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Abstract
Airborne black carbon is a strong warming component of the atmosphere. Therefore, curbing black carbon emissions should 
slow down global warming. The 2019 coronavirus pandemic (COVID-19) is a unique opportunity for studying the response 
of black carbon to the varied human activities, in particular due to lockdown policies. Actually, there is few knowledge on 
the variations of black carbon in China during lockdowns. Here, we studied the concentrations of particulate matter  (PM2.5) 
and black carbon before, during, and after the lockdown in nine sites of the Yangtze River Delta in Eastern China. Results 
show 40–60% reduction of  PM2.5 and 40–50% reduction of black carbon during the lockdown. The classical bimodal peaks 
of black carbon in the morning and evening rush hours were highly weakened, indicating the substantial decrease of traffic 
activities. Contributions from fossil fuels combustion to black carbon decreased about 5–10% during the lockdown. Spatial 
correlation analysis indicated the clustering of the multi-site black carbon concentrations in the Yangtze River Delta during 
the lockdown. Overall, control of emissions from traffic and industrial activities should be efficient to curb black carbon 
levels in the frame of a ‘green public transit system’ for mega-city clusters such as the Yangtze River Delta.
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Introduction

Airborne black carbon is thought to be the second largest 
contributor to global warming only inferior to carbon diox-
ide with a positive radiative forcing of 1.1  Wm−2 (Bond 
et al. 2013). Black carbon is mainly emitted from incomplete 
combustion of biomass and fossil fuels, such as agriculture 
wastes, residential solid fuels, industrial coal, gasoline, and 
diesel (Bond et al. 2013; Briggs and Long 2016; Zhao et al. 
2015). Black carbon pollution and its source apportionment 
have been reported in multiple studies, showing that black 
carbon had negative effects on air quality and could be one 
of the important inducing factors for the outbreak of haze 
(Huang et al. 2012; Liu et al. 2018; Wei et al. 2020).

At the beginning of 2020, a novel coronavirus (COVID-
19) was discovered and quickly spread among humans. 
SARS-CoV-2 could survive in the air, on the surfaces, in 
water and wastewater, and closely linked to the environment 
(Sharma et al. 2020). It had caused more than 10 million 
infections and 0.5 million deaths worldwide from January to 
April. This infectious disease brought huge socio-economic 
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obstacles and disrupted normal society and human’s living 
activities. In order to control the fast spread of COVID-19, 
the Chinese government constrained both the unnecessary 
travel and enterprise operations, and most people were 
required to stay at home since later January 2020 (Tian et al. 
2020; Wang et al. 2020a). As a result, human activities were 
greatly reduced, hence minimizing anthropogenic emis-
sions, including vehicles emissions, industrial emissions, 
etc. Thereafter, various lockdown policies have since been 
adopted worldwide, indirectly changing the atmospheric 
compositions.

A global simulation study by Earth System Models 
(ESMs) reported that the aerosol changes due to the COVID-
19 lockdown contributed the most to radiative forcing as 
well as temperature, even larger than ozone,  CO2 and con-
trail effects. The average Effective Radiative Forcing (ERF) 
peaked at + 0.29 ± 0.15  Wm−2 in the spring of 2020, attribut-
able to the reductions of black carbon and sulfate, leading 
to decreases of total anthropogenic aerosol cooling through 
aerosol-cloud interaction (Gettelman et al. 2021). In terms of 
China, Li et al. (2020) reported that concentrations of sulfur 
dioxide  (SO2), nitrogen dioxide  (NO2), particles with aero-
dynamic diameters less than 2.5 μm  (PM2.5), and volatile 
organic compounds (VOCs) were reduced by 26, 47, 46, and 
57%, respectively, during the strictest lockdown period over 
the Yangtze River Delta region. Huang et al. (2021) showed 
that  NOx  (NOx =  NO2 + NO) emissions reduced more than 
60% in eastern China as well as for carbon monoxide (CO) 
and  SO2. A similar downward trend of air pollutants was 
also observed in eastern China (Wang et al. 2020b). Bau-
wens et al. (2020) showed that tropospheric  NO2 columns 
decreased approximately 65% over eastern China compared 
to the same period in 2019 based on TROPOMI (The Trop-
ospheric Monitoring Instrument) onboard the Sentinel 5P 
satellite. Tanvir et al. (2021) revealed that vertical column 
densities (VCDs) of formaldehyde decreased 24% during the 
strictest lockdown period. Although significant reductions 
of primary pollutants were found, ozone over eastern and 
northern China significantly rebounded during the lockdown 
(Yuan et al. 2021; Zhao et al. 2021; Zheng et al. 2021; Zhu 
et al. 2021). As a result, the enhanced role of secondary for-
mation in haze formation was revealed (Chang et al. 2020; 
Huang et al. 2021; Le et al. 2020; Meng et al. 2021).

