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HIGHLIGHTS

NO, emission in the lockdown period is
53.4% lower than the same period in
2019.

East China experienced greater influ-
ence from COVID-19 than national
mean level.

NO, decline leads to 36.5% O3 increase
and 12.5% PM,s decrease over East
China.

Elevated O3 enhances secondary aero-
sols formation through heterogeneous
pathway.
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ABSTRACT

A top-down approach was employed to estimate the influence of lockdown measures implemented during the
COVID-19 pandemic on NO, emissions and subsequent influence on surface PM; 5 and ozone in China. The
nation-wide NOy emission reduction of 53.4% due to the lockdown in 2020 quarter one in China may represent
the current upper limit of China's NO, emission control. During the Chinese New Year Holiday (P2 ), NO, emission
intensity in China declined by 44.7% compared to the preceding 3 weeks (P1). NO, emission intensity increased
by 20.3% during the 4 weeks after P2 (P3), despite the unchanged NO, column. It recovered to 2019 level at the
end of March (P4). The East China (22°N - 42°N, 102°E - 122°E) received greater influence from COVID-19. Over-
all NO, emission from East China for 2020 first quarter is 40.5% lower than 2019, and in P4 it is still 22.9% below
the same period in 2019. The 40.5% decrease of NO, emission in 2020 first quarter in East China lead to 36.5% in-
crease of surface O and 12.5% decrease of surface PM; s. The elevated O3 promotes the secondary aerosol forma-
tion through heterogeneous pathways. We recommend that the complicated interaction between PM, 5 and O3
should be considered in the emission control strategy making process in the future.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Beginning in December of 2019, the COVID-19 pandemic was first
reported in Wuhan and rapidly evolved across the globe. China took
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decisive action to combat the spread of COVID-19 that included the
lockdown of Wuhan as of Jan 23, 2020, stay-at-home orders during
the Chinese New Year Holiday (Jan 24-Feb 2, 2020), and the shutdown
of non-essential businesses. People gradually went back to work com-
mencing on Feb 3, and energy demands, factory production, and vehic-
ular traffic gradually recovered (Myllyvirta, 2020).

Nitrogen oxides (NO, = NO + NO,), a key component of the atmo-
sphere, are mainly emitted from fossil-fuel combustion activities
(Bauwens et al., 2020; Zhao et al,, 2013). Thus, NO, emissions are closely
linked to human activities and respond quickly to economic changes. A
dramatic decrease in nitrogen dioxide (NO,) columns over China from
satellite measurements were observed during February of 2020
(Bauwens et al., 2020; Liu et al., 2020), and NO, emissions are expected
to decrease accordingly (Ding et al., 2020; Zhang et al., 2020). Zhang
et al. (2020) has calculated NO, emission changes from East China
from Jan 1 to Mar 12, 2020, and Ding et al. (2020) estimated NO, emis-
sion from Chinese cities due to the COVID-19 lockdown. They focus on
NO, emission changes from regional or individual cites, but did not eval-
uate NO, emissions from the whole China and regional difference for
each period before, during and after the lockdown period in 2020. In ad-
dition, comparison of 2020 NO, emision with those in -past years is also
lacked to thoroughly understand changes in NO, emissions associated
with COVID-19.

NO, play a crutial role in atmospheric chemistry, being precursors of
both fine particle (PM;5) and ozone (O3). NOy are oxidized by hydroxyl
(OH) and 05 in the atmosphere to form nitric acid (HNO3) and then ni-
trate, which is an important component of PM, 5 (Wang et al., 2013).
NO, undergoes a series of photochemical reaction to generate Os. Dur-
ing the lockdown period in 2020, emission reduction of primary air pol-
lutants, including NO, result in remarkable decrease in surface observed
PM, 5 concentration (Shi and Brasseur, 2020). On the other hand, in-
crease in O3 and radicals due to NO, emission reduction leads to second-
ary aerosol formation and haze events during the lockdown period in
2020 (Huang et al., 2020; Le et al., 2020). However, there is no quantifi-
cation of PM, s and Os sensitivity to NOx emission change during
COVID-19 in published works. To what extent the NO, emission reduc-
tion in 2020 quarte one can impact surface air quality is still unclear.

