BC variations from ground measurements
during the COVID-19 lockdown at the megacity level. In this study, we present the measurements of BC
during the COVID-19 outbreak using a multi-wavelength Aethalometer in the urban, urban-industry, sub-
urban, and rural areas of Hangzhou city, located in the southern part of the Yangtze River Delta (YRD) in
East China. We investigated and compared the variability and diurnal changes in the BC concentrations
before, during, and after the COVID-19 lockdown. Moreover, the absorption Angstrﬁm exponents (AAEs)
of BC were used to estimate the contribution from different BC emission sources.

2. Experiments
2.1. Sampling areas

The BC observations presented in this study were carried out from 1 January to 31 March 2020 at nine obser-
vation sites in Hangzhou (Figure 1). Hangzhou, as the capital of Zhejiang Province, is located in the northern
part of Zhejiang. Hangzhou is also the second largest city in the Yangtze River Delta (YRD), one of the most
developed areas in China. Based on the population density, the number and output of industries, and the
number of private vehicles from different sites (Figure 1 and Table S1), we classified these nine sites into four
categories: urban, urban-industry, suburban, and rural.

2.1.1. Urban: Hangzhou (HZ)

The HZ site is located in an urban area, which has the highest population density and the highest private
vehicle number. The site is surrounded by residential and commercial buildings, without obvious effects
from industrial activities. The main BC sources at this site are from traffic and residential activities.

2.1.2. Urban-industry: Yuhang (YH) and Xiaoshan (XS)

These two urban sites belong to two districts with some heavy industrial enterprises (Figure S2). The popu-
lation density and private vehicle number (Figure 1 and Table S1) indicate that traffic and residential
activities could contribute to BC emissions. Therefore, both vehicle and industrial activities are the major
sources of BC at urban-industrial sites.

2.1.3. Suburban: Fuyang (FY), Lin'an (LA), Tonglu (TL), Jiande (JD), and Chun'an (CA)

These five sites are located in districts and counties under the jurisdiction of Hangzhou. The population den-
sity, private vehicle number, and industrial enterprise number of these areas are much lower than those of
the urban and urban industry sites.
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2.1.4. Rural: Lin'an Background Site (LABS)

The LABS site is on the top of a mountain at an altitude of 138 m, which is a regional background site for the
YRD region. The site is surrounded by forests and small villages. Some villagers in rural areas usually use
wood or bamboo for cooking.

2.2. BC observation

BC mass concentrations are measured at a 5-min resolution by an Aethalometer AE-31 (Magee Scientific,
USA) with a flow rate of 5 L min~". The light attenuation due to the deposition of aerosol particles on the
filter tape is continuously measured at seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). The
light attenuation is linearly proportional to the amount of BC in the filter deposit. Detailed information
regarding the principle and operation of the Aethalometer can be found in Hansen (2005). It should be noted
that an empirical value of the correction factor C = 2.14 (factor to compensate for multiple scattering of the
fiber filter) was applied in this study as proposed by Weingartner et al. (2003) and Sandradewi, Prévot,
Weingartner, et al. (2008).

Assuming that biomass burning and fossil fuel emissions only contribute to BC absorption (Equation 1), the
AAEs (Equation 2) can be used to estimate the contribution from these two sources based on the
Aethalometer model (Sandradewi, Prévot, Szidat, et al., 2008; Zotter et al., 2017). Pure BC absorbs light over
the entire visible wavelength range with a weak spectral dependence (AAE ~ 1). BC from biomass burning
contains additional light-absorbing organic materials that strongly enhance the absorption in the shorter
wavelength range (AAE > 1), while fossil fuel-related BC contains minor other light-absorbing compounds
(AAE ~ 1) (Sandradewi, Prévot, Szidat, et al., 2008).

babs (7\) = bab&, ff (}L) + babs, bb ()") (1)

baps (ll))

ln<
AAE(y,2y) = ——Dalh2)/

M

1 _—
! (7\2)
where by, ¢ (1) and by pp (A) are the absorption coefficients apportioned to fossil fuel combustion and bio-
mass burning, respectively; and b,ps(A;) and by (A,) are the absorption coefficients at A; and A,, respectively.