As one of the most climate-relevant atmospheric compo-
nents, the unintended emission reduction caused by COVID-
19 lockdown provided a unique opportunity to understand 
the impact of controlled anthropogenic emissions on black 
carbon. The impact of this epidemic is worldwide, not just 
in China (Cai et al. 2021). An average decrease of 11% black 
carbon was seen for the whole Europe during the lockdown, 
with the different extents in France (42%), Germany (21%), 
UK (13%), Spain (11%), and Italy (8%). The reduction of 
black carbon even reached 78% in Delhi, India (Evangeliou 

et al. 2021; Goel et al. 2021). In China, ambient black carbon 
showed decreases of 10% in northern China (Wang et al. 
2021c), 41% in Nanjing (Lin et al. 2021), 53% in Suzhou 
(Wang et al. 2021a), and 44% in Hangzhou (Xu et al. 2020), 
respectively.

Earlier studies on black carbon during the COVID-19 
period mostly focused on observations over a limited geo-
graphic scale. However, little is known about the variations 
of black carbon emissions at the regional scale. In this study, 
real-time observations of black carbon at 9 sites in the Yang-
tze River Delta region, including urban, suburban, rural and 
background sites, were conducted to pinpoint the varia-
tions of black carbon concentrations, diurnal patterns, and 
sources. The different extents of black carbon in response 
to lockdown policies were assessed. Characteristics of black 
carbon at the city level were revealed by the city-depend-
ent lockdown measures and local emission intensities and 
sources. Global Moran’s I analysis was applied to assess the 
spatial correlation of black carbon during various periods. 
The similarity and dissimilarity of regional black carbon had 
been well explained by the lockdown measures during differ-
ent stages. This study provided insights for the benefits from 
large scale air pollutants emission reduction and importance 
of designing sound strategies of joint prevention and control 
for regional pollution.

Experimental

Observation network of airborne particles 
in the Yangtze River Delta region

In this study, an observation network was established in the 
Yangtze River Delta region (Fig. 1), including three sites in 
Shanghai (Pudong, Dianshan Lake, and Chongming), three 
sites in Zhejiang province (Jinhua, Hangzhou, and Shanxi), 
two sites in Jiangsu province (Nanjing and Changzhou), and 
one site in Anhui province (Hefei). Details of the nine sites 
are given in Table S1.

Measurement of black carbon and  PM2.5 and source 
apportionment of black carbon

Black carbon mass concentrations were measured by multi-
wavelength Aethalometer (AE-33, Magee Scientific, USA). 
Optical attenuation (ATN) of aerosol particles were meas-
ured with 1- min temporal resolution. The absorption coeffi-
cient  (babs,  Mm−1) was measured at seven wavelengths (370, 
470, 520, 590, 660, 880, and 950 nm), and the black carbon 
concentration was calculated by the optical attenuation at 
880 nm using the mass absorption cross section (MAC) with 
the value of  MAC880nm = 7.77  m2g−1.
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where  batn is the optical attenuation coefficient; S refers to 
spot size;  Fin is the measured flow rate and C represents 
absorption enhancement factor due to the light scattering 
of filter.

The wavelength dependence of black carbon was calcu-
lated in the range of 370–950 nm by the following equation.

where λ is the chosen wavelength and AAE is the Ängström 
exponent.

Source apportionment of black carbon was based on the 
method from Sandradewi et al. (2008), which assumed that 
biomass burning (BB) and fossil fuels (FF) combustion were 
the two sources to black carbon. The calculation is expressed 
as follows.

