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ABSTRACT: During the SARS period in 2003 and COVID-19
pandemic period in 2020, unexpected severe particulate matter
pollution occurred in northern China, although the anthropogenic
activities and associated emissions have assumed to be reduced
dramatically. This anomalistic increase in PM2.5 pollution raises a
question about how source emissions impact the air quality during
these pandemic periods. In this study, we investigated the stable Cu
and Si isotopic compositions and typical source-specific fingerprints
of PM2.5 and its sources. We show that the primary PM2.5 emissions
(PM2.5 emitted directly from sources) actually had no reduction but
redistribution during these pandemic periods, rather than the
previous thought of being greatly reduced. This finding provided
critical evidence to interpret the anomalistic PM2.5 increase during the
pandemic periods in north China. Our results also suggested that both the energy structure adjustment and stringent regulations on
primary emissions should be synergistically implemented in a regional scale for clean air actions in China.
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■ INTRODUCTION

The abrupt outbreak of the corona virus disease 2019 (COVID-
19) provides an unprecedented opportunity to estimate the
efficiency of interventions in PM2.5 emission because the
anthropogenic activities and associated primary emissions
have been dramatically reduced by social distancing to curb
the rapid spread of the virus.1−5 Many recent studies have
quantitatively compared the pollutant levels during the COVID-
19 pandemic period with non-pandemic periods, e.g., before or
after the pandemic, same period in previous years, and days with
similar meteorological conditions.6−16 Unexpectedly, severe
haze events still occurred in northern China (e.g., Beijing) even
with strict restriction on human mobility during the COVID-19
pandemic period.1,17 It was worth noting that the severe PM2.5
pollution also occurred in the same region during the SARS
pandemic period in 2003, in which human activities have also
been extremely decreased.18 The anomalistic PM2.5 pollution
not only aggravated the negative public health effect during
these pandemic periods19,20 but also raised the uncertainty
about the relationship between the emission and haze
pollution.1,21

Some studies have interpreted these anomalies in PM2.5 level
by the enhancement of secondary pollution (secondary aerosols
produced by the atmospheric chemical reactions) by assuming
that the primary emissions had a well-recognized decline trend
during the pandemic periods.21 Noteworthily, the suppression

of human activities mainly reduced the emissions from traffic,
but its effects on the residential and power sectors remained
unclear. Furthermore, the current studies mainly focused on the
observed changes in PM2.5 concentrations, with no consid-
eration of the variations in specific fingerprints in PM2.5. Thus,
the real impacts of emission intervention on the air quality
during these pandemic periods were still difficult to be
estimated. Particularly, in these cases, the bottom-up emission
inventories, which were commonly used to count primary
emissions, were hampered by the uncertainties and complex
non-linear relationship between PM2.5 and primary emis-
sions.22−25

Here, we used an alternative method, i.e., top-down
observational constraints from high precision source-specific
fingerprints, to evaluate the variations in the sources of PM2.5
emission during the SARS and COVID-19 pandemic periods.
Specifically, the airborne concentrations (ng/m3) and mass
abundance (%) of the primary sourcemarkers (includingmetals,
elemental carbon (EC), and soluble ions (K+, Ca2+, F−, and
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Cl−)) in PM2.5 were investigated to estimate the changes in
primary PM2.5 emissions. Moreover, stable Cu and distinctive
metal elemental ratios were used to quantify the redistribution in
the emission intensity of various primary sources during these
pandemic periods. In addition, Si isotopic fingerprints combined
with bottom-up emission inventories, satellite remote sensing,
and backward trajectories analysis were used to assess the
robustness of the source apportionment results. The Cu and Si
isotopic signatures and distinctive elemental ratios were used
due to their special ability in source tracing of particulate
matter.26−28 As a series of clean air policies have been
implemented in Beijing from 2003 to 2020, understanding the
origins of severe PM2.5 pollution during the pandemic periods
was crucial for policymaking for future air pollution control.

