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ABSTRACT: NO2 and O3 simulations have great uncertainties
during the COVID-19 epidemic, but their biases and spatial
distributions can be improved with NO2 assimilations. This study
adopted two top-down NOX inversions and estimated their impacts
on NO2 and O3 simulation for three periods: the normal operation
period (P1), the epidemic lockdown period following the Spring
Festival (P2), and back to work period (P3) in the North China
Plain (NCP). Two TROPOspheric Monitoring Instrument
(TROPOMI) NO2 retrievals came from the Royal Netherlands
Meteorological Institute (KNMI) and the University of Science
and Technology of China (USTC), respectively. Compared to the
prior NOX emissions, the two TROPOMI posteriors greatly
reduced the biases between simulations with in situ measurements
(NO2 MREs: prior 85%, KNMI −27%, USTC −15%; O3 MREs: Prior −39%, KNMI 18%, USTC 11%). The NOX budgets from the
USTC posterior were 17−31% higher than those from the KNMI one. Consequently, surface NO2 levels constrained by USTC-
TROPOMI were 9−20% higher than those by the KNMI one, and O3 is 6−12% lower. Moreover, USTC posterior simulations
showed more significant changes in adjacent periods (surface NO2: P2 vs P1, −46%, P3 vs P2, +25%; surface O3: P2 vs P1, +75%, P3
vs P2, +18%) than the KNMI one. For the transport flux in Beijing (BJ), the O3 flux differed by 5−6% between the two posteriori
simulations, but the difference of NO2 flux between P2 and P3 was significant, where the USTC posterior NO2 flux was 1.5−2 times
higher than the KNMI one. Overall, our results highlight the discrepancies in NO2 and O3 simulations constrained by two
TROPOMI products and demonstrate that the USTC posterior has lower bias in the NCP during COVD-19.
KEYWORDS: TROPOMI NO2, top-down NOX emissions, WRF-Chem model, North China Plain, O3 concentration, transport flux

1. INTRODUCTION
NOX (NOX = NO2 + NO) emissions made great contributions
to the severe air pollution in the region. High levels of NOX
emissions lead to atmospheric significant nitrogen deposition
in terrestrial and aquatic ecosystems throughout East Asia.1,2

NOX can also react with volatile organic compounds (VOCs)
and so forth to form ozone (O3),3−8 which is another
important gas pollutant and also harmful to the respiratory
system, air quality, climate, and the biosphere.9

Previous studies have demonstrated that the magnitude of
O3 changes to unit changes in precursors varies in a complex
non-linear fashion.4,10,11 For instance, despite the widespread
decrease of NOX emissions across the United States, observed
O3 trends are heterogeneous in space and time: decreasing in
summer over less urbanized areas, and increasing in winter,
night, and urban cores.12−14 Studied the relationship between
NOX and O3 through air quality model was a convenient
method.15 NOX emissions can affect O3 simulation through
tropospheric chemistry has been confirmed in many
studies.16,17

Considering the importance of NOX for the simulations of
O3 and relevant tracers.18,19 Quantifying NOX emissions was
the key part and first step of the atmospheric chemical-
transport model simulation. On the traditional way, NOX
inventories were developed using a bottom-up method.20

Because the bottom-up NOX emissions are easily phased out
quickly due to both rapid anthropogenic emissions changes,
and fast response of NO2 to its emissions resulting from the
relatively short life time of NO2 (3 h to 2 days).21 One way to
improve the NOX emission is to use observations to constrain
bottom-up emissions. In this procedure, emissions are
optimized in order to reduce differences between simulations
and observations (e.g., surface, aircraft, and satellite remote
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sensing).22−25 Among the types of observed data, updating
NOX inventories using satellite measurements is an effective
technique and has been addressed in many studies.26−29

Because satellites can provide high spatial resolution and wide
spatial−temporal coverage. The shutdown of the China socio-
economic activities during the COVID-19 provides an
opportunity to investigate the response of NO2 and O3 to
the abrupt NOX emission reductions.30 Zhang et al.31 found
that TROPOMI-derived NOX emission in the lockdown
period is 53.4% lower than the same period in 2019, leads to
36.5% O3 increase and 12.5% PM2.5 decrease over East China.

Nonetheless, NOX emissions constrained by different
satellite retrievals may have an obvious discrepancy.32 The
magnitude of tropospheric NO2 column densities from two
global retrievals from the National Aeronautics and Space
Administration (NASA) and the KNMI differ by 50% and
show different trends at the regional scale.33 These differences
in column densities can propagate to differences in the
estimated top-down NOX emissions. Qu et al.17 performed
global inversions of NOX emissions from 2005 to 2016 using
two widely used OMI NO2 retrievals from NASA (OMNO2
v3) and KNMI (DOMINO v2). The DOMINO posterior
NOX emissions have larger magnitudes than the prior and
NASA posterior emissions.