In this study, we aim to evaluate the influence of NO, emission
changes for 2020 quarter one on both PM, s and Os pollution over
China. First we use a top-down method to assess NO, emissions from
China for the periods before, during, and after the Chinese New Year
Holiday, and we also provide a historical context by a comparison
with NO, emission in 2019. Then we estimate PM, 5 and O3 changes
due to NO, emission change through a model study.

2. Methodology
2.1. TROPOMI NO; retrieval

The TROPOMI onboard the S—5P mission provides tropospheric NO,
with a spatial resolution of up to 3.5 x 5.5 km?. Tropospheric NO, verti-
cal column density (VCD) was retrieved through a three-step procedure
using the DOMINO approach (Boersma et al., 2011; van Geffen et al.,
2020). First, the slant column density (SCD) is obtained by a differential
optical absorption spectroscopy (DOAS) technique. Second, the strato-
spheric component of SCD is separated via data assimilation using a
chemical transport model (CTM/DA). Finally, tropospheric VCD is ac-
quired by dividing SCD by the tropospheric air mass factor (AMF) com-
puted by the TM5 CTM.

Tropospheric NO, VCD is sensitive to the NO, vertical profile shape
used in calculating AMF (Lamsal et al., 2010). The tropospheric AMF
was calculated based on GEOS-Chem simulation and used in replace-
ment of the a priori TM5 NO, profiles to diminish inconsistencies be-
tween model and satellite NO, columns (Boersma et al., 2016; Lamsal
et al., 2010; Visser et al., 2019). Tropospheric NO, VCDs obtained
using AMF calculated from TM5, and GEOS-Chem NO, profiles are

referred to as TROPOMI™? and TROPOMI®S, respectively. The difference
between the two sets of tropospheric NO, VCD is shown in Fig. S1. Over-
all, the two sets of data correlate well with each other, with the correla-
tion coefficient r > 0.90. The discrepancy between TROPOMI® and
TROPOMI™? is small over China (bias within 45%). TROPOMI®C is
<20% higher than TROPOMI™? over South Korea and India. The dis-
agreement between the two datasets can be attributed to the employ-
ment of different emission inventories within these models (Vinken
etal, 2014).

For quality assurance, we use the TROPOMI data with a qa_value
above 0.5, and only pixels with valid data for more than 3 days in each
week were selected.

2.2. GEOS-Chem model and bottom-up inventory

In this study, we employ version v11-1 of the model to conduct a se-
ries of simulations to probe changes in NO, emissions. The nested grid
version of the GEOS-Chem model has a horizontal resolution of 0.5°-
(latitude) x 0.625°(longitude) over East Asia (60°E - 150°E, 10°S -
55°N), and is driven by the MERRA-2 reanalysis meteorological field.
We used the global simulation with 2°(latitude) x 2.5°(longitude)
grids to provide the boundary condition (Zhang et al., 2018, 2019) All
simulations were run from December 2018 to March 2019 and Decem-
ber 2019 to March 2020. In these simulations, the first month was used
for spin-up and the subsequent three months for analysis.

Global anthropogenic NO, emissions were taken from EDGAR v4.2
(EC-JRC/PBL, http://edgar.jrc.ec.europa.eu) and overwritten by MIX in-
ventory (Li et al,, 2017) over East Asia. Natural NO, emissions include bio-
mass burning sources from GFED v4.1, soil sources from Hudman et al.
(2012), and lightning described by Murray et al. (2012). The default an-
thropogenic NO, and relevant PM, s and Os precursors in MIX inventory
are scaled from 2010 to 2019 following Xu et al. (2020) (Fig. S2).

