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Abstract During the Lunar New Year Holiday of 2020, China implemented an unprecedented
lockdown to fight the COVID-19 outbreak, which strongly affected the anthropogenic emissions. We
utilized elemental carbon observations (equivalent to black carbon, BC) from 42 sites and performed
inverse modeling to determine the impact of the lockdown on the weekly BC emissions and quantify the
effect of the stagnant conditions on BC observations in densely populated eastern and northern China.

BC emissions declined 70% (eastern China) and 48% (northern China) compared to the first half of
January. In northern China, under the stagnant conditions of the first week of the lockdown, the observed
BC concentrations rose unexpectedly (29%) even though the BC emissions fell. The emissions declined
substantially thereafter until a week after the lockdown ended. On the contrary, in eastern China, BC
emissions dropped sharply in the first week and recovered synchronously with the end of the lockdown.

Plain Language Summary During the lockdown that was implemented to fight the
COVID-19 disease in China, most traffic and production activities were suddenly interrupted, resulting
in unprecedented abrupt anthropogenic emission changes. We performed inverse modeling based on
black carbon observations to reveal the regional changes of BC emissions in densely populated eastern
and northern China on a weekly basis from January 1 to March 10, 2020. We found maximum reductions
of 70% in eastern China and 48% in northern China and also found different storylines of the emission
responses to the lockdown in these two regions. With the high spatio-temporal resolution emissions and
the understanding of the meteorological processes, the abnormal BC observations of the first week of the
lockdown were quantified. This study provides not only emission information deriving from the impacts
of the disastrous pandemic, but also a competitive method to assess the influences of meteorological
conditions on air pollutants.

1. Introduction

At the end of 2019, confirmed cases of Coronavirus Disease 2019 (COVID-19) caused by a novel virus,
named SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) later, appeared in Wuhan, a megaci-
ty in central China. The disease spread abruptly throughout the whole country in the following months (He
et al., 2020; Kang et al., 2020; Liu et al., 2020; Tian et al., 2020; C. Wang et al., 2020; P.-F. Wang et al., 2020;
Z.Huang et al., 2020; H. Zheng et al., 2020). On January 23, the 2020 Lunar New Year’s Eve, at least 29 prov-
inces of China had confirmed cases (Kraemer et al., 2020; Wu et al., 2020). To prevent a further escalation of
the virus transmission, China extended the Spring Festival holiday, shut down commercial activities, urged
people to stay at home, and even locked down entire cities. These counter-virus measures were ongoing
until circa February 17.

Due to the drastic reduction in human activity, substantial reductions of anthropogenic emissions from
transportation and industrial production occurred, confirmed by observations. Ground-based measure-
ments and satellite observations revealed a sharp reduction of nitrogen dioxide (NO,) levels during the
lockdown period, consistent with the transportation statistics (Feng et al., 2020; X. Huang et al., 2021).
While some improvements in air quality tend to occur every year during the Lunar Year’s holidays, the rel-
ative decreases of observed primary air pollutants in 2020 were all more pronounced than in the preceding
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years (Feng et al., 2020; He et al., 2020; B. Zheng et al., 2020). These substantial improvements in air quality
were believed to be highly correlated with COVID-19-related emissions reductions.

Eastern China and northern China are the most urbanized and industrialized areas with large anthro-
pogenic pollutant emissions in China (Cai et al., 2018). Originating primarily from fossil fuel consump-
tion, black carbon (BC) is an indicator of direct emissions due to the stability of its chemical properties
(Bond et al., 2013; A. J. Ding et al., 2016; X. Huang et al., 2021; Qin & Xie, 2012; Shen et al., 2010; Wang
etal., 2011, 2014; Zhao et al., 2020). Besides, BC plays a vital role in the aerosol-planetary boundary layer in-
teractions that can enhance the haze pollution and is thought to have stronger effects on morbidity than fine
particles in general (A. J. Ding et al., 2016; Geng et al., 2013; X. Huang et al., 2020; Wang et al., 2013; Zhao
et al., 2020). It is also thought that air pollution, and especially particulate matter, can aid the transmission
of SARS-CoV-2 and increase the severity of illness in COVID-19 patients (Domingo & Rovira, 2020; Yao
et al., 2020; Zhang et al., 2020; Zhu et al., 2020). Therefore, the BC emissions in eastern and northern China
can influence an enormous population’s health. The changes in BC emissions during COVID-19 have been
reckoned over Europe (Evangeliou et al., 2020). However, we still lack realistic emission estimates of BC
during the COVID-19 lockdown, especially with information on temporal variation during the lockdown
period (X. Huang et al., 2021).