Here, we investigate the importance of these discrepancies in
NOx emissions for the simulation of O3 during COVID-19.
We derived regional top-down NOX emissions using two NO2
products (KNMI and USTC) retrieved from TROPOMI.
Then, we assessed their ability to reproduce real concen-
trations of NO2 and O3 by comparing the simulations with
surface measurements from the multi-axis differential optical
absorption spectroscopy (MAX-DOAS) instrument and the
China National Environmental Monitoring Center (CNEMC)
network. We also analyzed the different response of NO2 and
O3 concentrations to large changes in NOX emissions over the
three periods: P1 (1 January to 22 January 2020), P2 (23
January to 17 February 2020), and P3 (18 February to 31
March 2020). Finally, the discrepancy in the transport flux of
NO2 and O3 in Beijing (BJ) using different NOX emissions was
evaluated. Section 2 describes the Weather Research and
Forecasting with coupled chemistry model (WRF-Chem)
setting, TROPOMI NO2 retrieval, top-down NOX emissions
adjustment methods, MAX-DOAS NO2 retrieval methods, and
transport flux calculation; Section 3 discusses the differences in
NO2 and O3 levels, trends, and transport fluxes, which are
influenced by changes in NOX emissions; and Section 4
presents the conclusions of this study.

2. METHODS

2.1. WRF-Chem Simulation
WRF-Chem model simulation was used to derive the NOX emissions
estimates in NCP at 20 × 20 km resolution and obtain the
distribution of air pollutants. The simulation domain covered the
NCP region (32°N−44°N, 108°E−124°E), with a center point of
38.0°N, 115.6°E from January to March 2020. The physical and
chemical configurations adopted in this study have been described
in.34 The 6 h final operational global analysis (FNL) data (https://
rda.ucar.edu/datasets/ds083.2/index.html, last access: 12 June 2020)
were obtained from the National Centers for Environmental
Prediction (NCEP), which provide the initial meteorological fields
and boundary conditions. To reproduce the meteorology accurately,
the weather data for observation nudging are obtained from the
NCEP Administrative Data Processing (ADP) Global Surface
Observational Weather data (ds461.0) (https://rda.ucar.edu/
datasets/ds461.0/, last access: 27 June 2020) and Upper Air
Observational Weather data (ds351.0) (https://rda.ucar.edu/
datasets/ds351.0/index.html, last access: 27 June 2020)”. The
Carbon-Bond Mechanism version Z photochemical mechanism35

combined with the Model for Simulating Aerosol Interactions and
Chemistry36 was used to simulate the chemical process in the
atmosphere. The bottom-up anthropogenic emissions data were
acquired from the MEIC in 2017 developed by Tsinghua University
(http://meicmodel.org/, last access: 16 November 2020). The fire
inventory of National Center for Atmospheric Research (NCAR) was
the data source for the near-real-time fire emissions, which are based
on moderate resolution imaging spectroradiometer rapid response fire
counts (https://www.acom.ucar.edu/acresp/forecast/fire-emissions.
shtml, last access: 17 November 2020). The biogenic emissions
were calculated online using the Model of Emissions of Gases and
Aerosols from Nature (https://www2.acom.ucar.edu/modeling/
model-emissions-gases-and-aerosols-nature-megan, last access: 17
November 2020) embedded in the WRF-Chem model.

2.2. TROPOMI NO2 Retrieval
TROPOMI, on-board the Sentinel-5 Precursor satellite, is a nadir-
viewing hyperspectral spectrometer launched on 13 October 2017 by
the European Space Agency (ESA). TROPOMI images capture
various air pollutants in UV−visible−near-infrared spectra at 13:30
local time each day with a fine spatial resolution of 7 × 3.5 km2 at
nadir (increased to 5.5 × 3.5 km2 since August 2019).37,38 Two level-
2 NO2 retrieval products are used to derive the regional top-down
NOX emissions in this study: the operational KNMI and USTC
products. NO2 retrieval algorithm information of the former has been
described in detail by.39 The latter followed the satellite trace gas
retrieval algorithms from USTC.40−43 The TropNO2VCDs retrieval
consists of three steps: (1) spectral fitting of total NO2 slant column
densities (SCDs), SCDtotal; (2) Air mass factor (AMF) calculation,
AMFstrat and AMFtropo; (3) Separate stratospheric NO2 contribution
from total NO2 column. Therefore, the TropNO2VCDs (VCDstrat)
can be computed by the following equation

VCD
SCD AMF VCD

AMFstrat
total strat strat

tropo
= ×

Table 1. NO2 Retrieval Settings Used in the KNMI and USTC Algorithms

NO2 retrieval settings for
TROPOMI KNMI USTC

SCD retrievals TROPOMI NO2 processor39 QDOAS

calculation of NO2 AMF RTM doubling-adding KNMI (DAK) radiative transfer model,
version 3.252

vector linearized discrete ordinate radiative transfer
model (VLIDORT), version 2.746

method look-up table (LUT) interpolation52 pixel-by-pixel calculation
a priori NO2

vertical profiles
data assimilation/chemistry transport model version 5

(TM5-MP); spatial resolution: 1° × 1°53
WRF-Chem version 4.0; Spatial resolution:

20 km × 20 km34

stratosphere−troposphere
separation of NO2

TM5-MP52,53 STREAM49
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For the total NO2 SCD retrieval, the wavelength range of 405−465
nm was selected for spectral fitting with the QDOAS software.44