(1)batn =
S × (ΔATN∕100)

FinΔt

(2)babs =
batn

C

(3)CBC =
babs

MAC

(4)babs = �
−AAE

Then, the contribution from biomass burning to black 
carbon (BB, %) can be obtained.

The α values of black carbon depended on source types, 
combustion conditions, aerosol aging, and coating thickness 
(Martinsson et al. 2015). Here, αff = 1 for fossil fuels com-
bustion and αbb = 2 for biomass burning were adopted in this 
study (Martinsson et al. 2017).

At each site, the aethalometer is co-located with a  PM2.5 
monitor.  PM2.5 concentrations were continuously measured 
by TEOM-1405-D dual channel particle on-line monitor 
(Thermo Fisher Scientific, USA) through a  PM2.5 cyclone 
inlet at a flow rate of 16.7 L  min−1.

Spatial correlation analysis by Global Moran’s I

Global Moran’s I is a correlation coefficient to examine 
whether the spatial autocorrelation is dispersed, random, or 
clustered, which depends on the spatial weight matrices and 
reflects the strength of the geographical relationship between 
observations. Given a set of elements and associated attrib-
utes, Global Moran’s I assesses the significance of the index 
by Moran’s I index value, z-score value and p-value. It can 
be expressed as follows.

where wi,j is the spatial weight coefficient between spatial 
elements i and j, x is the variable of interest, n is the total 
number of spatial elements, and  S0 represents the sum of all 
spatial weight coefficients.

Values of Global Moran’s I range from −1 to 1 after 
variance normalization and represents different meanings 

(5)babs(470nm) = babs(470nm)ff + babs(470nm)bb

(6)babs(950nm) = babs(950nm)ff + babs(950nm)bb

(7)
babs(470nm)bb

babs(950nm)bb
=
(

470

950

)−�bb

(8)
babs(470nm)ff

babs(950nm)ff
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(
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950

)−�ff

(9)BB(% ) =
babs(950nm)bb

babs(950nm)

(10)I =
n

S0

∑n

i=1

∑n

j=1
Wi,j(xi − X)

�

xj − X
�

∑n

i=1

�

xi − X
�2

(11)S0 =

n
∑

i=1

n
∑

j=1

Wi,j

Fig. 1  Location of the 9 observation sites in the Yangtze River Delta 
region
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of spatial correlation. The expected index values are com-
pared to the observed index values. Z-score and p-value are 
calculated to indicate whether the difference is statistically 
significant when the elements data and its variance were 
considered. As a result of the inferential statistics, the index 
values only can be interpreted under the null hypothesis. 
If the p-value is statistically significant (p < 0.05), the null 
hypothesis can be rejected and vice versa. The positive 
(negative) z-score indicates the spatial distribution of high 
and/or low values in the dataset is more spatially clustered 
(dispersed) than expected.

 (i)  Moran’s I > 0, indicates a positive spatial correlation 
and perfect clustering of similar values.

 (ii)  Moran’s I=0, indicates the space is no autocorrela-
tion (perfect randomness);

 (iii)  Moran’s I <0, indicates a negative spatial correlation 
and clustering of dissimilar values.

Results and discussion

Variations of regional  PM2.5 and black carbon 
before, during, and after the COVID‑19 lockdown

The whole study period from January to April was divided 
into four stages. (i) Pre-Lock (Pre-Lock, 1st January to 22nd 

January), which refers to the period before the outbreak of 
COVID-19 pandemic. People’s daily activities and indus-
trial productions were normal and this period included the 
Chinese Spring Festival travel rush. (ii) Strict-Lock (S-Lock, 
23rd January to 28th February), which represents the strict-
est control period when people were required to stay at 
home and almost all the unnecessary production and human 
activities were prohibited. (iii) Lightened-Lock (L-Lock, 
1st March to 31st March), which represents the period that 
human activities gradually recovered. (iv) Post-Lock (Post-
Lock, 1st April–30th April), which represents the period that 
human activities were almost back to normal when China’s 
COVID-19 epidemic was fully controlled.