2.3. Top-down NO,, emission estimation

We use the mass balance procedure developed by Martin (2003)
and Lamsal et al. (2011) and improved by Vinken et al. (2014) and
Visser et al. (2019) to estimate the top-down NO, emissions using
TROPOMI/NO, column and GEOS-Chem model. This method takes into
account the fact that NO, VCD responds non-linearly to surface NO,
emission change. We perform a sensitivity study by perturbing surface
NO, emission by 15% to get the scaling factor 3, which denotes relative
change of simulated NO, VCD due to a 1% change in NO, emission. The
influence of NO, emission on the tropospheric AMF calculation (the di-
mensionless factor 7y) is also considered following Visser et al. (2019).
The equation used to estimate top-down NO, emission (E,4) based on
bottom-up NO, emission (Ep,), TROPOMI NO, VCD with AMF from
GEOS-Chem using bottom-up NO, emission (Crropomicc ) and simu-
lated NO, VCD using bottom-up NOy emission (Cec py) is as follows:

Etg = Epu (1+ B(1 +y) Smomagce_Secm),

GCbu

The scale factor 3 and +y are calculated using the following equations:

0.15
(Ccm 15bu —Cacpu )/CCC o

p=

( Crropom&c.1.15u ~CrpopopyGeu )/ CoropomiGChu

(Coc1150u—Cechu )/Ccc .

Uncertainties exist in the top-down inventory estimation. First is the
uncertainty of satellite data, which is mainly driven by the calculation of
air mass factors, and it can amount to +-30% (Lorente et al., 2019). The
second is the model performance in simulating atmospheric NO life-
time. GEOS-Chem simulates noontime hydroxyl (OH) concentration at
Beijing for 2020 January to March mean of 1.5 x 10° molec/cm?,
which is lower than Tan et al. (2018) meatured for 2016 January and
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February (2.4-3.6 x 10° molec/cm?). The underestimation of OH con-
centration may lead to overestimation of NO, lifetime, but it is difficult
to quantify this uncertainty for lack of enough surface observation.
Third, the Sentinel-5 Precursor (S—5P) mission has an equator crossing
time near 13:30 local solar time. NO, emissions derived from noontime
NO, column may introduce uncertainty considering the diurnal varia-
tion of NO, emissions. Fourth, the longer lifetime of NO, during winter
may result in transport of NO, from source regions (“smearing”) and
thus lead to bias of top-down emission estimation. We will validate
our top-down NO, emission inventory using surface NO, measurements
and through comparison with NO, emissions from other studies.

3. Results and discussion
3.1. NO, emission

We conduct simulations for 2019 and 2020 first quarter with the
top-down NO, emission inventories for the two years, respectively. Sim-
ulated surface NO, concentration is compared with observations
(Fig. S3). The model and observation correlates well with each other
with an correlation coefficient of 0.64 for the two years, but the model
tends to underestimate NO, concentration by more than 50%. Surface
NO, measurements are monitored by the chemilumine scenceanalyzer
which may lead to overestimate of NO, by about 50% due to interfer-
ences from other nitrogen species (Kharol et al., 2015; Zhang et al.,
2016). If we simply cut the observed NO, concentration by 50%, model
underestimation will decline to 4.5% for 2019 and 13.5% for 2020.

We divide the first quarter of 2019 and 2020 into four periods. The
first period (P1) is 3-weeks before Chinese New Year holiday, the sec-
ond period (P2) is the Chinese New Year holiday (2019 Feb 4-10 and
2020 Jan 23-Feb 2), and the third and fourth periods (P3 and P4) are
1-4- and 5-8-weeks after Chinese New Year holiday. Mean satellite re-
trieved NO, VCD are compared over the four periods for the year 2019
and 2020, and NO, emissions were calculated at a weekly level.

3.1.1. Significant NOy emission reduction in China from P1 to P2 and P3
period

Fig. 1 presents NO, emission intensity (Gg/d) for each week before,
during, and after the Chinese New Year Holiday. NO, emissions for the
whole China and the east part of China (EC, 112°E—122°E, 30°N
—42°N) are given. The EC region has the largest population and the
most serious air pollution in China. In Fig. 2 we display the mean NO,
emission intensity during the four periods of quarter one in 2020 and
2019, and the difference between the two years.