QDOAS is based on nonlinear least square method and is configured
to follow the recommendations in the QA4ECV NO2 project.45 For
the AMFs in the troposphere and stratosphere, Vector Linearized
Discrete Ordinate Radiative Transfer (VLIDORT) model version
2.746 and a priori NO2 vertical profiles were utilized. Using accurate
and high-resolution data (spatially and temporally) as inputs in
calculating the AMF can significantly reduce the overall errors of the
AMF and thus the tropospheric vertical column content.47,48 In this
study, the local-updated NO2 vertical profiles with a horizontal
resolution of 20 km × 20 km was provided by WRF-Chem
simulation.34 In order to separate the contribution of stratospheric
NO2 from the total NO2 column, the Stratospheric Estimation
Algorithm from Mainz (STREAM)49 was used in this study. The
details for the two NO2 retrieval settings are listed in Table 1. Note
that satellite pixels were filtered out first if satisfying any of the
following rejection criteria: cloud radiance fraction larger than 30%;
root mean square (RMS) of the spectral fitting larger than 0.002;
pixels affected by the row anomaly; solar zenith angle larger than 70°;
and other quality flags.50 For the tropospheric NO2 vertical column
densities (TropNO2VCDs) in NOX emissions estimation, a novel P-
spline method51 was used to re-grid NO2 VCDs into a level-3 product
with a resolution of 20 km × 20 km.
2.3. Top-Down NOX Emissions
For this study, the mass balance procedure developed by Martin21 and
improved by Lamsal et al.54 and Vinken et al.55 was used to estimate
the top-down NOX emissions. This method considered the fact that
TropNO2VCDs respond non-linearly to surface NOX emission
change. We performed a sensitivity study by perturbing surface
NOX emission by 20% to get the scaling factor β, which denotes the
relative change of simulated TropNO2VCDs due to a 1% change in
NOX emission. We also take into account the dimensionless factor (γ)
following Visser et al.,16 which reflects the influence of NOX emission
on the tropospheric AMF calculation. The equation used to estimate
the top-down NOX emission (Etd) based on bottom-up NOx emission
(Ebu), TROPOMI TropNO2VCDs with AMF from WRF-Chem using
bottom-up NOX emission (CTROPOMI_m,bu) and simulated Trop-
NO2VCDs using bottom-up NOX emission (Cm,bu) is as follows

E E
C C

C
(1 (1 ))td bu

TROPOMI m,bu m,bu

m,bu
= + + _

The scale factors β and γ are calculated using the following
equations

C C C
20%

( /m,1.2bu m,bu) m,bu)
=

C C C

C C C

( )/

( /
TROPOM m,1.2bu TROPOM m,bu TROPOM m,bu

m,1.2bu m,bu) m,bu)
= _ _ _

Uncertainties in the NOX emissions are mostly driven by the
TROPOMI NO2 retrieval errors and the error of linking local NO2
VCDs to local emissions on the basis of model simulations. The latter
was estimated at ∼30% by Zhao and Wang56 and Lorente et al.57

TROPOMI NO2 retrieval errors mainly from the computation of
AMFs. We compared the TROPOMI TropNO2VCDs to MAX-
DOAS measurements (Figure 5). The mean of relative errors < 30%
(KNMI: 29%, USTC: 22%). Therefore, the total error estimations are
∼42 and ∼37% for KNMI and USTC posterior NOX emissions,
respectively. This is similar to the uncertainty estimate for the mass
balance approach for single determinations, reported by Cambaliza et
al.58

2.4. MAX-DOAS Measurements
Three MAX-DOAS instruments were positioned in the southwest of
BJ at the following sites: WD (115.15°N, 38.17°E), QKY (39.95°N,
116.32°E), and DQS (39.98°N, 116.38°E). This compact instrument
consists of an ultraviolet spectrometer with a scanning telescope, a

stepping motor acting as a controlling unit on the viewing zenith angle
of the telescope, and a spectrometer covering the visible (Vis)
wavelength range from 393 to 525 nm. The scattered sunlight
collected by the telescope was redirected by a prism reflector to the
spectrometer for spectral analysis. The viewing azimuth angle (0) of
the telescope was adjusted to 195° with a lowest elevation angle of 3°.
A measurement sequence consisted of measuring scattered sunlight
spectra at elevation angles (a) of 90° (zenith), 30, 15, 10, 7, 5, and 3°.
To achieve similar intensity levels for all the measurements, the
number of scans and exposure time for each measurement were
adjusted automatically depending on the intensity of received
scattered sunlight. A complete measurement sequence required
approximately 4 min depending on the measured intensity. All
measured spectra were first corrected for offset and dark current. The
Fraunhofer reference was used to remove the solar Fraunhofer
structure in the scattered sunlight, which was usually selected at the
90° elevation angle during noon on a clear day. The spectra evaluation
software QDOAS developed by BIRA-IASB (http://uv-vis.aeronomie.
be/software/QDOAS/) was used for the spectral fitting analysis. The
detailed configuration of the spectral fitting is listed in ref 42. The
fitting wavelength interval of NO2 was 338−370 nm, and trace gas
absorption cross sections of NO2 were included at 220 and 298 K in
the fitting. The DOAS spectral retrieval results are the differential
slant column densities (DSCDs), which are defined as the difference
between the SCD of the measured spectrum and the Fraunhofer
reference spectrum. The AMF59 was applied to convert the DSCDs
into VCDs to compare the measurements with each other. Because
the DOAS analysis results were the DSCDs, we applied the concept of
differential air mass factor (DAMF) to convert the measurements to
VCDs as follows (α: denotes the elevation angle and α ≠ 90°)