■ METHODS
Study Period. Social distancing was implemented fromApril

20 to June 24, 2003 to curb the spread of SARS pandemic in
Beijing, China. Thus, three periods, Pre-SARS period (January
1, 2003 to April 19, 2003), SARS period (April 20, 2003 to June
24, 2003), and After-SARS period (June 25, 2003 to July 24,
2003), were covered to estimate their impact on the primary
emission of PM2.5. Regarding the COVID-19 pandemic, the first
confirmed case was reported in Hubei Province in China in
December 2019, and then the first-level public health emergency
response (FLPHER) with strict travel restriction measures was
triggered throughout China in January 23, 2020. After February
22, 2020, most cities gradually rescinded the FLPHER
lockdowns, but there are nonetheless confirmed cases being
sporadically reported, making some of the social distancing
measures not to be struck down. Therefore, two periods, Pre-
COVID-19 period (January 1, 2020 to January 22, 2020) and
COVID-19 lockdown period (January 23, 2020, to February 22,
2020), were used to assess the air quality impact of the COVID-
19 pandemic. Furthermore, taking account of the potential
seasonal variations on the primary PM2.5 emissions, the same
time period in 2002, 2004, 2018, and 2019 were also used as
comparisons.
Sampling of PM2.5. The samples of PM2.5 and its primary

sources (coal burning, soil dust, vehicle emission, biomass
burning, and industrial emission) were collected in urban Beijing
and Hebei (Supplementary Figure 1). Specifically, ca. 110 m3/
day of air was collected on polypropylene membrane filters (Ø =
90 mm) based on a medium-volume air sampler (Beijing
Geological Instrument Co., China) in random days of 2003. For
PM2.5 samples of 2020, around 130 m3/day of air was collected
onto quartz fiber filters (Ø = 90 mm, MK360, Ahlstrom
Munktell, Sweden) by using a middle-volume air sampler
(Laoying 2034, Qingdao, China). The sampling site was on a
rooftop (∼20 m above ground), which was surrounded by a
university and several residential buildings. Thus, the sampling
site could represent the urban background. The masses of the
PM2.5 samples were measured by a giant gravimetric balance
method.29 The detailed sampling procedure of primary PM2.5
source samples is given in the Supplementary Experimental
Section 2.2.
Elemental Analysis. The metal concentrations (Al, Mg, Fe,

Zn, Cu, Pb, Ti, Mn, Sr, Nd, Cr, Ni, V, La, Ce, As, Sb, and Cd) of
PM2.5 and its primary sources were determined by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 8800,
USA). The samples were digested with aqua regia (VHCl/VHNO3
= 3:1) using a CEM MARS 5 microwave sample preparation
system (Matthews, NC, USA) as reported previously.30 Briefly,

10 mL of aqua regia and 1 mL of 35% (v/v) H2O2 were added to
the samples; then, the mixture was irradiated at 160 °C for 10
min and 200 °C for 15 min. After cooling, the digests were
screened by a 0.22 μm polyether filter and then concentrated to
5 mL at 95 °C. Then, 2 mL of the digests were transferred to a 5
mL polyethylene centrifuge tube and diluted to 4 mL with
ultrapure water for ICP-MS analysis. The recoveries of these
elements of standard reference materials (NIST-1648a) ranged
from 89.7 to 107.2%. The Si concentration measurements of
PM2.5 and its primary sources were also measured on an Agilent
8800 ICP-MS system. The EC was measured with a DRI
thermal/optical carbon analyzer. The soluble ions (K+, Ca2+, F−,
NO3

−, SO4
2−, NH4

+, and Cl−) in PM2.5 were measured with an
ion chromatography system (ICS-2000, Dionex Integrion). The
detailed pretreatment and analysis procedures are given in the
Supplementary Experimental Sections 2.4, 2.7, and 2.9.

