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Supplementary Material

Text S1: Evaluation of meteorological simulation

Performance of meteorological simulation is important for the inversion estimation since the meteorological parameters determine
the transport process from the sources to the observation and influence the estimation of flow-dependent background error covariance.
The air temperature, relative humidity and precipitation also affect the atmospheric chemistry and the removal of air pollutants. The
meteorology simulation was evaluated against the daily observations from China Meteorological Administration (CMA) with spatial
distribution of meteorological observation sites shown in Fig. S25. Figure S26-31 present the comparisons of simulated and observed
regional mean daily meteorological parameters (i.e., u-wind, v-wind, temperature, relatively humidity and precipitation) over six regions
of China from January to February 2020, with calculated evaluation statistics summarised in Table S4. In general, the simulation can
well capture the main feathers of the observed meteorological conditions in all regions for our simulation period. All variables exhibited
small RMSE values in all regions, that are around 1 m/s for wind speed, 1°C for T, 10% for RH and 0.08-2.38mm for precipitation.
Therefore, the WRF can generally well reproduce the meteorological conditions for all regions of China, which is adequate for our

inversion estimates.

Text S2: Assessment of the influence of chemiluminescence monitor interference on the inversion of NOx emission

The NO; measurement from CNEMC is made by the chemiluminescent analyser with a molybdenum converter, which is subject
to the positive bias induced by the interference of HNO3s;, PAN and alkyl nitrates (AN) (Dunlea et al., 2007; Lamsal et al., 2008).To
investigate the influence of the chemiluminescence monitor interference on the NO, measurement and its impact on the inversion of
NOx emissions, a sensitivity inversion run was conducted based on the corrected NO, measurement using the corrected factors (Eq. (1))
proposed by Lamsal et al. (2008). In order to alleviate the effects of emission uncertainty on the CF calculations, the CF values were
calculated based on the simulated NO,, HNOs, PAN and AN using the inversed emission inventory. Figure S16 shows the calculated
CFs for NO, measurements over different regions of China during COVID-19 pandemic, which ranged from 0.75 to 0.99. The CF values
over NCP, NE, NW and Central were stable throughout the COVID-19 pandemic, all larger than 0.9, suggesting that chemiluminescence
monitor interference only has slight effects on the NO, measurement there. Over the SE and SW regions, there was a drop of CF values
during the lockdown period, followed by an increase after the lockdown, suggesting that the decline of NO, concentrations during
lockdown period may be larger.

As shown in Figure S17, the overestimations were lower than 3 pg/m3 over different regions of China throughout the COVID-19
pandemic, which is smaller than the observation errors (~10 ug/m3) we used in the assimilation, suggesting that the observation error
caused by the chemiluminescence monitor interference were well considered in our assimilation. To better quantify the influences of
chemiluminescence monitor interference on the inversed NOx emission, an additional inversion experiment was conducted based on the
corrected NO, measurement using the calculated CFs. The results suggest the chemiluminescence monitor interference in the NO»
observations had weak impacts on the inversed NO, emissions as seen in Fig. S18 and Fig. S19, which display the comparisons of the
inversed NOy emission with and without correction in respect of the magnitude and change ratio during different stage of COVID-19
pandemic. The differences in the magnitude of inversed NOy emissions caused by correction were about 2—-7% over the NCP, NE, NW

and Central, and were about 10-13% over the SE and SW. The differences in the emission reductions of NOy were also small, which
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was about 0.3 to 4.1 percentage points. These results indicate that due to the considerations of observation error in the EnKF, the

chemiluminescence monitor interference to the NO, measurement might not significantly influence our inversion results in this

application. However, the NOy emissions could be slightly overestimated due to the positive biases in the NO, measurement, and the