Figure 2 shows the variations of mean  PM2.5 and black 
carbon concentrations at 9 sites in the Yangtze River Delta 
region during the four stages above. The reduction extents 
of black carbon and  PM2.5 concentrations compared to Pre-
Lock were calculated as below.

where x presents one of the latter three stages.
As shown in Fig. 2a and Table S2,  PM2.5 showed a spatial 

difference of Jiangsu province > Anhui province≈ Shang-
hai > Zhejiang province during Pre-Lock. While during the 
latter three stages,  PM2.5 showed similar concentration levels 

(12)

RCPM2.5∕black carbon =
CPM2.5∕black carbon, Pre−Lock − CPM2.5∕black carbon,x

CPM2.5∕black carbon, Pre−Lock

Fig. 2  Mean concentrations of  PM2.5 and black carbon during the 
four periods, i.e., Pre-Lock, S-Lock, L-Lock, and Post-Lock. The 
orange lines denote the ratios of mass concentration reduction 
 (RCPM2.5 or  RCblack carbon) during the latter three periods compared to 

Pre-Lock. Both  PM2.5 and black carbon decreased during the lock-
down periods at all 9 sites while they rebounded during the Post-Lock 
period. The COVID-19 lockdown policies had significantly restricted 
human activities and substantially reduced the levels of air pollutants
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across the Yangtze River Delta and were much lower than 
that during Pre-Lock.

Due to the lockdown policies, human activities and indus-
trial productions were limited. Overall, apart from Shanxi 
and Hangzhou, the reduction of  PM2.5 at the other sites 
reached approximately 40 ~ 60% in the latter three periods. 
 PM2.5 reductions in Nanjing, Changzhou, and Hefei were 
stronger than the other sites, while Shanxi and Hangzhou 
showed the lowest reductions extents. Different city indus-
trial structures may be an important reason for the different 
reduction extents. Primary emissions of  PM2.5 from traf-
fic and industrial processes, especially in urban Nanjing, 
Changzhou and Hefei were substantially reduced. The reduc-
tion extents in Nanjing, Changzhou, and Hefei reached at 
49%, 46%, and 40% during Pre-Lock, respectively. As the 
famous tourist and ecological cities, Shanxi and Hangzhou 
were characterized of relatively low industrial capacity and 
the impact of lockdown on reducing the air pollutants emis-
sions were less significant than the other cities, resulting in 
the value of  RCPM2.5 less than 40%. This indicated that the 
cessation of human and industrial activities had produced 
conspicuous effects in reducing air pollution, especially in 
densely populated transportation and industrial areas.

As for black carbon, it showed a similar temporal trend 
of Pre-Lock > Post-Lock > L-Lock≈ S-Lock as  PM2.5 at all 
nine sites (Fig. 2b and Table S2). During Pre-Lock, besides 
the business-as-usual human activities, this period included 
the world’s largest annual migration event, i.e., the Spring 
Festival exodus. This explained the highest black carbon 
concentrations compared to the latter three periods. Among 
the nine sites, black carbon in Nanjing was the highest, fol-
lowed by Hangzhou, Shanxi, Jinhua, Hefei, and Changzhou, 
while the three sites of Shanghai showed the lowest black 
carbon concentrations. During the two lockdown periods, 
motor vehicle miles traveled were greatly reduced and most 
factories were temporarily closed. Thus, primary emission 
sources of black carbon were expected drastically reduced. 
Values of  RCblack carbon all reached 40–50% during S-Lock 
and L-Lock, much higher than those during Post-Lock. 
Black carbon was still the highest in Nanjing, followed by 
Hefei, Shanxi, Jinhua, and Hangzhou while black carbon 
in Changzhou decreased the most and reached the similar 
levels as the three sites in Shanghai. As an important indus-
trial and manufacturing base in the Yangtze River Delta, 
the control policies had caused tremendous primary emis-
sion reductions on the transportation, industry, and manu-
facturing sectors in Changzhou, resulting in a maximum 
 RCblack carbon of approximate 60%. During Post-Lock, black 
carbon rebounded at all nine cities compared to the pre-
vious two lockdown periods. Values of  RCblack carbon were 
approximately 20 ~ 40%, indicating black carbon was still 
lower than that during Pre-Lock. This was mainly caused by 
the incomplete recovery of work and industrial productions. 