Measurement of Cu and Si Isotopic Ratios by MC-ICP-
MS. Cu and Si have two stable isotopes (63Cu and 65Cu) and
three stable isotopes (28Si, 29Si, and 30Si), respectively. Prior to
Cu and Si isotopic analysis, AG MP-1 anion resin-based and
Dowex 50WX8 cation resin-based chromatographic methods
were used to purify Cu and Si from the digests, respec-
tively.28,31,32 The detailed Cu and Si purification procedures are
given in Supplementary Experimental Sections 2.4 and 2.5. The
obtained recoveries of Cu and Si during the sample pretreatment
process were ≥94.4%. Then, the Cu and Si isotopic
compositions were measured with multicollector inductively
coupled plasma mass spectrometry (MC-ICP-MS) (Nu Plasma
II, Wrexham, UK) at low-resolution and medium-resolution
modes, respectively. The optimized measurement parameters of
MC-ICP-MS are given in Supplementary Table 1. TheCu and Si
isotopic compositions in samples were reported as δ values
(δ65Cu, δ30Si, and δ29Si, in ‰) relative to isotopic standard
reference materials (ERM-AE633 for Cu and NIST SRM-8546
for Si) as follows:

Cu
( Cu/ Cu)
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65 63
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65 63
standard

i

k

jjjjjj
y
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(1)
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29 28
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i

k

jjjjjj
y

{
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(2)
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( Si/ Si)
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1 1000‰30

30 28
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30 28
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i

k

jjjjjj
y

{

zzzzzzδ = − ×
(3)

Here, the mass biases were corrected by a standard-sample-
standard bracketing method (SSB).33 All samples were
measured with at least two parallel experiments. The δ65Cu
and δ30Si values were calibrated based on the mean values of two
adjacent standards. Two groups of standard materials, ERM-
AE633 and CAG-Cu (an in-house standard), and NIST SRM-
8546 and IRMM-017, were used to validate the Cu and Si
isotopic measurement methods, respectively. The δ65Cu and
δ30Si values of CAG-Cu and IRMM-017 solutions were 0.51 ±
0.08 ‰ (mean ± 2SD, n = 40) and −1.38 ± 0.18‰ (mean ±
2SD, n = 36), consistent with the previously reported
results,34,35 which demonstrated that our Cu and Si isotopic
analysis methods were accurate and precise.

Bayesian Statistics−Markov Chain Monte Carlo
(MCMC) Simulations. To quantitatively estimate the relative
proportions of PM2.5 from the five emission sources, the
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Bayesianmodel (MixSIAR) with theMarkov chainMonte Carlo
(MCMC) algorithmwas employed.25 The Bayesianmethod was
a general framework that can determine the probability
distribution of source contributions to a mixture and thus has
been widely used in source apportionment of air pollutants.36

The simulation method was based on mass balance of isotope
and metal ratios, which can be described according to eq 4 as
follows:

f

f

f

f

f

Cu

(Ni/V)

(La/Ce)

1

Cu Cu Cu
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(4)

where PM represents PM2.5; fcoal, fdust, f vehicle, f bio., and f ind.
correspond to a fraction of PM2.5 emitted from coal burning,
dust, vehicle emission, biomass burning, and industrial emission,
respectively. The f values reflect the sources’ contributions. The
detailed procedures of Bayesian model samples are given in the
Supplementary Experimental Section 2.12.

■ RESULTS AND DISCUSSION
Air Quality Trends during the SARS and COVID-19

Pandemic Periods in Beijing. The air quality during different
periods of the SARS and COVID-19 pandemics (see Methods)
was investigated. Air pollution index (API) values were used to
report the air quality in China in 2003, which were provided by
the Beijing Environmental Monitoring Center. It was worth
noting that the API values were positively correlated with the
level of the major air pollutant (see Supplementary Table 2).
During the studied periods in 2003, particulate matter was a
major air pollutant in most times. As shown in Figure 1a,b, the
observed API during the SARS period (April 20 to June 24) in
2003 ranged from 34 to 180, with a mean value of 99.8 ± 34.7
(Supplementary Table 3). These observed levels were close to
those in the Pre-SARS period (P = 0.79, Mann−Whitney test),
after the SARS period (P = 0.17, Welch’s t test) in 2003, and the
same periods (April 20 to June 24) in 2002 (P = 0.53, unpaired
student t test) and 2004 (P = 0.38, unpaired student t test;
Supplementary Table 10). Furthermore, almost half of the days
during the SARS period (Supplementary Table 3) showed API
values exceeding 100 (equivalent to the observed PM
concentrations >150 μg/m3). These results indicated that
several haze events indeed occurred during the SARS period,