inversed NOy emissions may drop faster if the NO, measurement was corrected.
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Figure S1: Time series of PMzs concentrations over (a) NCP, (b) NE, (c) SE, (d) SW, (e) NW and (f) Central regions from 1st Jan to 29th Feb
2020 obtained from observation (black line) and simulation using a priori (blue line) and a posteriori (orange line) emissions.
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Figure S3: Same as in Fig. S1 but for NO2 concentrations.
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Figure S4: Same as in Fig. S1 but for SOz concentrations.
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Figure S5: Same as in Fig. S1 but for CO concentrations.
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54 Figure S6: Same as in Fig. S1 but for Oz concentrations.
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Figure S20: Comparisons of the inversion estimated total emissions of (a) NOx, (b) SOz, (c) CO, (d) PMzs and (e) PM1o before lockdown
based on the a priori emissions for 2010 (read) with those based on the a priori emissions for 2018 (blue).
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Figure S21: Same as Fig.S18 but for the lockdown period.
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Figure S22: Same as Fig.S18 but for after back-to-work day.
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Figure S23: Time series of normalized emission anomalies estimated by inversion results for different species in China from 1st January to
29th February 2020 using the a priori emissions for 2018.
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Figure S24: Time series of normalized emission anomalies estimated by inversion results for different species over (a) NCP region, (b) NE
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131 Figure S26: Timeseries of observed (red dots) and simulated (blue line) values of (a) u-wind, (b) v-wind, (c) temperature, (d) relative humidity
132 and (e) precipitation over NCP region from 1st Jan 2020 to 29th Feb 2020.
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Figure S27: Same as in Figure S20 but over the NE region.
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Figure S28: Same as in Figure S20 but over the SE region.
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Figure S29: Same as in Figure S20 but over the SW region.
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140  Figure S30: Same as in Figure S20 but over the NW region.
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142  Figure S31: Same as in Figure S20 but over the Central region.
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Tables

Table S1: Evaluation statistics of cross-validation run (outside of bracket) and a priori simulation (inside bracket)

PMzs (ug/m?) PMyo (g/m?)
R MBE NMB(%) RMSE R MBE NMB (%) RMSE
NCP 094 (0.81) 53(665)  7.1(900) 144 (774)  092(077)  26(651)  26(666)  19.2(79.8)
NE  091(0.74) 4.1(12) 71(20)  132(195)  087(0.72)  43(-69)  57(9.0)  17.8(23.0)
SE  089(064) 60(685) 157(179.0) 12.2(738)  0.86(0.54) 57 (746) 116(1536)  14.2(8L6)
SW  075(0.05) 12(544) 31(1415) 9.1(631)  070(-008)  -16(534) -3.1(102.6)  12.6(65.9)
NW 0.74 (0.32) 4.9 (-62.3) 5.3 (-67.7) 32.2(71.1) 0.63 (0.32) 3.9 (-84.3) 3.3(-70.8) 42.4 (94.6)
Central 0.90 (0.70) -2.7 (12.6) -3.9 (18.3) 13.2 (27.9) 0.83(0.41) -7.3 (-4.6) -71.5(-4.7) 20.6 (39.2)
NO: (pg/m*) SO (ug/m*)
R MBE NMB(%) RMSE R MBE NMB (%) RMSE
NCP  0.94(062)  17(7.6) 53(242)  59(146)  079(060)  00(57.1) 0.4 (4554) 2.8 (63.3)
NE  091(0.55) 14(02)  51(-07)  57(106)  071(054)  11(328) 62(187.8)  4.6(36.1)
SE  091(049)  0.6(9.5) 2.7(455)  51(133)  061(035)  -06(425) -95(680.1) 1.2 (44.7)
SW  076(023) 00(20) 00(106  61(88) 051(0.16)  -05(42.4) -67(5658) 1.7 (45.5)
NW  0.78(0.27) -49(223) -126(57.3) 123(283)  023(-002) -12(135)  -8.2(88.7) 5.6 (17.9)
Central 090(057) -20(61) -65(200) 65(131)  073(054)  -1.3(53.0) -6.5(2709) 4.9 (58.6)
CO (mg/m*) Os (ug/m?)
R MBE NMB(%) RMSE R MBE NMB (%) RMSE
NCP__ 092(085) -003(008) -22(75  016(023)  078(061) -145(288) -286(569) 207 (331)
NE  092(0.78) 0.05(-0.33) 54(-345) 0.15(043)  0.64(058) -17.7(-253) -32.7(-46.7)  22.7 (285)
SE  083(074) -0.05(0.11) -6.0(139) 010(0.19)  0.79(0.74)  -7.2(-182) -140(-356)  15.8(22.3)
SW  063(0.62) -0.08(-002) -10.0(-1.9) 0.17(0.18)  0.83(0.82) 57(30)  -118(6.2)  11.7(105)
NW  070(0.08) 0.11(-113) 7.6(-763) 046(126)  0.66(0.38)  -189(-47) -37.6(-93) 254 (21.4)
Central  0.91(0.76) -0.08(-0.37) -7.5(-335) 0.18(0.43)  0.74(0.70)  -17.9(-14.8) -353(-29.3)  23.7 (22.2)
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162 Table S2. The time of degrading responses level to COVID-19 virus in each province of mainland China.