Overall, in 2020, NO, emissions dropped steadily during P1. In P2,
NO, emission intensity from China was 44.7% lower than P1, slightly
lower than NO, column change (Fig. 3, 49.0%). In contrast, the decrease
in NO, emission intensity in 2019 due to the New Year Holiday effect
was only 20.9%. This indicates a much greater influence of the lockdown
measures than the ‘holiday effect’ (Tan et al., 2009) on the reduction of
NO, emissions. We should also see that NO, emission from EC experi-
enced a greater influence from COVID-19. In 2020, the decrease rate
from P1 to P2 was 52.1% in EC, and it was only 17.2% in 2019. Moreover,
NO, emission from EC makes up ~50% of the total NO, emission from
China in 2020 P1, 2019 P1 and P2, but it was only 41.2% in 2020 P2.

No increase in NO, emission intensity was observed for the first
week after the New Year Holiday, which was extended to combat the
spread of COVID-19. Starting on Feb 10, 2020, more and more people
went back to work, and NO, emissions from China increased at an aver-
age 10.0% rate during the next two weeks. As of Mar 1, 2020, the fourth
week after the Chinese New Year Holiday, NO, emission from China was
43.0 Gg/d, which was 19.0% higher than the previous week and 47.0%
higher than the New Year Holiday period. As a result, NO, emission in-
tensity from China increased by 20.3% from the 2020 New Year Holiday
to the subsequent 4-week period despite the unchanged NO, columns,
but was still 33.5% below the level of P1. By contrast, NO, emission from
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Fig. 1. Weekly NO, emission intensity (Gg/d) in China (top) and East China (bottom) from
3 weeks before (—w3 ~ —w1) to 8 weeks after (w1 ~ w8) the Chinese New Year Holiday
(w0).

ECin P3 only increased by 9.5% than P2, and was 42.3% lower than P1.
The mean NO, emission intensity from China for P2 and P3 (33.3 Gg/
d) was 36.7% lower than P1. This difference was smaller than observed
for NO, columns during the same periods of 49.8% (Fig. 3). The discrep-
ancy between NO, emission and NO, column differences can be ex-
plained by the shorter lifetime of NO, in February than in January.

Before the Chinese New Year Holiday, NO, emissions from China was
about 20% lower in 2020 than in 2019 (Fig. 2). This change in NO, emis-
sions reflects the long-term trend of decreasing NO, emissions in China
(Bauwens et al., 2020; Field et al., 2020), which has been an important
and effective control strategy to combat air pollution. Following the hol-
iday, differences in NO, emission from China between 2020 and 2019
were greater than 40% and as high as 54.3% during P2 and P3 periods.
This large discrepancy indicates a substantial reduction in NO, emis-
sions due to measures to combat COVID-19.

Our estimation of NO, emission reductions due to lockdown is
within reasonable bounds comparing to published works. Huang et al.
(2020) reported a 60-70% reduction of NO, emission from China due
to the lockdown. Ding et al. (2020) estimated that NO, emission from
cities in East China have declined by 20-50%. Zhang et al. (2020) calcu-
lated that NO, (22°N - 42°N, 102°E - 122°E) emissions from East China
before and during the lockdown are 1589 and 795 Gg/month, respec-
tively. Comparable to Zhang et al. (2020), our estimation of NO, emis-
sions from this region amount to 1348 Gg/month for P1 and 728 Gg/
month for P2, respectively.

This is not the first time that a large decrease in air pollutant emis-
sions has been observed over a short period. Previously, China imple-
mented stringent regulations to reduce air pollutant emissions for
some key events, such as the 2008 Olympic Games, 2014 Asia-Pacific
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Fig. 2. NO, emission intensity (kg/km?/d) during the four periods in 2019 and 2020, and the difference between the two years. The size of each grid cell is 0.5°latitude x 0.625°longitude.