With the so-called bottom-up method, it is challenging to calculate actual emission changes in such a short
time interval due to the lack of highly resolved and reliable activity data (A. Ding et al., 2019; Li et al., 2017;
B. Zheng et al., 2018). In this situation, top-down estimates based on observed atmospheric concentrations
offer an alternative to quantifying the emission changes. One top-down method, atmospheric inversion,
was therefore adopted in this study to quantify the BC emissions in eastern and northern China at high spa-
tial and temporal resolution. It uses an atmospheric transport model to relate changes in observed concen-
trations to emissions and optimizes the emissions in a statistically rigorous way (Thompson & Stohl, 2014;
Thompson et al., 2015). Here, we present the optimized emissions obtained with the Bayesian inversion
framework, namely FLEXINVERT+, in eastern and northern China, before, during, and after the lock-
down. We evaluate the optimized emissions’ reliability and analyze their spatial and temporal changes
during this period. With the optimized emissions and atmospheric transport simulations, the effect of the
stagnant conditions on the abnormal BC observations was quantified.

2. Results

To investigate the BC emission fluxes during the Lunar New Year of 2020 in northern and eastern China,
we conducted inversions using FLEXINVERT+, a top-down Bayesian inversion framework (Thompson &
Stohl, 2014) based on source-receptor relationships (SRRs) calculated by the Lagrangian particle dispersion
model FLEXPART (Pisso et al., 2019; Stohl et al., 2005). FLEXINVERT+ optimizes the emissions in a sta-
tistically rigorous way (Thompson et al., 2015) by combining prior information on the emissions, measured
ambient BC concentrations, and transport model calculations. Considering that BC transport is a strictly
linear process in FLEXPART, simulated BC concentrations at a receptor site can be defined as the vector
of emission fluxes multiplied with the SRR matrix. Bayes’ theorem offers a method for determining emis-
sion fluxes by regularizing the problem using prior information about the fluxes. In this way, an optimized
posterior distribution of the fluxes can be found from the observations’ distribution and the prior fluxes,
minimizing a cost function that considers the uncertainties in the prior emissions, the observations, and
the model calculations (Thompson et al., 2015). More detailed information on FLEXINVERT+ is given in
Text S1. We ran the inversion from January 1, 2020, to March 10, 2020, and determined the emissions with
weekly time resolution.

The locations of the measurement stations are shown in Table S1 and Figure S1. Forty-two stations were
included in the inversion calculations (red stars in Figure S1a). According to the summed-up SRRs of these
stations for the whole period (Figure S1b), a variable-resolution latitude-longitude grid was produced to
reduce the dimension of the inversion problem, shown in Figure Slc. The variable-resolution grid started
with a coarse resolution of 1.6° X 1.6° and was refined in three steps to the highest resolution of 0.2° x 0.2°
near the measurement stations. Text S2 provides more detailed information on the observational network
and meteorological fields used for calculating SRRs.
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Figure 1. Comparison of observed BC concentrations with modeled BC concentrations at all stations, when using prior emissions (black dots) and their
corresponding posterior emissions (red dots), for the following prior emission data sets: (a) ACCMIP; (b) MACCity; (c) EDGAR; (d) ECLIPSEvS5; (e) ECLIPSEV6;

and (f) PKU. BC, black carbon.