As a comparison,  PM2.5 did not rebound as significantly as 
black carbon, suggesting that not only lockdown policies 
were crucial for the reduction of primary emissions, but also 
the sources of  PM2.5 before and after lockdown had changed 
significantly (Huang et al. 2021; Le et al. 2020; Zheng et al. 
2020), which will be further discussed.

Diurnal patterns of black carbon

Figure 3 shows the diurnal patterns of black carbon at the 9 
Yangtze River Delta sites during the four stages. During Pre-
Lock, black carbon showed a bimodal distribution of peaks 
in the morning and evening rush hours except at Chongming. 
In contrast, the bimodal patterns during S-Lock and L-Lock 
were not as obvious as Pre-Lock, which were mainly due to 
the restriction of the traffic sector. What’s more, peaks in the 
morning were approximately 1–2 h earlier than Pre-Lock, 
which may be related to emissions from vehicles for essen-
tial life support and municipal works. During Post-Lock, 
the bimodal patterns of black carbon emerged again owing 
to the gradual recovery of transportation. At late night, high 
black carbon concentrations were outstanding at almost all 
sites. Heavy-duty diesel trucks mostly worked at nighttime, 
especially observed at the urban sites including Pudong, 
Nanjing, Hefei, Changzhou, and BJ, contributing to sub-
stantial carbonaceous emissions. As for Chongming, which 
is a background coastal site with rare local emissions from 
industries as mentioned earlier, its diurnal variation of black 
carbon was different from those of the city sites, showing a 
unimodal distribution during Pre-Lock. Natural and agricul-
ture-related biomass burning, as well as residential activi-
ties dominated the black carbon sources (Becerril-Valle et al. 
2017; Wei et al. 2017). The intensification of black carbon 
due to these activities usually reached a maximum at noon.

Changes of the relationship between black carbon 
and  PM2.5

The sources of black carbon were predominantly from pri-
mary emissions via incomplete combustion of various fossil 
fuels and biomass, while the sources of  PM2.5 were from 
both primary emissions and secondary formations. Previ-
ous studies have shown that  PM2.5 and black carbon could 
be well correlated in areas with strong primary emissions 
such as the city centers of Beijing and Shanghai (Liu et al. 
2018; Wei et al. 2020). However, their relationship could be 
changed due to varying emissions.

Black carbon exhibited significant correlations with 
 PM2.5 except at Shanxi and Jinhua during Pre-Lock (Fig. 
S1 and Table S3). As mentioned above, the Pre-Lock stage 
included the Chinese Spring Festival travel rush, during 
which vehicle emissions were greatly enhanced, and hence 
strengthened the relationship between primary emissions 
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and fine particles. As for Shanxi and Jinhua, the sources of 
 PM2.5 were dominated by secondary formation rather than 
primary emissions which were weaker than the other sites. 
Divergent sources of  PM2.5 and black carbon explained their 
insignificant correlation at Shanxi and Jinhua. While dur-
ing the S-Lock and L-Lock stages, the correlations between 
black carbon and  PM2.5 were no longer as significant as 
those during Pre-Lock. Due to the lockdown policies, traf-
fic activities and industrial productions were limited, causing 
reduced emissions of black carbon and gaseous precursors 
of  PM2.5 with different extents (Li et al. 2020). Specifi-
cally, the lowered traffic emissions had strongly reduced 
the magnitudes of black carbon. On the other hand,  O3 dur-
ing the lockdown period became much higher compared to 
those before the lockdown. The enhanced  O3 concentration 
throughout the country had promoted more efficient sec-
ondary aerosol formation (Feng et al. 2020; He et al. 2020; 
Liu et al. 2020; Wang et al. 2021b; Zhu et al. 2021). This 
explained the weakened correlations between black carbon 
and  PM2.5 observed at most sites. During Post-Lock, the 
partially recovered traffic activities and industrial produc-
tions resulted in reduced black carbon emissions compared 

to Pre-Lock. The correlations between black carbon and 
 PM2.5 remained at relatively low levels at most sites.