DAMF AMF AMF90= (1)

The tropospheric DSCDα can be expressed as

DSCD SCD SCD90= (2)

The VCD was calculated with AMF as

VCD SCD/AMF= (3)

SCD VCD AMF= · (4)

SCD VCD AMF90 90= · (5)

By substituting eqs 4 and 5 into eq 2, and applying eq 1, we
obtained the final value as

VCD DSCD /DAMF= (6)

2.5. Inter-Cities Boundary Transport
The transport flux here represent the mass of air pollutant that passes
through a vertical plane over a period of time.60 In this study, we
calculated the fluxes of NO2 and O3 at the administrative boundary of
the BJ in the three periods. According to previous studies,61,62 the
inter-city transport flux was calculated as follows, the example of flux
calculation is shown in Figure S1.

H xcw vFlux
i

n

l
i

1

= ·
=

where l is the length of administrative boundary line, which is
numerically equal to the product of grid resolution and the number of
boundary grids; n is the number of layers from the ground to
tropopause; Hi is the height between layer i and i + 1; x is the grid
width; c is the averaged concentration of NO2 or O3 at the vertical
grid cell; w is the wind vector; and v is the normal vector of the
vertical grid cell. The variables in the expression can be obtained from
the WRF-Chem simulation. Fluxes through the vertical plane that
flow out of BJ is considered outflow fluxes and treated as positive.
Conversely, the flux flow into BJ is considered inflow fluxes and are
treated as negative. The net flux of the BJ is the sum of inflowing and
outflowing fluxes.
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2.6. Ancillary Data
We evaluated the surface simulations of NO2 and O3 with hourly
measurements from the CNEMC network (http://www.cnemc.cn/
en/, last access: 28 July 2020). The 0−23 h concentrations of these
measurements from January to March 2020 were used in this study.
For this study, 152 in situ sites over “2 + 26” cities are taken into
account. Data quality control has been applied to the CNEMC
measurements to remove unreliable outliers following previous
study.63

3. RESULTS

3.1. Magnitude and Trend of TROPOMI NO2

The Ministry of Environmental Protection in China released
the Air Pollution Prevention and Control Work Plan in
February 2017, which referred to the cities that transmit air
pollution as “2 + 26” cities (represented by triangles in Figure

1) for the first time. The “2 + 26” cities represent 28 NOX
polluted cities in the NCP, including 2 cities with significant
NOX pollution [BJ and Tianjin (TJ)] and 26 cities (the rest of
the cities) with high NOX concentrations.

In “2 + 26” cities, the KNMI TropNO2VCDs (Figure 1a−c)
were 1.28, 0.58, and 0.76 × 1016 molecules/cm2 during P1, P2,
and P3, and the USTC TropNO2VCDs (Figure 1e−g) were
1.68, 0.73, and 1.16 × 1016 molecules/cm2, respectively. The
TropNO2VCDs from USTC were 31, 26, and 53% higher than
those from KNMI; the averaged TropNO2VCDs for the three
periods for USTC were 42% higher than those for KNMI. This
phenomenon also has been identified previously, which the
current TROPOMI operational NO2 product may have a low
bias of 20−40% in urban areas.64,65 Compared with P1, the
TropNO2VCDs for P2 had decreased by 55% for the KNMI
products and by 57% for the USTC products. In contrast,

Figure 1. TROPOMI TropNO2VCDs and their differences (USTC minus KNMI) for P1 (a,e,i), P2 (b,f,j), P3 (c,g,k), and the average of three-
period (d,h,l). Note: (BJ: Beijing, TJ: Tianjin, SJZ: Shijiazhuang, TS: Tangshan, BD: Baoding, LF: Langfang, CangZ: Cangzhou, HS: Hengshui,
HD: Handan, XT: Xingtai, TY: Taiyuan, YQ: Yangquan, ChangZ: Changzhi, JC: Jincheng, JNan: Jinan, ZB: Zibo, LC: Liaocheng, DZ: Dezhou,
BZ: Binzhou, JNing: Jining, HZ: Heze, ZZ: Zhengzhou, XX: Xinxiang, HB: Hebi, AY: Anyang, JZ: Jiaozuo, PY: Puyang, and KF: Kaifeng.)

Figure 2. Evolution of the mean concentration of TropNO2VCDs observed by the satellites in “2 + 26” cities during the three periods. Note: the
time series with daily variation is a 7-day moving average.
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compared with P2, the TropNO2VCDs for P3 had increased
by 31% for the KNMI product and by 59% for the USTC
product (Figure 2). Compared to the USTC retrieval, the
KNMI captured significantly decreased in TropNO2VCDs
from P1 to P2, while had little sign of recovery in P3. Figure 3

