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The AMF calculation 19 

The AMF approach was used to convert SCDs to VCDs, which was calculated as 20 

following1–3: 21 

AMF = ∫ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝×𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎℎ𝑡𝑡
ℎ𝑠𝑠

∫ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎℎ𝑡𝑡
ℎ𝑠𝑠

 (Eq. S1). 22 

Therein 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 represented the partial column of the corresponding layer of the a priori 23 

profile, which was obtained from the WRF-CMAQ model. 𝒉𝒉𝒉𝒉 and 𝒉𝒉𝒉𝒉 denoted the altitude of 24 

surface and the tropopause, respectively. For each pixel, 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑  was interpolated from a 25 

precalculated look-up table (LUT) derived from the radiative transfer model (RTM) (LIDORT 26 

v3.6). The LUT provided the AMFs (i.e., the sensitivity of SCD to VCD in individual atmospheric 27 

layers) that were determined by surface reflectance (Rs), surface pressure (Ps), pressure and 28 

temperature profiles, aerosol characteristics, cloud fraction (CF), cloud pressure (CP), and NO2 29 

vertical profile.  30 

For surface reflectance, our method accounted for the effect of the surface bidirectional 31 

reflectance distribution function (BRDF). We adopted the MCD43C2 dataset that provided the 32 

coefficients for three kernels (isotropic, volumetric, and geometric) and determined the BRDF at 33 

440 nm. Such coefficients were averaged for every 8 days on a 0.5° × 0.5° grid. To fill the missing 34 

values, we interpolated the data spatiotemporally using the adjacent two datasets and the 35 

surrounding 5 × 5 grid cells. We conducted spatial smoothing on the coefficients to remove the 36 

influences from ice or snow, which may not have been fully eliminated in MCD43C2. As a final 37 

step, we derived the kernel coefficients for a TROPOMI pixel in a given day from the high-38 

resolution dataset using the spatial mapping and temporal interpolation. This work explicitly 39 

accounted for the effect of aerosol optics by including in the RTM calculation the vertical profiles 40 

of aerosol extinction coefficient (EC), single scattering albedo (SSA), and phase functions. We 41 

adopted the temporally and spatially varying aerosol information (EC, SSA, phase functions, and 42 

vertical profiles for individual aerosol types) at the local time of TROPOMI pixels from the WRF-43 

CMAQ simulation. The surface albedo, surface pressure, cloud fraction, cloud albedo, and cloud 44 

pressure were obtained from the TROPOMI cloud product.  45 



 
 

Background correction 46 

In this study, background values were subtracted from the tropospheric NO2 VCDs. For 47 

each pixel, the specific background value was set as the 5th percentile of the corresponding VCDs. 48 

Without such a background correction, the NOx sinks (including chemical, deposition, horizontal, 49 

and diffusional loss) would be systematically biased high in our top-down model. This was because 50 

that the assumed lifetime (i.e., 4 hours) was appropriate for anthropogenic pollution in lower 51 

tropospheric background4 rather than the upper troposphere.  52 

NO2/NOx ratio 53 

The tropospheric NO2 VCDs were scaled to NOx by 𝒓𝒓. The partitioning of NOx into NO 54 

and NO2 depended on atmospheric chemical reactions involving ozone concentrations, 55 

temperature, and actinic fluxes. As numerous previous studies, we assumed a scaling factor of 𝒓𝒓 56 

=0.766,7. This condition corresponded to cloud-free conditions around noon and general air 57 

pollution. 58 

However, this assumption might differ, particularly when O3 is titrated in a fresh plume. In 59 

this case, however, the fresh emitted NO would not be visible from satellite measurements. Once 60 

NO is converted to NO2 via O3, the satellite-based NO2 VCDs would be enhanced in the downwind 61 

area of the super-emitter. For the quantification of total NOx emissions, the NOx/NO2 ratio after 62 

reaching equilibrium would still be appropriate. 63 

Steady state 64 

We assumed steady states by ignoring changes in the wind patterns and emissions. In a 65 

single daily VCD map, NOx plumes were a result of emission accumulations and variable winds. 66 

Such plumes caused dipole-like patterns in the divergence, as the calculated flux increased at one 67 

edge of the plume and decreased by the same amount at the other edge. As these dipole patterns 68 

varied from day to day, these dipole-like patterns were mostly canceled out. Such effects can be 69 

investigated using upcoming geostationary satellite instruments (GEMS8, TEMPO9, Sentinel-410) 70 

that can track the plumes hourly.  71 

Previous studies have demonstrated that the steady state was generally a reasonable 72 

assumption for fresh plumes, and the potential error due to the abovementioned nonstationary state 73 