which might be driven from complex meteorological trans-
formation and direct emission variations. However, the effect of
meteorology failed to be decoupled in 2003 due to the lack of
systematic data of meteorological conditions and observed
PM2.5 concentrations. Thus, an accurate evaluation on the
source emission variations is important.
Similarly, several PM2.5 pollution events occurred repeatedly

in Beijing during the COVID-19 lockdown period, which
showed a higher peak observed concentration (207 μg/m3)
relative to those before the COVID-19 lockdown period (Pre-
COVID-19 period) and the same periods in 2018 and 2019
(Figure 1c,d and Supplementary Table 3). We further estimated
the above air quality trends by decoupling the effect of
meteorology based on an effective deweathering machine
learning technique.37−39 Several days still showed an increase
in deweathered PM2.5 concentrations during the COVID-19
lockdown periods (Supplementary Figure 2). Specifically, the
peak deweathered PM2.5 concentrations during the pandemic
periods were close to or even higher than those in non-pandemic
periods and the same periods in 2018 and 2019 (Supplementary
Figure 2). These results appeared to be anomalistic because
human mobility and businesses have been dramatically
restricted during these pandemic periods. Hence, a sophisticated
characterization on the variations in the source emissions is
essential for the explanation of air pollution during the SARS and
COVID-19 pandemic periods.

Metal Profiles and Cu Isotopic Signatures of Primary
PM2.5 Sources.To investigate the emission variation during the
SARS and COVID-19 pandemic periods, we measured the
selected metal element concentrations and Cu isotopic
fingerprints of five representative primary sources (coal burning,
soil dust, vehicle emission, biomass burning, and industrial
emission). The concentrations of most selected metal elements
showed a remarkable difference between any two sources
(Supplementary Figure 4a and Supplementary Tables 5 and 10).
Meanwhile, the concentration ranges of some elements,
including Zn, Cu, Pb, Mn, Ni, V, La, As, Sb, and Cd, showed
partial overlaps between two or three sectors. Further detailed
descriptions on the overlaps are provided in Supplementary
discussion in the Supplementary Information. Furthermore, as
shown in Supplementary Figure 4b, the ranges of δ65Cu of PM2.5
sources were 0.48−0.72‰ for coal burning (n = 10), −0.17−
0.17‰ for dust (n = 20),−0.27−0.05‰ for vehicle emission (n
= 6), and−0.95−0.03‰ for biomass burning (n = 10), showing
remarkable variations among different sectors. These results
were consistent with the previously reported signatures of
primary Cu sulfides (−1‰ < δ65Cu < 1‰).26,40−42 The
industrial emission was markedly 65Cu-depeleted (−1.92 to
−0.66‰, n = 9), which might be attributed to the fact that the
Cu in flue gas (emitted by evaporation) tended to enrich the
light isotope (63Cu) relative to natural materials in combustion
processes.32 Hence, the Cu isotopic signatures and distinctive
metal ratios could indeed record chemical fingerprints of PM2.5
in Beijing. More investigations on the isotopic signature of a
larger size of source samples and more high-precision tracers
(e.g., multiple isotopic signatures) are needed to further improve
the accuracy and precision of source apportionment of PM2.5 in
future studies.