Posterior emissions can be affected drastically by using different prior inventories. To reduce uncertainties
of inversion results, in the present study, six emission inventories were used as the candidates of prior emis-
sion information: ACCMIP (Emissions for Atmospheric Chemistry and Climate Model Intercomparison
Project) version 5 (Lamarque et al., 2013), EDGAR (Emissions Database for Global Atmospheric Research)
version HTAP_V2.2 (Janssens-Maenhout et al., 2015), MACCity (Monitoring Atmospheric Composition &
Climate/megaCITY-Zoom for the ENvironment) (Lamarque et al., 2010), PKU (Peking University global
emission inventories) (Wang et al., 2014), and ECLIPSE (Evaluating the CLimate and Air Quality ImPacts
of ShortlivEd Pollutants) version 5 and version 6 (Klimont et al., 2017). There are considerable discrepan-
cies between BC emissions in these existing emission inventories due to differences in the data sources,
emission factors, and spatiotemporal resolutions. For the whole year, as shown in Table S2, the highest total
BC emissions of all categories (PKU) is about 1.62 times the lowest one (ECLIPSEv6). From January 1 to
March 10, 2020, the total BC emissions differences of all categories were mainly concentrated in eastern
and northern China (Figure S2). Besides, the uncertainties of the posterior emissions (caused by the use
of different prior information) averaged from January 1 to March 10 are presented in Figure S3. They were
estimated from 20% to 60% in large regions around the observational sites.

To evaluate the different emission inventories, we compared the observed BC concentrations with the mod-
eled concentrations, obtained by multiplying the SRR matrixes with the vector of emission fluxes. Fig-
ures la-1f compare the simulated concentrations when using six different prior emissions (black dots) and
their corresponding posterior emissions (red dots) with the observed concentrations at all stations from Jan-
uary 1 to March 10, 2020. The definitions of statistical formulas are given in Text S1.3. The prior emissions
overestimated the actual emissions significantly. Of the six emission inventories, using the ECLIPSEVS5 in-
ventory, which has the highest total emissions, resulting in the maximum value of the root mean square
errors (RMSEs), 11.3 g m™>, and a normalized mean error (NME) of 2.72 (Table S2). One reason for this
is the time lag between the years for which the emission inventories are valid, and the year we considered,
2020. Besides, ECLIPSEv5’s emission factors were more likely inaccurate than ECLIPSEV6 in eastern and
northern China. Significant adjustments in energy consumption structures and reductions of total emis-
sions were taking place since the implementation of the “Air Pollution Prevention Plan” in 2013, which
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Figure 2. (a-d) Taylor diagrams for comparing the six prior simulated concentrations (orange dots) and posterior simulated concentrations (blue dots) with
measured concentrations at four independent sites from January 1 to March 10, 2020. The radius indicates normalized standard deviation of posterior (NSD);
the azimuthal angle is the Pearson correlation coefficient; the red dotted line is the normalized relative mean square error (NRMSE). The NSD and NRMSE
values have been normalized by the observed standard deviations. (e-h) Heat maps of normalized mean square errors (NMSEs) between six posterior emissions
and observations at the four independent sites from weeks 1-10. NMSE, normalized mean square error; NRMSE, normalized relative mean square error; NSD,
normalized standard deviation.

are effective policies on air pollution improvements in China, especially in winter (D. Ding et al., 2019; Liu
et al., 2015; Q. Zhang et al., 2019; X. Zhang et al., 2019). In the present study, the gaps between prior emis-
sions and actual emissions can be narrowed through inverse modeling. After optimizing, the maximum
RMSE of posterior emissions dropped from 11.3 to 3.6 ug m~> (ECLIPSEvS5), even less than the minimum
RMSE of prior emissions (ACCMIP). The posterior of ECLIPSEv6 showed the best performance (RMSE-
pos = 2.6 Ug m=; NME,, = 0.58) among all six posterior emission data sets.