indicated that the two TropNO2VCD retrievals are both in
good agreement with MAX-DOAS observation (R2: KNMI
0.69, USTC 0.74), and the USTC products have a smaller
mean square error (RMSE: KNMI 0.59, USTC 0.38).
Additionally, the TropNO2VCDs showed significant spatial
disparities in the three periods. To better demonstrate the
response of provincial-level pollutants to Chinese government
policies, we divide “2 + 26” cities into six provinces: BJ, TJ,
Hebei (HB, include Shijiazhuang, Tangshan, Langfang,
Baoding, Cangzhou, Hengshui, Xingtai, and Handan), Henan
(HN, include Zhengzhou, Kaifeng, Anyang, Hebi, Xinxiang,
Jiaozuo, and Puyang), Shanxi (SX, include Taiyuan, Yangquan,
Changzhi, and Jincheng), and Shandong (SD, Jinan, Zibo,
Jining, Dezhou, Liaocheng, Binzhou, and Heze). From the
provincial differences, BJ, TJ, and cities in HB had higher
values of TropNO2VCDs during P1. From P1 to P2, the most
rapid decline in TropNO2VCDs also occurred in these three
regions. In China, most of China’s production capacity is
concentrated there. Moreover, the governments in these areas
are more open than other regions,66 so they were able to more
quickly respond to the emergency measures. Therefore,
enterprises in these regions were more affected by the
epidemic, resulting in more significant changes in NOX
emissions and concentrations.

3.2. Estimation of NOX Emissions

Discrepancy in NO2 retrieval products is a major source of
uncertainties in the top-down NOX emission estimations. The
different vertical sensitivities in the two NO2 retrievals affect
both magnitude and variations of top-down NOX emissions. As
shown in Table 2, the USTC posterior NOX emissions had a
larger magnitude than the KNMI posterior one. The budgets
of the three-period averaged NOX emissions from the KNMI
posterior emissions in the six provinces were approximately
18−49% lower than the prior emissions; the USTC posterior
emissions were approximately 4−35% lower than the prior
emissions; and the USTC posterior emissions were approx-
imately 17−31% higher than the KNMI posterior emissions.
The largest difference between the two posterior emissions was
in TJ, where the USTC values were 31% higher than those for
KNMI; the USTC values were approximately 20% higher than
those for KNMI in the remaining five provinces.

In terms of the different periods (Table S1), the prior
(bottom-up) NOX emissions remained unchanged during P2
when compared to P1, whereas significant reductions were
observed after satellite adjustments [the KNMI and USTC
posterior decreased by 16−51% (averaged −27%) and 18−
54% (averaged −34%) respectively]. Prior (MEIC) NOX
emissions in most provinces barely changed (except BJ and
TJ, which declined slightly by 15 and 7% respectively) from P2
to P3, whereas the emissions increased significantly after
satellite constraints [KNMI and USTC posterior increased by
10−44% (averaged +30%) and 34−71% (averaged +50%)
respectively]. This implies that, compared with the bottom-up
inventory, the top-down NOX inventory are better able to
reflect the lockdown and recovery of human activity in a timely
manner.67

3.3. NOX Emission Evaluation

To evaluate the magnitude of the prior and posterior NOX
emissions, we compared the simulations of surface NO2 and
O3 concentrations using the prior, KNMI posterior, and USTC
posterior NOX emissions with surface measurements.
3.3.1. Comparison between Simulated Surface Con-

centrations and In Situ Observation. In “2 + 26” cities, the
correlation between simulations and CNEMC data was
significantly improved after top-down adjustments (Figure
4), and the R2 values of NO2 and O3 simulated from prior NOX
emissions were 0.58 and 0.60, respectively. After the top-down
adjustment in NOX emissions, the R2 of NO2 increased to 0.69
(KNMI posterior) and 0.78 (USTC posterior), and the R2 of
O3 increased to 0.67 (KNMI posterior) and 0.74 (USTC
posterior); the mean relative errors (MREs) for NO2
concentrations decreased from 85 to −27% (KNMI posterior)
and −15% (USTC posterior); the MREs for O3 concentrations
decreased from −39 to 18% (KNMI posterior) and 11%
(USTC posterior). WRF-Chem simulations using the USTC

Figure 3. Scatterplot of TROPOMI [KNMI (green), USTC (red)]
and MAX-DOAS observed TropNO2VCDs.

Table 2. NOX Emissions Budgets in the “2 + 26” Cities during Jan.−Mar., 2020 (Gg/month)

region prior
KNMI

posterior
USTC

posterior KNMI posterior vs prior (%) USTC posterior vs prior (%) USTC posterior vs KNMI posterior (%)

Beijing 13 7 8 −46 −35 20
Tianjin 16 8 10 −49 −34 31
Hebei 61 39 46 −36 −24 18
Henan 23 15 18 −36 −24 19
Shaanxi 16 13 15 −18 −4 17
Shandong 39 27 32 −32 −19 20
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posterior emissions were closest to surface observations for
NO2 and O3 when compared to those using KNMI posterior
and prior emissions.
3.3.2. Comparison between Simulated Column

Concentrations and MAX-DOAS Observation. The results
for all three sites (WD, QKY, and DQS) showed that (Figure
5) the correlation between the simulated concentrations using
posterior NOX emissions and the observed concentrations was
significantly improved when compared to the simulated values
using prior NOX emissions. Before the TROPOMI constraint,
the R2 for NO2 concentrations was approximately 0.39−0.46,
and after the calibration by KNMI and USTC, it increased to
approximately 0.58−0.65 and 0.68−0.74 for the posterior and
prior emissions, respectively. Before the calibration, the RMSE
for NO2 concentrations was 1.87−2.12 (×1016 molecules/
cm2), and after the calibration by KNMI and USTC, it
decreased to 0.95−1.14 (×1016 molecules/cm2) and 0.69−0.87
(×1016 molecules/cm2), respectively.