Source apportionment of regional black carbon

Sources of black carbon at the regional scale were appor-
tioned based on the aethalometer method given in, with an 
assumption that black carbon was dominated by fossil fuel 
combustion and biomass burning (See methods in “Spatial c 
orrelation analysis by Global Moran’s I” Section). In general, 
the Absorption Ångström Exponent (AAE) of black carbon 
from biomass burning exhibited higher values (1.6–2.0) than 
that of fossil fuel combustion (0.8–1.1) (Kirchstetter et al. 
2004; Sandradewi et al. 2008; Schnaiter et al. 2003). As 
shown in Fig. S2, Absorption Ångström Exponent of black 
carbon at selected sites showed consistent trends with the 
percentage of black carbon contributed by biomass burn-
ing, indicating the source appointment results were credible.

Figure S3 and Table S4 show the source apportionment 
results of black carbon during the four periods. During Pre-
Lock, fossil fuels combustion was the dominate source at 
almost all sites, contributing more than 90% of black carbon. 

Fig. 3  Diurnal patterns of black carbon at nine sites during four stages. The bimodal patterns were weakened mainly due to the restriction of the 
traffic sector except at Chongming. After the lockdown, the bimodal patterns emerged again as the recovery of transportation
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A small fraction of approximate 3–18% of black carbon was 
ascribed to biomass burning which could be due to straw 
burning and rural household cooking except at Chongming. 
Compared to Pre-Lock, black carbon from fossil fuels com-
bustion during S-Lock showed decreases at most sites while 
the relative contribution of biomass burning increased about 
10%, which was evidently attributed to the lockdown poli-
cies that constrained traffic and industrial activities. During 
L-Lock and Post-Lock, the contribution from fossil fuels 
combustion to black carbon turned as similar as that of 
Pre-Lock, indicating the recovery of economic activities. 
Chongming, as a rural site in eastern Shanghai, is located in 
the coastal region with low traffic and industrial emissions 
(Table S1). Biomass burning contributed about 21–27% to 
black carbon at this site, which was much higher than the 
other sites. Earlier study also demonstrated that biomass 
and wood burning for cooking, heating, living, and agri-
cultural activities in winter contributed the largest fraction 
(35.1 ± 3.4%) of black carbon in  PM2.5 (Wei et al. 2017).

Spatial correlation of black carbon in the Yangtze 
River Delta

Previous studies have demonstrated that air pollution in 
China exhibited some typical regional characteristics that air 
pollutants in one city affected the air quality of neighboring 
cities. Therefore, there may be a strong spatial correlation 
between the air pollutants of geographically nearby cities 
(Chan and Yao 2008). Using the Moran index and a spatial 
economic model, 73 cities in China, mainly Beijing, Tianjin, 
Hebei, and the Yangtze River Delta, were analyzed and sig-
nificant spatial correlations were found for  PM2.5 mass con-
centrations among neighboring cities (Hao and Liu 2016). 
Han et al. (2019) also showed that the air quality index 
(AQI) of Chinese cities had significantly positive spatial cor-
relation. Furthermore, Global Moran’s I has been applied for 
the analysis of spatial correlations between ambient air pol-
lution and outward foreign direct investment (Zhou and Li 

2021), diseases (Wang et al. 2015), and unequal residential 
exposure (Verbeek 2019).

To probe the spatial relationship of black carbon in the 
Yangtze River Delta region, Global Moran’s I with daily 
resolution was performed for black carbon and sample data 
that did not pass the p-test (p < 0.05) were considered inva-
lid. In the samples that passed the p-test, a positive Z value 
(Z-score) indicated an aggregation effect and a negative Z 
value indicated a dispersion effect. Larger Global Moran’s I 
value represented higher clustering strength and vice versa.