Primary Source Markers and Cu Isotopic Composi-
tions of PM2.5. As shown in Figure 2a,b, the EC, soluble ions,
and most selected metal elements showed no significant decline
(P values > 0.05; Supplementary Table 4) but even an increase
in their concentrations and mass abundances in PM2.5 (%)
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during these pandemic periods compared with non-pandemic
periods in 2003 and 2020 (Supplementary Figure 5). Their
detailed variations in statistical analyses are provided in
Supplementary Table 10. The unvaried airborne concentrations
and mass abundances of these source-specific markers indicated
that the total primary PM2.5 emissions might have no substantial
reduction in Beijing during these pandemic periods.
We further investigated themetal correlations and Cu isotopic

fingerprints of the studied PM2.5. The metal correlations could
indicate shared sources or similar mechanisms of mobility,43 and
the Cu isotopic composition has been used as a novel marker for
source tracing of PM2.5 in European cities due to its retainability
during anthropogenic or low-temperature environmental
processes.26 As shown in Figure 2c,d,g, in comparison with
the non-SARS period (Pre/After SARS period), the correlated
metal pairs (e.g., Fe−Mn, Zn−Pb, and La−Ce) showed
remarkable decline trends, and the δ65Cu (Cu isotopic
composition) distribution range of PM2.5 was much wider (P
= 0.02, unpaired student’s t test) during the SARS period. In
2020, the number of paired correlations between anthropo-
genic-associated metals (e.g., Pb, Mn, and Cd) showed an
increase in PM2.5 during the COVID-19 lockdown period
against the Pre-COVID-19 period in 2020 (Figure 2e,f). The
variations in metal correlations in PM2.5 suggested that their
source composition might change with some human activities
being restricted during the pandemic period. This deduction was
consistent with the redistribution of the δ65Cu (Cu isotopic
composition) in PM2.5 during different periods of SARS and
COVID-19 pandemics (Figure 2e,f). It was worth noting that
the redistribution in the emission intensity of various sources

caused only little impact on the mean pollution levels of most
metals in PM2.5 during the non-pandemic/pandemic period.
Possible explanations for this result were as follows: (i) some
sectors might have partial overlaps in some of their elemental
compositions, and (ii) the changing effect of one source
emission might be overwhelmed by the changes of other
emissions in other days.

Tagging PM2.5 Metal Fingerprints with Primary
Sources. To obtain high-precision estimation on the
redistribution in the emission intensity of various sources, we
further tagged metal fingerprints (δ65Cu versus Ni/V, La/Ce,
Zn/Cd, and Fe/Al ratios) of the PM2.5 stratified by pandemic
periods with their primary sources. All the eight selected
elemental concentrations showed no correlation with Cu during
any periods assessed in this study (Figure 2c−f). Despite the
four selected metal ratios being well used for source tracing of
particulate matter,44−48 they showed partial overlap in these four
metal ratios between sectors in Beijing. For instance, the Ni/V,
La/Ce, Zn/Cd, and Fe/Al ratios failed to discern between
biomass burning and vehicle emission, soil dust and vehicle
emission, vehicle emission and industry, and vehicle emission
and biomass burning, respectively (Figure 3). Thus, multiple
tracers should be used to identify the redistribution of emission
intensity of different sources.
It was worth noting that the metal fingerprint distributions of

PM2.5 in both pandemic periods were more dispersive than those
in the non-pandemic periods, suggesting that the contributing
sources tended to be more complex during the pandemic
periods. It was interesting that the PM2.5 metal fingerprints
tended to approach the range of industrial emission during both