The QKY and DQS sites are located in the city center, and
their concentrations are higher than WD, and the correlation is
lower than WD. This may be attributed to emissions from
vehicles on the road close to the observation sites.68 One
interesting finding is that different slopes appear in the

simulated TropNO2VCDs against the MAX-DOAS one for the
three periods, which P1 > P3 > P2 (Figure S3). When the
concentration of NO2 is lower, its distribution is closer to the
surface, and TROPOMI underestimates NO2 more obviously,
resulting in a smaller slope.69 The simulated NO2 VCDs from
the prior emissions were higher than the observed values, and
the simulated NO2 VCDs using the KNMI posterior emissions
were lower than those using USTC posterior, which is
consistent with TROPOMI observation. Overall, TROPOMI-
derived NOX emissions improved the correlation between NO2
and O3 simulation with in situ MAX-DOAS and CNEMC
network, and USTC posterior performed lesser bias than
KNMI one in the NCP during COVID-19.
3.4. Simulated NO2 and O3 Concentration Evaluation

3.4.1. On the Spatial Scale. The constrained NOX
emissions with satellite observations could play an important
role in the NO2 and O3 simulation. We compared the NO2 and
O3 concentrations of KNMI posterior, USTC posterior, and
prior emissions across the six provinces.

The surface NO2 concentrations estimated using KNMI and
USTC posterior decreased by approximately 41−56 and 36−
51%, respectively, when compared to that using prior

Figure 4. Comparison of simulation and CNEMC measurements during COVID-19. The time series concentrations of (a) NO2 and (b) O3 are 0−
23 h averaged from 152 in situ sites over “2 + 26” cities. Note: Con., concentration, Obs., observed, and Sim., simulated.

Figure 5. Evaluation of hourly simulation of TropNO2VCDs with MAX-DOAS measurements in the three sites (a) WD, (b) QKY, and (c) DQS.
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emissions; the surface NO2 concentrations from USTC
posterior increased by approximately 9−20% compared to
those from KNMI posterior. The TropNO2VCDs obtained
using KNMI and USTC posterior emissions decreased by
approximately 36−62 and 30−53%, respectively, when
compared to that using prior emissions; the TropNO2VCDs
from USTC posterior increased by approximately 10−25%
compared to those from KNMI posterior. The NO2 surface
concentrations and TropNO2VCDs from USTC posterior
were higher than those from KNMI posterior in most cities
during the three periods, expect for TY in P1, which is
consistent with the TROPOMI observation (Figures 6 and
S4). In places where key polluting enterprises are concentrated
(BJ−TJ−HB region), the impact of the epidemic on the
emission concentration of key polluting enterprises varies
greatly from P1 to P2 and from P2 to P3.

It is well known that O3 has a non-linear dependence on its
precursors and that NOX can either decrease or increase O3
depending on the relative abundance of NOx to VOCs70,71 For
this study, in contrast to the change in NO2 concentration, the
surface O3 concentrations determined using KNMI and USTC
posterior increased by approximately 71−82 and 50−65%,
respectively, when compared to that using prior emissions; the
surface O3 concentrations from USTC posterior decreased by
approximately 6−12% compared to those from KNMI
posterior. The tropospheric O3 VCDs (TropO3VCDs) using
KNMI and USTC posterior emissions increased by approx-
imately 17−28 and 13−21%, respectively, when compared to
that using prior emissions; the TropO3VCDs from USTC

posterior emissions decreased by approximately 3−7%
compared to those from KNMI posterior. The O3 surface
concentrations from USTC posterior was lower than those
from KNMI posterior in most cities during the three periods,
especially 18% lower in P1 (Figures 7 and S5).
3.4.2. On the Temporal Scale. We compared the changes

of NO2 and O3 concentrations based on KNMI posterior,
USTC posterior, and prior emissions for the three periods
(Figure 8).

The NO2 simulation based on the prior did not decrease
significantly from P1 to P2 and did not increase but decreased
from P2 to P3 (changes in surface concentrations: P2 vs P1
−24%, P3 vs P2 −25%; changes in TropNO2VCDs: P2 vs P1
−27%, P3 vs P2 −35%). While the simulation after satellite
constraints well reproduced the process of NO2 decreasing
from P1 to P2 and then increasing from P2 to P3 (changes in
surface concentrations based on KNMI and USTC posterior:
P2 vs P1 −44% and −46%, P3 vs P2 +17% and +25%; changes
in TropNO2VCDs based on KNMI and USTC posterior: P2
vs P1 −47% and −50%, P3 vs P2 +30% and +41%). These
results are consistent with the recent findings of refs 72 and 73.
The decreasing rate of NO2 concentrations was order by
USTC posterior > KNMI posterior > prior during P2
compared to P1 and the increasing rate order by USTC
posterior > KNMI posterior during P3 compared to P2.