2

Using the measured b,y,s values at two different wavelengths, the source apportionment of BC from fossil

fuel (BCg) and biomass burning (BCyy,) can be derived using the following equations:
babs, (M) _ <g) A 3
baps, £(A2)  \A2

Babs, bb (A1) (Al)‘AAEbb

= ( @

babs, bb(A2)

—AAE;
babs ()\1) - babs (AZ) . (%) '
bas, bb(A2) = —AAE

babs ()Ll) - babs ()LZ) : (%
<h) —AAEg _ (h) —AAEyp,

% %
where AAEgand AAEy,;, are the AAE values of fossil fuel BC and biomass burning BC, respectively. Here, the
AAE values used to estimate the fossil fuel and biomass burning contributions are AAEg = 1.0 and

AAEy = 2.0 according to previous literatures (Sandradewi, Prévot, Szidat, et al., 2008; Zheng et al., 2019).
The AAE selection and uncertainty (40%) for the BCy,,, and BCgr was discussed in the supporting information.

©)

) —AAEy

T
T

) —AAEp,

babsA ff ()LZ) = (6)

In this study, we chose BC light absorption at 470 and 950 nm to calculate the AAE values and source ap-
portionment (Becerril-Valle et al., 2017; Harrison et al., 2013). The absorption at 370 nm was excluded to
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Figure 2. (a) The hourly averaged vehicle number running on the roads showing the variation in traffic in downtown
Hangzhou. Data source: Hangzhou Traffic Police Division. The figure was generated using Igor Probased computer
programs developed by (Wu et al. (2018)). (b) The mean deweathered BC concentration in different areas during the five
stages. The detailed BC concentration is presented in Table S3 in the supporting information.

minimize interference because light-absorbing secondary organic aerosol, other absorbing non-BC
combustion particles, and atmospheric processing affect lower wavelengths more than higher ones (Zotter
et al., 2017). The Aethalometer data recorded during the rainy periods were excluded from the follow-up
BC comparison due to the wet removal of precipitation.

2.3. The Demarcation of the Time Periods

Figure S3 shows the timeline of the COVID-19 outbreak and regulations issued by the government for epi-
demic control. The novel coronavirus was identified and reported in Wuhan City on 31 December 2019.
WHO confirmed human-to-human transmission of the virus on 21 January 2020 (WHO, 2020). Two days
later on 23 January, Wuhan City, the epicenter of COVID-19 was locked down. On the same day, the
first-level emergency response for epidemic prevention and control was issued by Zhejiang Province. On 4
February, strict epidemic prevention and control measures were issued by the Hangzhou municipal govern-
ment. In the middle of February, factories and public spaces started to reopen as the COVID-19 cases
decreased in China. Zhejiang Province downgraded the emergency response levels to the second level on 2
March. Figure 2a shows the hourly averaged vehicle number running on the roads calculated from the micro-
wave detector data set on the roads in downtown Hangzhou. The traffic flow data in this study were provided
by Hangzhou Traffic Police Division. A sharp decrease (84%) in traffic was observed during the epidemic con-
trol period (average values, 165,000 for the pre-COVID, 25,800 for the COVID-19 lockdown).

Based on the timeline in Figure S3 and traffic in Figure 2a, we define five stages: pre-COVID (1-23 January),
spring festival (24 January to 4 February), COVID-19 lockdown (5-19 February), COVID-recovery-1 (20
February to 2 March), and COVID-recovery-1I (2-31 March). The pre-COVID stage is the reference stage
without the influence of COVID-19. In the spring festival stage, the public has realized the seriousness of
COVID-19, but strict lockdown policy was not implemented yet. There was a certain amount of
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anthropogenic BC emission from vehicles and industry. Meanwhile, due to interference from fireworks and
firecrackers during the Spring Festival holiday, we separate this stage from the COVID-19 lockdown stage as
a spring festival. The COVID-19 lockdown stage is the stage with the strictest epidemic control measures
mentioned above. Both the COVID-recovery-I and -II stages are the restoration stages for working and living
after the control of the spread of COVID-19. Stage II is the period with the highest rate of economic
restoration.