Figure 1.Changes in air quality and PM2.5 pollution level before, during, and after the SARS and COVID-19 pandemic periods in Beijing, China. Time
series of air quality during the study periods in 2002, 2003, and 2004 (a). Annual variations (2002−2004) of the air quality before, during, and after the
SARs pandemic period (b). Time series of PM2.5 pollution levels during the study period of 2018−2020 (c). Annual variations (2018−2020) in the
distribution of PM2.5 concentrations before, during, and after the COVID-19 pandemic period (d). The light blue and light orange areas in panels a and
c represent the period before and during the SARS and COVID-19 pandemic, respectively. In panels b and d, each symbol represents an individual
subject; statistical analysis (excluded for figure clarity) is fully summarized in Supplementary Table 10. For box plots, the bounds of the box spans from
25 to 75% percentile, the center line represents the median, and the whiskers visualize 5 and 95% of the data points.
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the SARS and COVID-19 pandemic periods (Figure 3).
Considering that the Cu isotopic signature and metal ratios of
PM2.5 represent a mixed point from different source end-
members, these approaches indicated that the contributions of
industrial emission might increase. Meanwhile, the Cu level in
PM2.5 declined in the SARS period, reflecting that the industrial
emission enhancement should be along with a reduction in other
Cu-enriched sources, e.g., coal burning (Figure 3 and
Supplementary Figure 4a). Regarding to the PM2.5 levels in
the COVID-19 lockdown period, they had a lower Ni/V ratio

and an elevated La/Ce ratio relative to those in the Pre-COVID-
19 period, which were quite distinct from the vehicle emission
range. Thus, we proposed that the contribution from vehicle
emission in PM2.5 was minimal during the COVID-19 lockdown
period. In addition, δ65Cu along with Fe/Al failed to discern
industry-associated PM2.5 in the COVID-19 lockdown period
(Figure 3d), probably due to interferences from the point
sources of Al.

Quantification of the Primary Source Contributions.
To quantitatively assess the redistribution in the emission

Figure 2. Comparison of pollution characteristics of primary source markers (EC, soluble ions, and metal) and Cu isotopic compositions of PM2.5
collected during different periods of SARS and COVID-19 pandemics in Beijing, China. Variations in the concentrations of EC, typical soluble ions,
and metal in PM2.5 before, during, and after the SARS pandemic periods (a) and before and during COVID-19 pandemic periods (b). Bounds of the
box plots span from 25 to 75% percentile, the center line represents the median, and the whiskers visualize 5 and 95% of the data points. Significance
was assessed by the unpaired student’s t test, Welch’s t test, and Mann−Whitney test, and the statistical results reported in Supplementary Table 10
(data not shown for figure clarity). No measured EC data were hampered by the interference of polypropylene membrane filters of PM2.5 samples in
2003. (c−f) Correlation between PM2.5 metal concentrations in non-SARS period (Pre/After SARS period) (c), SARS period (d), Pre-COVID-19
period (e), and COVID-19 lockdown period (f). Pearson correlation coefficients (R) are showed by color corresponding to the values given in the left
of each figure. All symbols showed here have P values < 0.05, while the blank area means P > 0.05. (g, h) Variations in Cu isotopic compositions of
PM2.5 collected in Beijing during different periods of SARS and COVID-19 pandemics. Each symbol represents an individual subject. SARS: *Pg =
0.02, **Pg = 0.11, and ***Pg = 0.13, unpaired student’s t test (g). COVID-19: ****Ph = 0.81, unpaired student’s t test (h). Error bars are excluded for
figure clarity, but data are fully reported in Supplementary Table 4.
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intensity of various sources, we conducted a mass balance
calculation based on the selected metal fingerprints (the
measured Cu isotopic signatures and selected elemental ratios
except Fe/Al) of PM2.5 and its sources (five potential sources
reported in previous studies49) using the Bayesian−Markov
chain Monte Carlo (MCMC) simulation method.25 We
estimated that the contributions of coal burning, dust, vehicle
emission, and biomass burning decreased from 22.1± 13.4, 41.3
± 16.5, 7.3 ± 6.2, and 4.4 ± 4.1% in the Pre-SARS period to 9.1
± 6.7, 33.2± 18.8, 3.3± 3.1, and 2.2± 2.1% in the SARS period
in 2003, while the contribution of industrial emission increased
from 24.8 ± 12.0 to 52.1 ± 17.5% (Figure 4a). After the SARS-
associated social distancing was rescinded on June 24, 2003, the
contribution from industrial emission decreased back to 24.6 ±
15.4% (Figure 4a). More source end-members are needed to
provide more accurate source apportionment in future studies.