Because the inversion will always reduce the differences between the modeled and the observed concentra-
tions, a comparison with the observations included in the inversion cannot be used to validate the inversion.
To better indicate the performance of the inversion, four sites, Yongyang (TJYY) in Tianjin city, Hebi (HB)
in Henan Province, Zibo (ZB) in Shandong Province, and Pudong (SHPD) in Shanghai, were selected as
independent sites in different regions to compare the simulation results with both prior and posterior emis-
sions from January 1 to March 10 (blue stars in Figure S1b). Text S2.3 provides more detailed information on
these sites. The BC concentrations at independent stations simulated with prior and posterior emissions are
compared statistically in Figures 2a-2d and S4. The pattern normalized RMSE (NRMSE) values approach
zero as the simulated concentrations and observations become more alike (Taylor et al., 2001). All the poste-
rior modeled concentrations (blue dots) match the observations significantly better than the prior modeled
concentrations (orange dots), with lower values of NRMSE and normalized standard deviations (NSDs). Al-
though large differences exist between the six different prior emission inventories, the posterior emissions
optimized with FLEXINVERT+ were closer to each other, and the simulated concentrations had much
smaller biases compared to the observations. Relatively similar correlation coefficients were found when
using prior and posterior emissions (Figures 2a-2d). The weekly normalized mean square errors (NMSEs)
for the four sites are shown in Figures 2e-2h. Simulated results of EDGAR, ACCMIP, MACCity, and PKU
were comparable, while the simulated results of ECLIPSEv6 were more accurate than others, even at SHPD.
By contrast, the simulated results of ECLIPSEv5 have the largest errors. This result is consistent with the
evaluation concluded from inversion sites, so the posterior emissions of ECLIPSEv6 will be regarded as the
optimal emissions for the following analysis.

According to the time nodes of COVID-19 lockdown in China, the emissions with weekly time resolution
were determined for three periods: (1) before the lockdown (weeks 1-3, January 1-21, marked as “Pre-
Lock™), (2) during the lockdown (weeks 4-7, January 22 to February 18, marked as “Lock”), and (3) after
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Figure 3. Prior ECLIPSEV6 (a) and corresponding posterior (b) emissions of BC, and the difference of posterior and prior emissions (c) in East Asia averaged
for the Pre-Lock period. The gray circles and blue stars in panel b are the inversion sites and independent sites separately. Lock-minus-Pre of posterior
emission is shown in panel 3d, and Post-minus-Lock of posterior emission is shown in panel 3e. The names of the provinces mentioned in the text are also
indicated, where TS, YC, WH, and HF are Tangshan, Yuncheng, Hefei, and Wuhan, respectively. (f) The weekly trend of posterior emissions and observed BC
concentrations averaged over all sites. BC, black carbon; HF, Hefei; TS, Tangshan; WH, Wuhan; YC, Yuncheng.

the lockdown (weeks 8-10, February 19 to March 10, marked as “Post-Lock”). The prior emission inventory
for the Pre-Lock period, ECLIPSEv6, and its corresponding posterior emissions averaged over the same pe-
riod are presented in Figures 3a and 3b. The differences between them are largest in the region of 30°-43°N
and 110°-123°E (Figure 3c), where the relative emission reduction was 17.6% before the lockdown. This
reduction is to be expected because the reference year for the ECLIPSEv6 inventory is 2015, and substantial
measures were taken since then to reduce the emissions. The inverse modeling reduced the emissions in
all the five provinces and three municipalities containing measurement sites. Besides, the emissions of
several densely populated capital cities dropped as well, such as in Shenyang (SY), Hefei (HF), and Wuhan
(WH). The differences in posterior BC emissions between the Lock and Pre-Lock periods are shown in Fig-
ure 3d. Large emission reductions (>30 pg/m>/h decrease) during the lockdown period can be seen in HF
(in Anhui), Yuncheng (YC, in Shanxi), Tangshan (TS, in Hebei), the epicenter of the pandemic, WH and its
surrounding areas, and in some regions in southern Jiangsu Province.