3. Results and Discussion
3.1. Diurnal Variation in BC During Different Periods

Figure 3 illustrates the mean diurnal BC concentrations of Hangzhou in four areas on weekdays. The bimo-
dal distribution of the BC concentration is observed in each area during the pre-COVID and COVID
recovery-I and -II stages, with the morning peak at 7:00-9:00 and the evening peak at 19:00-21:00. The
morning BC peak is close to the evening peak and 1.5 times higher than the noon BC concentration in
the four areas. However, the morning peak during the COVID-19 lockdown disappears in the urban and
urban-industry areas, but a weak evening peak still exists. In the suburban and rural areas, similar morning
and evening BC peaks were still observed. Here, we assume a same daily variation in the planetary boundary
layer (PBL) height because of the similar meteorological parameters during the pre-COVID and COVID-19
lockdown (Figure S4). The household cooking emissions from wood and bamboo burning in the villages
likely caused the weak bimodal diurnal variation in the suburban and rural areas during the COVID-19 lock-
down. Considering the urban morning BC concentration during the COVID-19 lockdown as a reference, we
estimate that BC from the villages contribute 0.27 and 0.43 pg/m® in the morning peak in the suburb and
rural areas during the COVID-19 lockdown, respectively. Moreover, the decline of BC peak concentration
(rush hours) in the urban and urban industrial areas during COVID-19 lockdown could be attributed to
traffic reduction. We compared the BC peaks during the pre-COVID and COVID-19 lockdown and then esti-
mated that the traffic reduction contributed to 1.33 ug/m> BC peak decline in the urban area, 1.84 ug/m? in
the urban industrial area, accounting for 55% and 57% of the total BC, respectively (Figure 3). Therefore,
comparisons of the diurnal variations in BC in different areas can roughly reflect local source contributions.

3.2. Reduction in the BC Concentration

Changes of weather conditions could cause variations in the concentration of air pollutants even with the
constant emissions. To estimate real changes in emissions, it is important to decouple the effects of weather
from emission-related changes (Grange & Carslaw, 2019). Here, we applied a machine-learning based ran-
dom forest (RF) algorithm to decouple the effects of meteorological conditions (Grange et al., 2018; Grange &
Carslaw, 2019; Vu et al., 2019). The RF model was built using the “rmweather” R package by Grange
et al. (2018), 70% of the original data were randomly selected to train the model, which was then evaluated
with the rest (30%) of the data set. The detailed information about this algorithm and model performance is
introduced in the supporting information (Table S5). The BC concentrations compared in the follow-up sec-
tions are all based on the deweathered data.

The original observed BC concentrations were 2.33 ug/m’ during the pre-COVID, 1.36 ug/m> during the
spring festival, 1.20 ug/m® during the COVID-lock, and 1.70 ug/m® during the COVID-recovery period
(Figure S5). The deweathered average BC concentrations were 2.30 pg/m?® during the pre-COVID stage,
1.37 ug/m? during the spring festival, 1.29 ug/m?> during the COVID-19 lockdown period, and 1.45 ug/m? dur-
ing the COVID recovery period (Figure 2b). Therefore, we can conclude that the meteorological conditions
led to little difference between the deweathered and observed BC concentrations during the pre-COVID,
spring festival, and COVID-lockdown stage.

The deweathered result shows that the BC reduced by 44% from the pre-COVID stage to the COVID-19 lock-
down stage, suggesting the significant mitigation of BC from the control measures. Figure 2a shows vehicles
running on the road have reached the lowest point during the COVID-19 lockdown, suggesting minimum
BC from the various vehicles in the city. Therefore, a majority of BC (1.29 pig/m?) during the COVID-19 lock-
down should be considered as the regional contribution from heavy industries and rural biomass burning.

Table S2 compares BC during the previous emission control events in the megacities of China. We found that
the BC concentration in Hangzhou (1.29 ug/m®) during COVID-1ock was much lower than that (3.2 pg/m®)
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Figure 3. Mean diurnal variations in BC (without deweathering) in the four areas on weekdays. (a) Urban, (b) Urban
industry, (c) Suburban, and (d) Rural.

in Beijing during the 2008 Olympics (Okuda et al., 2011) and the concentration (2.5 pig/m>) during the 2014
APEC (Zhang, Li, et al., 2018) but was close to that (1.20 ug/m®) during the 2015 China Victory Day parade
(Zhao et al., 2017). The 44% BC reduction from the COVID-19 lockdown to the pre-COVID period is twice as
much as the control periods during the 2016 G20 summit in Hangzhou (Li et al., 2018). These comparisons
show that the BC during the COVID-19 lockdown maintained the lowest concentration in the megacity.

Figure 2b also shows similar patterns of the BC concentrations in different areas in Hangzhou. Compared
with the deweathered BC concentrations during the pre-COVID, BC during the COVID-19 lockdown
decreases by approximately 0.93, 1.27, 0.79, and 1.02 pg/m? in urban, urban industry, suburban, and rural
areas, respectively, and their corresponding decreasing percentages are 47%, 49%, 41%, and 38%, respectively
(Table S3).