To verify the source apportionment results, we also used Si
isotopic fingerprints, another tool for source tracing of PM2.5,

28

to evaluate the redistribution in the emission intensity of various
sources. Specifically, we calculated the Si isotopic compositions
of PM2.5 based on the Si isotopic signatures of primary sources
and their aforementioned relative contributions, and compared
them with the observed values. The calculation processes are
provided in Supplementary Experimental Section 2.6. As shown
in Supplementary Figure 6, the calculated Si isotopic
compositions of PM2.5 in different periods of the SARS
pandemic were consistent with the observed values. The largest
net difference between the calculated values and observed data
was 0.22‰, which was smaller than the method uncertainty
(0.28‰). These supported the robustness of the aforemen-
tioned source apportionment results.

Figure 4. Variations in the relative contributions of individual primary sources to PM2.5 during different periods of SARS (a) and COVID-19
pandemics (b). The change of primary source contributions to haze days (HD) and no-haze days (No HD) during COVID-lockdown periods. Haze
days indicate the PM2.5 pollution levels >100 μg/m3. The uncertainties for these results are given in Supplementary Table 6.

Figure 3. Cu isotopic compositions versus Ni/V (a), La/Ce (b), Zn/Cd (c), and Fe/Al (d) ratios of PM2.5 and primary sources in Beijing during
different periods of SARS and COVID-19 pandemics. Symbol sizes of circles correspond to concentrations of Cu in PM2.5. The terms Coal, SD, VE,
BB, and Industry in (a−d) represent coal burning emission (n = 10), soil dust (n = 20), vehicle emission (n = 6), biomass burning emission (n = 10),
and industrial emission (n = 9), respectively.
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During the COVID-19 lockdown period, the average
contribution of industrial emission had a small enhancement
(∼4.4%), while the other sectors showed decline trends
compared with the Pre-COVID-19 period (Figure 4b and
Supplementary Table 6). For example, the industrial emission
contribution decreased from 49.4 ± 11.7% (Pre-COVID-19
period) to 33.2 ± 11.8% in no-haze days (PM2.5 < 100 μg/m3)
during the COVID-19 lockdown period (Figure 4b and
Supplementary Table 6). This decline trend was consistent
with the reduction of industrial activities predicted by the
updated monthly emission inventories (a multi-resolution
emission inventory model for China (MEIC)23) in 2020 (see
Supplementary Table 7). While in haze days (PM2.5 > 100 μg/
m3) during the COVID-19 lockdown period (January 25 to 28
and February 9 to 13), the contribution of industrial emission
increased sharply to 70.6 ± 10.4% (Figure 4b).
We further investigated the industrial hot-value areas’ count

number in Beijing-Tianjin-Hebei regions in these haze event
days based on Moderate-resolution Imaging Spectroradiometer
(MODIS). The hot-value industrial production (e.g., steel and
power plants) showed a significant increase in this region
relative to the same period in 2019 (Supplementary Figure
7).50,51 For instance, from January 23 to February 13 in 2020,
the number of industrial high thermal value zones in major cities
in the North China Plain had reached 848, increasing by 22.4%
relative to the same term in 2019.50 Furthermore, the
production of pig iron and crude steel in China in January and
February in 2020 (partially overlap with the COVID-19
lockdown period) was 132.34 million tons and 154.7 million
tons, respectively, both increasing by 3.1% relative to the same
term in 2019. The social stock of five kinds of steel (rebar, wire,
hot rolled coil, cold rolled coil, and medium plate) in the major
cities in China was 8.12 million tons at the end of January and
increase to 19.05 million tons at the end of February in 2020.51