Economic Cooperation (APEC) Summit, and 2015 V-Day Military Pa-
rade. Indeed, Wang et al. (2010) reported a 47% decrease in NO, emis-
sion from Beijing during the 2008 Olympic Games. Zhang et al. (2016)
estimated a NO, emission reduction of 33% in Beijing and 35% in Hebei
province during the APEC period. However, these measurements are
limited to Beijing and surrounding areas, and for a relatively short
time. The pandemic of COVID-19 led to a nation-wide NO, emission in-
tensity reduction of 36.7% during the lockdown period (P2 and P3) com-
pared to the pre-crisis (P1) level, and 53.4% compared to the same

period in 2019. This may be the upper limit of NO, emission control
for China at the present level of economy and technology. Anthropo-
genic NO, originates mainly from industry, power plants, and transpor-
tation sources. During the lockdown period, most of the business and
industries were closed, and people stayed at home to avoid infection.
Myllyvirta (2020) reported that coal use in power plants in China fell
to a four-year low during the P2 and P3 periods. Crude oil processing
of Sinopec dropped by more than 30% in February below the usual

P2 minus P1 P3 minus P2
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Fig. 3. The difference in NO, columns during the four periods of 2020 first quarter. The data is resampled at 0.1° x 0.1° grids.
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level, and gasoline sales in Beijing during P2 and P3 were only a quarter
of the normal level.

3.1.2. The rebound of NO, emission in China during P4 period

As the economy rebounded and energy consumption increased, NOy
emission from China began to grow in March 2020. NO, emission inten-
sity during the sixth week (55.0 Gg/d) caught up with that during P1
(52.7 Gg/d). By Mar 29, NO, emission intensity reached 70.4 Gg/d. De-
spite the relatively small change of NO, columns (32.5%), the average
NO, emission intensity from China in the P4 period was 75.1% higher
than that in the P3 period, and more than twice that in the Chinese
New Year Holiday. NO, emission intensity during the P4 period in
2020 was only 8.2% less than in 2019. Furthermore, since the seventh
week after Feb 3, China's NO, emission intensity exceeds that in the
same period in 2019, indicating a full rebound of NO, emission from
China at the end of the first quarter of 2020. However, NO, emission
from EC increased at a much slower rate than the national mean level
in P4, and it was 22.9% lower than 2019 P4.

Myllyvirta (2020) reported that coal consumption in China returned
to the normal range at about seven weeks after the New Year Holiday,
and Sinopec crude oil processing during March went back to the normal
level. On the other hand, gasoline sales in Beijing only recovered to 50%
of the usual level by the end of March, which, to some extent, indicates
that NO, emission in EC will see a further increase as the recovery of gas-
oline sales in April and May.

In summary, the large decrease in NO, emission during the lock-
down period may be the upper limit of current NO, emission control
in China, and the COVID-19 has greater impact on NO, emission from
the EC region than the national mean. Rebound of NO, emission from
EC during P4 is weaker compared to the national mean.

3.2. influence of NO, emission changes on surface O3 and PM5 5
After we calculate NO, emissions from China in 2019 and 2020 first

quarter, we use the two sets of emissions to evaluate impact of NO,
emission Change on PM; s and Os. To do so, we use the meteorology

a. STD simulation

b. OPT simulation

field for 2020 quarter one, emissions of all species but NO, are scaled
up to the year 2019 on the basis of 2010 MIX emission inventory
(Fig. S2). We perform two simulations. In the first simulation we use
top-down estimated NO, emission for 2019 and in the second one we
use that for 2020. The difference between the two simulations can be
treated as influence of NO, emission change. To distinguish the two sim-
ulations, we call the simulation with 2019 NO, emission the standard
simulation (STD), and the one with 2020 NO, emission the optimized
simulation (OPT). We have shown in Table S1 that the model can well
capture the spatial distribution of observed O3 and PM; 5 over East
China (correlation coefficient greater than 0.60) with acceptable bias
(normalized mean bias within +30%).