Province Region date Measurement
Beijing NCP 30™ Apr 2020 Degrade first level of response to second level
Tianjin NCP 30™ Apr 2020 Degrade first level of response to second level
Hebei NCP 30™ Apr 2020 Degrade first level of response to second level
Henan NCP 19" Mar 2020 Degrade first level of response to second level
Shandong NCP 7t Mar 2020 Degrade first level of response to second level
Inner Mongolia NE 25" Feb 2020 Degrade first level of response to third level
Jilin NE 26" Feb 2020 Degrade first level of response to second level
Liaoning NE 4™ Mar 2020 Degrade first level of response to second level
Shanghai SE 24" Mar 2020 Degrade first level of response to second level
Anhui SE 25 Feb 2020 Degrade first level of response to second level
Guangdong SE 24" Feb 2020 Degrade first level of response to second level
Guangxi SE 24 Feb 2020 Degrade first level of response to third level
Jiangsu SE 25" Feb 2020 Degrade first level of response to second level
Jiangxi SE 12" Mar 2020 Degrade first level of response to second level
Zhejiang SE 2" Mar 2020 Degrade first level of response to second level
Hainan SE 26™ Feb 2020 Degrade first level of response to third level
Hubei SE 2" May 2020 Degrade first level of response to second level
Hunan SE 10t Mar 2020 Degrade first level of response to second level
Fujian SE 27" Feb 2020 Degrade first level of response to second level
Yunnan SW 24" Feb 2020 Degrade first level of response to third level
Sichuan SW 26" Feb 2020 Degrade first level of response to second level
Guizhou SW 24" Feb 2020 Degrade first level of response to third level
Chongging SW 10t Mar 2020 Degrade first level of response to second level
Xizang SW 7t Mar 2020 Degrade first level of response to third level
Ningxia Central 28™ Feb 2020 Degrade first level of response to second level
Shanxi Central 24" Feb 2020 Degrade first level of response to second level
Gansu Central 21%t Feb 2020 Degrade first level of response to third level
Shanaxi Central 28" Feb 2020 Degrade first level of response to third level
Qinghai Central 26" Feb 2020 Degrade first level of response to third level
Xinjiang NW 26" Feb 2020 Degrade first level of response to second level
163
164
165
166
167
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168 Table S3. Inversion estimated emissions of different air pollutants in southeast China as well as their changes between different periods in
169  coviD-19time

NO, PMzs PM1o SO, co
P1 (Gg/day) 57.1 3438 60.9 17.9 876.3
P2 (Gg/day) 32.9 318 52.1 16.0 7747
P3 (Gg/day) 35.9 343 71.0 17.0 805.2
(P2-P1)/P1 -42.4% -8.6% -14.3% -10.9% -11.6%
(P3-P2)/P1 5.2% 7.2% 31.0% 5.7% 3.5%
(P3-P1)/P1 -37.2% -1.4% 16.6% -5.2% -8.1%

170

171  Table S4: Evaluation statistics for the meteorology simulation

Precipitation

U (m/s) V (m/s) T(°0) RH (%) (mm/day)

Region

R MBE RMSE R MBE RMSE R MBE RMSE R MBE RMSE R MBE RMSE

NCP 092 -004 072 09 -038 131 098 -071 107 091 -795 976 0.88 0.06 1.22

NE 090 035 051 097 -045 101 098 -313 325 079 653 747 095 020 0.36
SE 09 -032 069 09 -055 107 099 -021 058 096 -544 680 091 059 196
Sw 046 000 078 065 024 148 09 -019 081 081 -853 966 056 042 238
NwW -0.01 -039 127 016 016 064 09 207 260 094 471 623 08 001 0.08

CENTRAL 092 -0.04 072 078 -026 060 094 -073 142 088 -040 6.14 091 026 0.53
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