We compared the on-road-vehicle number before, during, and after the COVID-19 lockdown. Figure 2a
shows that the traffic flow decrease ratio was 84% in the urban area. Gasoline and diesel vehicles have dif-
ferent BC emission characteristics, BC emissions from heavy-duty diesel vehicles can be 50 times higher
than light-duty gasoline vehicles (Dallmann et al., 2012, 2013). Therefore, different reduction proportion
of gasoline and diesel vehicles may affect BC emission in the city. Here we randomly chose five roads in
the urban area to obtain the number of car and truck running on the roads in daily resolution (car: gasoline
engine, truck: diesel engine, Figure S6). The results show that gasoline and diesel vehicles experience similar
reduction proportion between pre-COVID and COVID-lock period (82% and 83%, respectively). Urban
areas, situated in residential and commercial districts, can consider traffic emissions as the major contribu-
tor to particulate matters (Wu et al., 2016). Therefore, the 0.93 p.g/m3 BC decline in the urban area can be
attributed to traffic flow decreasing. As a result, we can estimate that traffic emissions only contributed to
0.18 g/m> BC in total BC at 1.06 ug/m? in the urban area during the COVID-19 lockdown. The urban indus-
trial area is under the dual influence of traffic and industrial activities (Table S1). If the BC decline in the
urban area is considered to be the reference of traffic, then we can estimate that the BC decline from indus-
trial activities is about 0.34 pg/m? in the urban-industrial area.
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Interestingly, Figure 2b shows that the highest BC concentrations in Hangzhou continuously occurred in the
rural area in all five stages. It is likely considerate that biomass burning for household cooking is an impor-
tant source of BC in the rural areas. If the BC in urban areas is considered to be the regional background dur-
ing the COVID-19 lockdown, then we estimate concentrations of 0.07 and 0.59 yg/m? from biomass burning
in the suburban and rural areas, respectively. Based on the different emission characteristics among the
rural, urban, and urban industrial areas, we can roughly estimate the contribution from traffic and industrial
activities for BC reduction during the COVID-19 lockdown.

3.3. Contribution From Different Sources for BC Mitigation

The Aethalometer model can apply the AAE to evaluate the BC contributions of fossil fuels and biomass
(Sandradewi, Prévot, Szidat, et al., 2008; Zotter et al., 2017). Previous studies have reported AAE values near
1 that are related to BC from fossil fuels and much higher AAE values from biomass burning (Becerril-Valle
et al., 2017; Sandradewi, Prévot, Szidat, et al., 2008; Zotter et al., 2017). In this study, the AAE values in dif-
ferent areas increased from pre-COVID and reached their largest value (1.17, 1.12, 1.21, and 1.17) during the
COVID-19 lockdown, suggesting that BC from fossil fuels sharply decreased in Hangzhou during the
COVID-19 lockdown (Figure S7). In particular, the AAEs in the suburban and rural areas are much higher
than those in the urban and urban industry areas. The result is consistent with the distribution of BC con-
centrations in different areas, suggesting that biomass burning in the suburban and rural areas continuously
contributed to BC during the COVID-19 lockdown in Hangzhou.

To apportion BC sources, we conducted further calculations for each weekday based on Equations 5 and 6
from the Aethalometer model (Zotter et al., 2017). Harrison et al. (2013) reminded that estimates of woods-
moke from Aethalometer data were sensitive to choice of AAE. Here, we applied the optimal combination of
AAEg = 1.0 and AAEy;, = 2.0 to quantify BC source apportionment (Sandradewi, Prévot, Szidat, et al., 2008;
Zheng et al., 2019). Figure S8 presents the relative contribution of biomass burning to the total BC (f,,) on
weekdays. The fi, values range from 5-9% in the urban, urban industry, and suburban areas during the
pre-COVID period but increase up to ~20% during the spring festival and COVID-19 lockdown. This result
suggests that the increasing BC fraction is from biomass burning in the air. As expected, fy, returns to lower
values at ~10% in the COVID-recovery-I and -II periods.