Fig. 4 displays simulated 2020 first quarter mean Os and PM, 5 distri-
bution with 2019 and 2020 NO, emissions, respectively, and the differ-
ence between the two years. Overall, 40.5% decrease in NO, emission
over EC leads to 36.5% increase in surface O3 concentration. This indi-
cates an overall NO,-saturated (VOCs-limited) regime of ozone forma-
tion over EC during 2020 quarter one. Under this condition (NO,-
saturated), react with NO, to generate HNOs is the main sink of OH
(Shah et al., 2020), and decrase of NO, leaves more OH to form Os.
PM, 5 responds positively with respect to NO, emission change, 40.5%
decrease of NO, emission results in 12.5% decrease in PM, 5 concentra-
tion over EC. We use the sensitivity factor 7) as introduced by (Zhang
et al., 2015) to represent influence of NO, emission change on PM, 5
concentration. 1) value for each period is depicted in Table S2. 7 value in-
creases as NO, emission reduction rate incrases, because that as NO,
emission decreases, nitrate formation becomes more sensitive to NOy
emission change (Zhang et al.,, 2019).

Besides O3, concentrations of some other atmospheric oxidants, such
as HO,, NO3 radical and OH have also increased (Fig. S4). Increase of ox-
idants in the atmosphere will promote formation of secondary aerosols
(Huang et al., 2020; Sun et al., 2020). Secondary aerosols form through
homogeneous and heterogeneous pathways, and we find that the ele-
vated oxidants may be more favorable for the heterogeneous pathway.
We performed a sensitivity study in which the heterogeneous forma-
tion of nitrate is isolated. The result shows that, in the STD simulation,

fi X T v

{(;./' \,.__\7}
% 03 5

L \..\’_/z/‘} o 3 {\7}“

5 l?Lrjjinuss . 5
ug/m120 " f r Z)~.. ug/m30

100

80 15

60 0

40 15

20

0 -30

PM; 5 g

.~j54"

Fig. 4. simulated 2020 first quarter mean surface O; (top) and PM, 5 (bottom) concentrations in STD simulation (left) and OPT simulation (middle), and the difference between them

(right).
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23.9% of nitrate is formed through uptake of N,Os on aerosols, and in the
OPT simulation, the fraction increases to 28.8%.

The large magnitude of decrease in NO, emission during the lock-
down period helps to abate the winter time haze pollution over Central
North China. However, the elevated O3 and relevant atmospheric oxi-
dants' concentration favors the formation of secondary aerosol, espe-
cially through the heterogeneous pathway.

4. Conclusion

The outbreak of COVID-19 lead to substantial decrease of NO,
emission and air quality changes in China. The purpose of this
study is to quantify the NO, emission changes and subsequent
influence on surface PM; 5 and ozone air quality in China due to
COVID-19.

Using TROPOMI NO, columns in combination with the GEOS-Chem
chemical transport model, we estimate weekly NO, emissions from
China in 2019 and 2020 quarter one. The 44.7% decrease of NO, emis-
sion intensity in China from P1 to P2 is substantially higher than the
‘holiday effect’ in 2019. The nation-wide 53.4% low NO, emission from
China in 2020 lockdown period (P2 and P3) compared to the same pe-
riod in 2019 indicates a much stronger effect from COVID-19 than pre-
viously implemented localized NO, emission regulation. For the
second 4-week period after the Chinese New Year Holiday (P4), NO,
emission intensity started to rebound as the resumption of energy use
and economic activity. Interestingly, as of Mar 29, in the last two
weeks of 2020 quarter one, NO, emission has surpassed that in 2019
by 3.9%, indicating a full rebound of NO, emission from China. Com-
pared to the national total level, NO, emission from EC region received
a much greater impact from COVID-19. NO, emission in EC during lock-
down was 58.4% lower than 2019, and in P4 it was still 22.9% lower than
2019 P4.

Overall, NO, emission from China in 2020 first quarter is 28.1%
lower than that in the same period in 2019, for EC, the ratio is 40.5%.
Such large magnitude of decrease in NO, emission has large influence
on surface PM; 5 and Os air quality. We find from model work that
40.5% decrease of NO, emission in EC results in 36.5% increase and
12.5% decrease of surface O3 and PM, 5 concentration, respectively. El-
evated Os and relevant oxidants enhance the secondary aerosol forma-
tion through heterogeneous pathway. The complicated interaction
between PM, 5 and O3 should be considered in the emission control
strategy making process in the future.
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