That is, the PM-associated industrial emissions actually
increased, although the level of overall industrial activities
decreased in the COVID-19 lockdown period.
Furthermore, backward trajectory analysis revealed that the

transport of air mass to Beijing during the two assessed haze
events was confined to <0.5 km, linked to the compressed
boundary layer (Supplementary Figure 8).52 These meteoro-
logical characteristics supported the inputs of the elevated
upwind regional PM2.5 emissions from, for example, hot-value
industrial regions, to Beijing. It was worth noting that the metal
fingerprints of these sources were similar between Beijing and
Hebei (P values > 0.05, Supplementary Figure 9), and hence the
aforementioned source apportionment results did not discrim-
inate the contribution of Beijing and Hebei. A more accurate
estimate of the inter-regional transport of PM2.5 between Beijing
and Hebei may be quantified using a chemical transport model
in future studies.53

Environmental Implications. This study demonstrated
the feasibility of a combination of a stable isotopic signature and
distinctive metal ratios (valuable tracers in other regions) in
source tracing of PM2.5, and also proposed a practical source
apportionment method by coupling the δ65Cu-based quantifi-
cation with δ30Si-based robustness assessment. The self-
verifiable methodology developed herein could be applicable
to explain other PM pollution events in other countries/regions.
Moreover, our comprehensive analyses of the primary source-
specific markers, δ65Cu and δ30Si, provided scientific evidence
that the primary PM2.5 emission in Beijing did not decline as
expected but dramatically redistributed during the SARS and

COVID-19 pandemic periods. Specifically, the emission
reductions from coal burning, vehicle emission, and biomass
burning were almost compensated by the enhancement of
industrial emissions, e.g., steel and power plants in the upwind
regions of Beijing. Additionally, as recently reported, secondary
aerosol formation processes were also enhanced dramatically
during the pandemic periods due probably to the rapid changes
in meteorological conditions or significant increase in
atmospheric oxidative capacity.21,37 During the COVID-19
lockdown in Beijing, the secondary particles (secondary
inorganic/organic aerosols) contributed to roughly half of
PM2.5 mass (Supplementary Table 4 and Supplementary Figure
10). Therefore, due to less reduction but even an enhancement
in primary emission and secondary PM2.5 formation,21

unexpected air pollution events ultimately occurred during
these pandemic periods in Beijing.
In addition, the anomalistic PM2.5 pollution during the

pandemic periods raised some doubt among the Chinese public
and policymakers as to whether the exact sources have been
identified or controlled, making the current prioritization of
clean air actions to be ambiguous. In this study, the metal
fingerprints of PM2.5 during the pandemic periods remained to
be covered by the ranges of source fingerprints, suggesting that
these sectors remained to be exact sources of PM2.5 during these
pandemic periods. Therefore, this study provides scientific
indication that the existing emission regulations on these source
sectors were still effective, while the regulation intensity should
be adjusted with the redistribution of the emission intensity of
various sources. Furthermore, this study could provide
important information for studying the mechanisms of these
episodic haze events. Because most related studies with
atmospheric chemistry and transport simulations assumed the
primary emissions to be declined at different levels, these results
obtained by novel techniques could provide data for emission
settings in the models, e.g., the Weather Research and Forecast
model online coupled with full gaseous and aerosol chemistry
(WRF-Chem).
The disentanglement of the anomalistic PM2.5 pollution

during these pandemic periods can also provide an important
reference for future air pollution control. In the clean air actions
in the past decade (from 2003 to 2020), small and polluting
factories and outdated industrial capacities had been phased out
fromBeijing, and the industrial emission standards had also been
strengthened.53 However, the severe PM2.5 pollution during the
COVID-19 lockdown period remained to be dominant by
industrial emissions, particularly steel and power plants in
upwind regions of Beijing (e.g., Hebei, Shandong). Therefore, a
joint action with energy structure adjustment in a regional scale
(e.g., Beijing-Tianjin-Hebei) should still be of high priority for
making future clean air policies. Furthermore, no remarkable
decline in primary PM2.5 emissions were found in Beijing during
the pandemic periods, indicating that the public health
associated social distancing measures could not replace the
regulations on air pollutant emissions. Particularly, the current
energy structure has not been fully optimized, and thereby
independent and stringent regulations on PM2.5 emissions
should be constantly implemented to ensure the air quality in
China.
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