The O3 surface concentrations and TropO3VCDs before and
after the adjustments exhibited a continuously increasing trend.
The O3 simulation based on prior increases at similar rates
from P1 to P2 and P2 to P3 (changes in surface

Figure 6. Simulated TropNO2VCDs based on bottom-up NOX emissions (a−d), constrained by (e−h) KNMI and (i−l) USTC products. The
column panels from left to right represent the average TropNO2VCD distribution in P1, P2, P3, and the 3-month period, respectively.
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concentrations: P2 vs P1 +37%, P3 vs P2: +41%; changes in
TropO3VCDs: P2 vs P1 +7%, P3 vs P2: +8%). However, the
increase rate of O3 simulation from P1 to P2 after satellite
constraint is significantly steeper than that from P2 to P3
(changes in surface concentrations based on KNMI and USTC
posterior: P2 vs P1 +66% and +75%, P3 vs P2: +17% and
+18%; changes in TropO3VCDs based on KNMI and USTC
posterior: P2 vs P1 +12% and +16%, P3 vs P2: +4% and +6%),
caused by the large reduced in NOX emissions during P2. This
finding was supported by precious studies, the O3 production
in urban areas with high NOx/VOCs ratios is VOCs limited,
and reducing NOx emissions can increase O3 due to decreased
titration of O3 and radicals.74,75 Additionally, above findings
indicated that, compared to the simulation based on the other
two top-down emissions, the NO2 and O3 simulation based on
USTC shows the largest variation from P1 to P2 and from P2
to P3.
3.5. Transport Flux in BJ

In addition to local emissions, the transport of pollutants also
plays an important role in air quality. Transport flux is strongly
influenced by changes in pollutant concentration and wind
field and then affects the accumulation or diffusion of local
pollutants.76,77 The lifetimes of NO2 and O3 (∼22 d on global
average) are long enough for regional transport.78 For this
reason, the effects of different NOX emissions on BJ transport
flux were evaluated (Table 3). Positive values mean net flux is
outflow NO2 or O3 from BJ, which represented by outflux from
BJ. Negative values mean net flux is inflow NO2 or O3 to BJ,

which is represented by the influx of BJ. Compared to the flux
from prior simulation, the top-down adjustments showed that
the tropospheric NO2 outflux in all the three periods were
decreased significantly (KNMI: −46, −95 and −113%, USTC:
−29, −85 and −133%), and the O3 influx from the
surrounding cities were increased slightly (KNMI: 22, 15
and 20%, USTC: 16, 8 and 13%). The NO2 outflux (2.6 Gg/
month) from BJ using prior emissions and turned into NO2
influx (KNMI: −0.3 Gg/month, USTC: −0.8 Gg/month)
from neighboring cities in P3 after satellite constraints, which
due to a combination of concentration changes and wind fields.
Compared to the model using the KNMI posterior, the revised
USTC model showed that the output of NO2 in BJ was two
times (219%) higher in P2 and 1.5 times (147%) higher in P3,
whereas the output of O3 from the surrounding cities to BJ was
almost the same (differ by 5−6%) in the three periods.

4. CONCLUSIONS
The outbreak of COVID-19 led to substantial decrease of NOX
emission and air pollutants changes in NCP. Our goals were
threefold: (1) quantify the NOX emission changes, (2) assess
how well TROPOMI-adjusted NO2 and O3 simulations
compare to observations, and (3) investigated the impacts of
NOX emissions on the simulated concentration, variation
trend, and transport flux for NO2 and O3. Our study revealed
significant differences in NO2 and O3 simulations constrained
by the two TROPOMI retrievals, and USTC posterior have
lower bias in the NCP during COVD-19.

Figure 7. Simulated TropO3VCDs based on bottom-up NOX emissions (a−d), constrained by (e−h) KNMI and (i−l) USTC products. The
column panels from left to right represent the average TropO3VCD distribution in P1, P2, P3, and the 3-month period, respectively.
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From a top-down perspective, we estimated the NOX
emissions using two NO2 retrievals (KNMI and USTC)
from TROPOMI combined with WRF-Chem simulations. The
two TROPOMI posterior corrected the positive bias of the
bottom-up NOX emissions (decreased by 18−49 and 4−35%,
respectively). Although budgets of averaged NOX emissions
from the USTC posterior were 17−31% larger than the KNMI
values, their trends in the three period are well correlated with
each other. NOX emissions in “2 + 26” cities NOX emissions
decreased (KNMI: −27%, USTC: −34%) significantly from
P1 to P2 and then increased (USTC: +30%, KNMI: +50%) in
P3. Zheng et al.79 developed a novel bottom-up approach and
found that the monthly NOX emissions in 2020 over China
have changed 1.69 Tg to 1.04 Tg (decreased by 38%) from
January to February and then increased to 1.56 Tg (increased
by 50%) from February to March, which supported our
findings in spite of the different regions between our research.
We focused more on “2 + 26” cities in NCP, which captured
the attention of the Ministry of Environmental Protection of

China.61 Our results were also similar with previous research.
Zhang et al.80 found that NOX emissions in East China
decreased by 50% from P1 to T2 (January 23 to February 9,
2020) and increased by 26% from T2 to T3 (February 10 to
March 12, 2020). Zhang et al.31 discovered that NOX emission
intensity in China declined by 44.7% from P1 to T2 and
increased by 20.3% during the 4 weeks after T2.