The differences in posterior BC emissions between Post-Lock and Lock are illustrated in Figure 3e. The end
of the lockdown did not stop BC emission decreases immediately in many regions, especially in central He-
bei and south of Shanxi. Posterior BC emissions during week 8 were even lower than in week 7, as revealed
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from the time series of posterior emissions averaged in the whole region (Figure 3f). At the same time, the
recovery areas of BC emissions showed scattered distribution. According to an independent emission in-
ventory, the Multi-Resolution Emission Inventory for China (MEIC, Figures 4a and 4b) (Zhang et al., 2009),
most of the recovery areas in Figure 3e correspond to regions with a high density of power plants and
industrial BC emissions. Except for some scattered areas with emission differences exceeding 12 ug/m?*/h
(Figure 3e), such as central and northern Shanxi, southern and western Hebei, and central Shandong, the
recovery rates in other regions were not obvious. As shown in the time series of the average posterior emis-
sions in Figure 3g, the BC emissions dropped rapidly in the first 2 weeks of the lockdown (weeks 4 and 5).
After terminating the strict lockdown policies, the BC emissions recovered slowly but continuously as work
and production gradually resumed (weeks 8-10).

Considering that emissions are expected to change around the Spring Festival even in normal years, only
the first half of January posterior emissions of ECLIPSEv6 (weeks 1-2) were utilized as our reference for
the normal emission levels, which are 0.43 kt/week in northern China and 0.24 kt/week in eastern China.
Decreasing BC emissions should be theoretically expected across the whole region of eastern and northern
China in the first week of the lockdown (week 4). This indeed happened in eastern China, where reductions
exceeded 30 pg/m*/h in the south of Jiangsu Province (Figure 4¢). By contrast, emission decreases occurred
only in parts of northern China during the first week of the lockdown, for example, 31.8 ug/m?/h in YC, the
southwestern corner of Shanxi Province. In other regions in northern China, emissions were even higher
than before, including Beijing (BJ), Tianjin (TJ), and central Hebei Province, most areas of Shanxi Province
and central Shandong Province. Compared with the normal emission levels, the total posterior BC emis-
sions in northern China dropped only 3% in the first week of the lockdown (week 4), while this number was
48% in eastern China (Figure 4h).

Throughout the Spring Festival period (week 4), northern China was affected by a high-pressure system
with stagnant conditions and low PBL height (Su et al., 2020; C. Wang et al., 2020; P.-F. Wang et al., 2020). To
explore the effect of stagnant conditions on BC concentrations, we replaced the FLEXPART SRRs of week
4 with the SRRs averaged over weeks 1-3 and 5-10. Since SRRs reflect the meteorological situation, this al-
lows to separate the contributions of emission changes and changes in meteorological conditions on the BC
concentrations. Figure 4i shows the simulated BC concentrations (ug/m?) for these two cases. The average
concentration of simulated BC under the stagnant air conditions of week 4 (2.5 pg/m®) was much higher
than when using the average SRRs for the conditions of weeks 1-3 and 5-10 (1.7 pg/m®). The mean relative
differences (MRDs, for definition see Text S1.3) between the simulated BC concentrations for stagnant air
conditions and the normal conditions was 29%, which is close to the relative difference of observed values
(25%) between week 4 and the reference weeks (weeks 1-2). High emissions combined with stagnant air
thus caused BC observations to peak during the Spring Festival.

Only during the second week of lockdown implementation (week 5), BC emissions in northern China
dropped substantially, by 30% compared to our reference emissions (Figure 4f). The most significant de-
clines occurred in cities, especially in Beijing (BJ), Taiyuan (TY), Tianjin (TJ), Handan (HD), Jinan (JN), and
Tangshan (TS), but no large reduction can be seen in YC (Figure 4f).

After the lockdown, not all areas in northern China experienced a recovery in emissions immediately, which
isillustrated in Figure 3e. Further analysis of the BC emissions changes in the first week after the lockdown
(week 8) indicated a continuous decrease in central Hebei Province and southwestern Shanxi (Figure 4g).
Interestingly, the areas that recovered rapidly in northern China were the same areas that showed delayed
emission reduction in week 4 (Figure 4e). Thus, the BC reduction period was relatively brief in these re-
gions. However, BC emissions increased immediately after the lockdown in a broad part of eastern China,
with peaks in eastern Shanghai and southern Jiangsu.