Figure 4 and Table S5 show the Global Moran’s I results 
for black carbon. For samples that passed the p-test during 
Pre-Lock, Global Moran’s I and Z-score exhibited a maxi-
mum of 0.53 (2.5) and a minimum of 0.19 (1.89). While 
during S-Lock, Global Moran’s I and Z-score exhibited 
a maximum of 0.69 (3.52) and a minimum was of -0.64 
(−2.23). More black carbon samples passed the p-test during 
the S-Lock (47%) than during Pre-Lock (32%) with higher 
Moran’s I and Z values, indicating that black carbon showed 
stronger clustering within the Yangtze River Delta during 
S-Lock. During L-Lock, spatial correlation and clustering 
strength decreased compared to S-Lock, with a maximum 
of 0.61 and a minimum of 0.03 for Global Moran’s I and 
a maximum of 2.68 and a minimum of 1.81 for Z-score. 
During Post-Lock, only 30% of the sample data passed 
the p-test, with spatial correlation and clustering strength 
slightly higher than Pre-Lock and lower than L-Lock. Over-
all, black carbon showed moderate spatial correlation in the 
Yangtze River Delta and S-Lock and L-Lock showed more 
significant spatial correlation and clustering strength than 
Pre-Lock and Post-Lock.

During Pre-Lock when the Chinese Spring Festival travel 
rush significantly increased transportation emissions, the 
black carbon emissions were expected to be heterogene-
ous in the Yangtze River Delta due to large differences of 
passenger flows among various regions and this explained 
the insignificant spatial correlation of black carbon. As the 
lockdown policies significantly reduced the black carbon 
emissions across-the-board, black carbon concentrations 

Fig. 4  Global Moran’s I results 
for black carbon in the Yangtze 
River Delta region during the 
four periods. During the lock-
down, more samples passed the 
p-test with higher Moran’s I and 
Z values than the other periods. 
This indicated more clustering 
of black carbon during the lock-
down, owing to the across-the-
board emission reductions in the 
Yangtze River Delta
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observed at various regions were of similar levels, result-
ing in a strong spatial correlation of black carbon in the 
Yangtze River Delta. As for Post-Lock, the spatial correla-
tion of black carbon was lowered due to the inconsistent 
recovery policies enacted by local authorities according to 
actual situations.

The Global Moran’s I results were verified by cluster heat 
maps as shown in Fig. S4–S7. The color and number in each 
cell represent the daily black carbon concentration at each 
site. Similar color shades, values and expression mode (the 
line on the top of figure) indicate stronger clustering. It can 
be seen that cells exhibited more similar colors, values and 
expression mode during S-Lock and L-Lock than during 
Pre-Lock and Post-Lock, corroborating the results of the 
Global Moran’s I analysis.

Conclusion

This study revealed the characteristics of black carbon meas-
ured at 9 sites in the Yangtze River Delta region of Eastern 
China during the COVID-19 pandemic. The regional  PM2.5 
and black carbon concentrations decreased 40–60% and 
40–50% from 23 January to 28 February when the strictest 
lockdown was enacted. Black carbon rebounded after the 
lockdown along with the gradual recovery of human activi-
ties. The diurnal pattern of black carbon showed a bimodal 
distribution in the morning and evening rush hours during 
normal periods. During the lockdown, the bimodal distribu-
tion was weakened and the morning peak appeared about 
1–2 h earlier. Fossil fuels combustion dominated the sources 
of black carbon with a high contribution of around 90%. The 
relative contribution of biomass burning increased 5–10% 
during the lockdown.

The strong relationship between  PM2.5 and black carbon 
before the lockdown demonstrated that strong primary emis-
sions partly from the Chinese Spring Festival rush heavily 
influenced the air quality in the Yangtze River Delta, while 
the lowered correlations between them during and after 
the lockdown suggested the sources of  PM2.5 were greatly 
changed. Based on the Global Moran’s Index analysis, the 
spatial correlation of black carbon in the Yangtze River 
Delta region displayed stronger clustering strength during 
the lockdown than the other periods. The nationwide lock-
down policy induced similar black carbon concentrations 
and diurnal patterns over the Yangtze River Delta, hence 
enhancing their spatial correlations. This study demonstrates 
the regional scale emission control is the only way to effec-
tively mitigate the black carbon pollution. In the future, 
adjustment of the energy structure should be the priority as 
well as the continuous development of ‘Green Public Tran-
sit System’ (e.g., new energy vehicles and subway) in the 
Yangtze River Delta region.
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