Based on fi,, and total BC concentrations, we can obtain the BC concentration from fossil fuel (BCy) and bio-
mass burning (BCy,,) on weekdays (Figures 4 and S9). The BCy in the urban area decreased from 1.86 ug/ m>
in the pre-COVID period to 0.90 pg/m? during the COVID-19 lockdown. This 0.96 ug/m> BCy decline in the
urban area can be roughly attributed to vehicle emissions (Table S1 and Figure 2a). The value is consistent
with the 0.93 ug/m® BC decline in the urban area, as estimated in section 3.2. In the urban industry area, BCg
decreased from 2.46 ug/m? during the pre-COVID period to 1.13 ug/m® during the COVID-19 lockdown. If
we consider a 0.96 ug/ m> BC reduction in the urban area as a reference for vehicle emissions, then the BC
decline from industrial activities is estimated to be 0.37 pg/m>. The result is slightly higher than the BC
decline of 0.34 ug/m? from the industry area estimated in section 3.2. Moreover, we further calculated vehi-
cle emissions in the suburban and rural areas and found a 48% and 42% BCy decline during the COVID-19
lockdown, respectively (Table S4).

Figure 4d shows that the BCy, value in the rural area demonstrated the highest level during our observation
from 0.21 to 0.32 pg/m>. The result is reasonable because biomass fuels (e.g., wood and bamboo) are fre-
quently used as energy sources for cooking in villages. It should be noted that lower BCy, concentrations
and small fluctuations (0.13-0.21 ug/m3) occurred in the urban, urban industry, and suburban areas during
the first three stages (Figure S9). The result suggests that biomass burning in rural areas has a regional con-
tribution to BC in Hangzhou.

Based on the data analysis, we conclude that vehicles and industrial activities are the major sources of BC in
Hangzhou, but BC from biomass burning in the suburban and rural areas should be given more attention.
The result is consistent with the previous study that applied radiocarbon A'*C and stable carbon §'3C to
estimate the BC source apportionments in 2013: 24% for coal (industrial sector), 44% for liquid fossils (trans-
portation sector) and 32% for biomass (residential sector) in the YRD (Fang et al., 2018).
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Figure 4. Average variation in the BC source apportionment from fossil fuel (gray area) and biomass burning (orange area)
for the four areas on weekdays (deweathered data). (a) Urban, (b) Urban industry, (c) Suburban, and (d) Rural. The detailed
data are presented in Table S4.

4. Conclusions and Atmospheric Implications

In this study, the BC reduction due to restricted anthropogenic activities during the COVID-19 outbreak was
investigated in Hangzhou from 1 January to 31 March 2020. The anthropogenic emission decrease signifi-
cantly contributed to the decrease in the BC concentration. The citywide BC concentrations during the
COVID-19 lockdown decreased by 44% (2.30 to 1.29 pg/m>) compared with those during the pre-COVID
period. The BC during the COVID-19 lockdown decreased by ~0.93, 1.27, 0.79, and 1.02 [,Lg/m3 in urban,
urban industry, suburban, and rural areas, respectively, and their corresponding decreasing percentages
are 47%, 49%, 41%, and 38%, respectively. The BC decline from different sources was assessed based on
the emission characteristics in urban and urban industrial areas. We found a 0.93 ug/m> BC decline in the
urban and urban industry areas due to a reduction in vehicle emissions and a 0.34 ug/m?® BC decline due
to a reduction in industrial activities in the urban industrial area.

The BC reduction and source assessment during the COVID-19 lockdown in Hangzhou provides us with a
clear picture of how to reduce BC in the megacities of China in the future. The BC concentration at
2.30 pg/m’ during the pre-COVID period in Hangzhou is relatively lower than that in other areas of China
(e.g., 4.58 p.g/m3 in Beijing, January 2016, Liu et al., 2018). However, the significant BC decline due to the
unprecedented COVID-19 lockdown reminds us that BC mitigation with 0.93 ug/m> (44% in percentage)
can be achieved in the future. Vehicle emission reduction is the primary contributor to BC decline in the
urban area of Hangzhou. Therefore, the continuous growth of new energy vehicles might mitigate the BC
concentration. Moreover, the driving restriction policy during weekdays is still an effective way to reduce
vehicle emissions in Hangzhou. We also found that the regional contribution of BC from biomass burning
in rural villages is still a considerable source of BC in Hangzhou, which requires more control measures in
the future.

A meta-analysis study indicates that a 1 p.g/m3 BC increase is associated with a 1.45% increase in all-cause
mortality and a 1.77% increase in cardiovascular mortality (Janssen et al., 2011). BC in the megacities of
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China could depress the development of PBL and consequently enhance the occurrences of extreme haze
pollution events (Ding et al., 2016). A study based on a climate model shows that BC can lead to the enhance-
ment of precipitation in East China (Jiang et al., 2013). The BC reduction during the COVID-19 lockdown
has mitigated BC in China as a whole, which in the long run could benefit the population health and regio-
nal climate.
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