As several studies previously have investigated the relation
between NOX and O3 formation.81,82 NOX assimilation impact
tropospheric chemistry, and therefore, improve the estimates
of O3 simulations.16,17 Compared to ground-based measure-
ments from MAX-DOAS and CNEMC network over “2 + 26”
cities,42 modeling with the two posterior NOX emissions
effectively improved the performance of NO2 and O3. In
addition, modeling simulations using the USTC posterior NOX
emissions exhibited the smallest bias with surface NO2 and O3
measurements (KNMI: MREs were −27 and +18%,
respectively; USTC: MREs were −15 and +11%, respectively).
This is in line with other validation activities that suggest that

Figure 8. Effects of NOX emissions on air pollutants simulation over “2 + 26” cities. (a,b) present the regional 0−23 h averaged NO2 surface
concentrations and TropNO2VCDs; (c,d) are the same as (a,b) expect for O3.

Table 3. Transport Fluxes of NO2 and O3 in BJ during Jan.−Mar., 2020 (Gg/month)

NO2 net flux
(Gg/month) prior

KNMI
posterior

USTC
posterior

KNMI posterior vs prior
(%)

USTC posterior vs prior
(%)

USTC posterior vs KNMI posterior
(%)

P1 9.6 5.2 6.8 −46 −29 31
P2 5.8 0.3 0.9 −95 −85 219
P3 2.6 −0.3 −0.8 −113 −133 147

O3 net flux
(Gg/month) prior

KNMI
posterior

USTC
posterior

KNMI posterior vs prior
(%)

USTC posterior vs prior
(%)

USTC posterior vs KNMI posterior
(%)

P1 −99.6 −121.5 −116.0 22 16 −5
P2 −53.7 −61.4 −58.0 14 8 −6
P3 −96.4 −115.7 −109.1 20 13 −6
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KNMI-TROPOMI NO2 columns are on average some 20−
40% lower than measured with independent ground-based
measurements.37,64 For USTC-TROPOMI retrieval, the main
algorithm improvements include the use of local-updated a
priori information from the regional chemical transport model,
pixel-by-pixel RTM calculations instead of interpolations by a
look-up table, and optimized configuration parameters such as
instrument slit functions and gas cross sections.40,41

By comparing the changes of NO2 and O3 concentrations
based on the other two top-down emissions during the three
periods, the NO2 and O3 simulation based on USTC shows the
larger rate of change from P1 to P2 (P2 vs P1: NO2 surface
con. decrease by 46%, TropNO2VCDs decrease by 50%; O3
surface con. increase by 75%, TropO3VCDs increase by 16%)
and from P2 to P3 (P3 vs P2: NO2 surface con. increase by
25%, TropNO2VCDs increase by 41%; O3 surface con.
increase by 18%, TropO3VCDs increase by 6%). Similar
NO2 and O3 changes have been reported in previous studies.
According to satellite and surface observations, compared with
the period before the lockdown, NO2 concentrations decreased
by ∼50% in China during the lockdown period,83,84 surface O3
concentrations in northern and central China increased by
∼100%. Zhao et al.85 found that Tropospheric Ozone Column
over eastern China increased by 10% from pre-lockdown to
pre-lockdown period. It was supported by that in the VOC-
limited region, reducing NOX concentrations may cause local
increases in O3.86

The NO2 and O3 simulations based on different NOX
inventories also influenced the net-flux in BJ, especially on
the net-flux of NO2. For the NO2 outflux in BJ, the posterior
simulations decreased sharply than prior simulations during P2
and P3 (KNMI: −95% and −113%, USTC: −85% and
−133%). In addition, BJ outflow NO2 along with the inflow of
O3 in the first two periods. This is due to the difference in the
distribution of NO2 and O3 concentrations within the BJ and
the surrounding cities. As the areas downwind of large urban
areas will experience some O3 formation due to NOX
outflow.87 The obvious difference between USTC and
KNMI posteriors appeared in NO2 outflux, and USTC was
1.5−2 times of KNMI. For O3 influx, there was little difference.
These were due to the different vertical profiles of NO2 and O3
concentrations.85,88

Two apparent limitations of this study are as follows: (1)
there is only one TROPOMI observation data per day; hence,
the NO2 discrepancies between satellite observation and model
simulation at ∼13:00 were used to estimate the top-down NOX
emission. However, the diurnal variation of NOX during
COVID-19 varies greatly compared to the prior one, so there
are still large discrepancies in diurnal variations between
simulation and observation for NO2 and O3. Future geosta-
tionary satellite observations will provide updated NOX
emissions on an hourly basis, may help us better understand
the diurnal variations of NO2 and O3 concentrations. (2) Non-
methane VOCs (NMVOCs) also play an important role in O3
formation,89,90 and have a significant decline (−37%) over
China from January to February, 2020. It has been shown that
VOCs and NOX emissions can affect the production or loss of
each other.91 Meanwhile, we did not consider both NO2 and
NMVOC (e.g. formaldehyde, HCHO) changes in our top-
down inversions.33,92 Future research can focus on incorporat-
ing both species in the top-down method by dealing with the
tangled relationship between VOC−NO2 and NOX−HCHO.
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