Although the MEIC 2016 emission inventory is somewhat outdated, we can still use this independent emis-
sion inventory to indicate the areas where most concentrated emissions occur. Most regions with the high
BC emissions changed because of the lockdown, such as BJ, TS, TJ, JN, HD, and TY, and south Jiangsu
Province had good correspondences with power plant and industrial areas (Figures 4a and 4c), especially
the industrial emission areas with high and concentrated fluxes. Not every city with high BC emissions from
industry and power plants had observation sites, yet the posterior emissions reveal clear emission changes
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Figure 4. Power plant (a), residential (b), industrial (c), and transportation (d) emissions of BC from the Multi-Resolution Emission Inventory for China
(MEIC) in March 2016. Panels (e-g) show maps of weekly changes in posterior BC emissions for (e) the difference in emissions between weeks 4 and 3, (f)
weeks 5 and 4, and (g) weeks 8 and 7. Panel (h) shows the posterior BC emissions (kt/week), and observed BC concentrations (ug/m®) averaged over the
domains of eastern and northern China. Panel (i) shows the simulated BC concentrations (g/m?) under the normal condition and the stagnant condition
during week 4. BC, black carbon; MEIC, Multi-Resolution Emission Inventory for China.
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there, which lends credibility to the FLEXINVERT+ inversion modeling. Besides, the patterns of residential
and transportation emissions were not similar to the concentrated BC emission change areas (Figures 4b
and 4d) but the extensive and limited emission change regions over eastern and northern China.

Generally, compared to the normal emission levels, the weeks with the lowest emissions during the lock-
down showed 70% and 48% reductions of the BC emissions in eastern (week 7) and northern China (week
8), respectively. In Europe, an average decrease of 11% in BC emissions was reported due to the COVID-19
lockdowns, (8%-42% in different countries) (Evangeliou et al., 2020). Despite the recovery of the emissions
after the lockdown, BC emissions in both eastern and northern China were still substantially lower (by 62%
and 43%, respectively) in weeks 8-10 than during the first half of January, before the lockdown.

3. Conclusions

To investigate the spatio-temporal changes of BC emissions due to the COVID-19 lockdown in eastern and
northern China and reveal the abnormal increase of BC observations during the Spring Festival, we used
BC observations from 42 sites and a Bayesian inversion framework, FLEXINVERT+, to determine weekly
BC emissions from January 1 to March 10, 2020. Six emission inventories were used as the candidates of
prior emission information to find the optimum prior emission data set for the inversion. Using prior as well
as posterior emissions, the simulated BC concentrations were compared to observed concentrations at all
inversion and independent sites, and ECLIPSEv6 stood out from the other five prior emission inventories as
the most accurate prior inventory. Analysis of the inversions based on this best-case prior emission scenario
(ECLIPSEvS) for the periods before, during, and after the lockdown revealed that the BC emissions signif-
icantly declined in all eight provinces and municipalities in eastern and northern China. The maximum
weekly emission reductions caused by the lockdown were 70% in eastern China and 48% in northern China.

In some industrial regions of northern China, emissions were surprisingly not reduced during the first
week of the lockdown, resulting in a mere 3% decrease of total posterior BC emissions in northern China.
The continued high emissions combined with stagnant air conditions led to the peak BC concentrations in
the ambient atmosphere during the Spring Festival. We estimate that the stagnant conditions were respon-
sible for increasing BC concentrations by 29% compared to the average meteorological conditions before
and after the Sprint Festival week. Only during the second week of the lockdown, emissions were strongly
reduced in northern China as a whole. The industrial and power plant emission regions that had a delayed
response to the lockdown, also recovered their emissions immediately after the lockdown, while reduced
emissions still prevailed in most other regions of northern China. On the contrary, in entire eastern China,
the BC emission fluxes dropped sharply with 48% reduction at the beginning of lockdown and recovered
uniformly but slowly after the lockdown was over. In the following three weeks after the lockdown, BC
emissions were still substantially lower (by 62% and 43%, respectively) in eastern and northern China than
during the first half of January before the lockdown. This study provides not only emission information
deriving from the impacts of the disastrous pandemic, but also a competitive method to assess the impact of
meteorological conditions on air pollutants.

Data Availability Statement
The associated data can be downloaded online (https://doi.org/10.5281/zenod0.4318950).
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