 
 

would become acceptable when approaching a point source. Thus, the identified super-emitters 74 

would not be affected by the steady state assumption. 75 

Uncertainty analysis 76 

This work lays a foundation for rethinking the localized NOx budget and guiding the 77 

emission mitigation. The reliability of the identifications and quantifications for NOx super-78 

emitters was supported by comparisons to the satellite imageries and to a state-of-the-art bottom-79 

up inventory. However, more extensive validations (e.g., continuous emission monitoring systems 80 

for industrial parks) were needed for a better mechanistic understanding of NOx sources and sinks 81 

and reducing uncertainties of our approach presented here.  82 

As explained in Methods, the uncertainty in the assumed NOx lifetime represented the main 83 

uncertainty. In theory, the general NOx lifetime would be consistent with the measured and 84 

predicted information in the literature (Table S1). Given the fine-scale sizes of the grids and the 85 

typical horizontal wind speeds, the lifetime should likely be closer to a few hours for the super-86 

emitters. The resulting emission fluxes were likely larger than those estimated using a longer 87 

lifetime. To provide robust identifications and quantifications, we calculated the NOx emission 88 

fluxes using conservative lower and upper bounds on the lifetime of 1 and 24 hours. As a result, 89 

the super-emitters would still be recognized since the adjustment of the lifetime setting would not 90 

largely subvert the emission gradients on a fine-scale (Fig. S10). On the other hand, the 91 

corresponding results were shown as error bars in Fig. 3, keeping following our above findings.  92 

Besides, the vertical profile for retrieving the satellite-based NOx VCDs in this study was 93 

obtained from the WRF-CMAQ model simulations driven by MEICv1.3 for the year 2016. In 94 

theory, the bottom-up emission inventory plays a key role in spatiotemporal distributions of air 95 

pollution11,12. To what extent uncertainties on the vertical profile could introduce biases, we 96 

analyzed our satellite-based NOx VCDs derived from the MEICv1.2-driven (the base year was 97 

2012) WRF-CMAQ model simulations. Here we calculated the differences between these two 98 

kinds of VCDs for the entire year. As shown in the histogram (Fig. S11), differences were of the 99 

order of 1 ± 17%. These statistics were representative for the entire nation, but locally errors for 100 

the super-emitters can be larger. It should also be stressed that this analysis depended on the 101 

similarity between these two vertical profiles, which may be different from the actual vertical 102 

profiles.  103 
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 141 
Fig. S1. One-year averages of NOx emissions based on the TROPOMI instrument. a, One-142 

year averages of NOx emissions across China. b ~ g, Zoom-ins over Northwest, Northeast, North, 143 

Southwest, East, and South China.  144 
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Fig. S2. Locations of the (a) cities, (b) rural areas, and (c) super-emitters discussed in the 147 

main text on top of one-year oversampled NOx VCDs. The cities, rural areas, and super-emitters 148 

are sorted by the initials. The cities include (1) Beijing, (2) Guangzhou, (3) Lhasa, (4) Shanghai, 149 

(5) Shenzhen, (6) Shizuishan, and (7) Yongan. The rural areas include (1) Chetian, (2) Jiqingbao, 150 

and (3) Pangjing. The super-emitters include (1) Baihetan, (2) Baitong, (3) Beiying, (4) Chengbei, 151 

(5) Daguohe, (6) Daqing, (7) Geermu, (8) Guolemude, (9) Hailuo, (10) Hejing, (11) Huagang, (12) 152 

Huaxin, (13) Hunhe, (14) Jiangtian, (15) Jiaochuan, (16) Jincheng, (17) Lanxing, (18) Longmen, 153 

(19) Longzhudou, (20) Luopu, (21) Maligou, (22) Mengsheng, (23) Mingcheng, (24) Mudanjiang, 154 

(25) Nanbao, (26) Nanzamu, (27) Peijiafen, (28) Rundajianeng, (29) Sanbaotun, (30) Shengbang, 155 

(31) Shidian, (32) Shizuishan, (33) Tanjiazui, (34) Tianhua, (35) Xincheng, (36) Yongbao, (37) 156 

Zeketai, (38) Zhongjing, and (39) Zhongluan. The detailed information is shown in Supplementary 157 

Table 2.  158 



 
 

 159 
Fig. S3. The same as Fig. 2 but for different super-emitters (Fig. S3a ~ S3d).  160 
 161 
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 163 

 164 
Fig. S3. The same as Fig. 2 but for different super-emitters (Fig. S3e ~ S3g).  165 

166 
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 168 
Fig. S4. The same as Fig. 2 but for rural areas and cities (Fig. S4a ~ S4c). 169 
 170 



 
 

 171 
Fig. S4. The same as Fig. 2 but for rural areas and cities (Fig. S4d ~ S4g). 172 
  173 



 
 

 174 
Fig. S4. The same as Fig. 2 but for rural areas and cities (Fig. S4h ~ S4j). 175 
 176 
  177 



 
 

 178 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 179 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 180 

variations in the satellite-based emission fluxes are also presented (Fig. S5a). MEICv1.3 directly 181 

missed this super-emitter.  182 



 
 

 183 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 184 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 185 

variations in the satellite-based emission fluxes are also presented (Fig. S5b). MEICv1.3 directly 186 

missed this super-emitter.  187 



 
 

 188 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 189 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 190 

variations in the satellite-based emission fluxes are also presented (Fig. S5c). MEICv1.3 directly 191 

missed this super-emitter.  192 



 
 

 193 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 194 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 195 

variations in the satellite-based emission fluxes are also presented (Fig. S5d).  196 



 
 

 197 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 198 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 199 

variations in the satellite-based emission fluxes are also presented (Fig. S5e). 200 
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 202 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 203 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 204 

variations in the satellite-based emission fluxes are also presented (Fig. S5f). 205 

 206 



 
 

 207 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 208 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 209 

variations in the satellite-based emission fluxes are also presented (Fig. S5g). 210 

 211 



 
 

 212 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 213 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 214 

variations in the satellite-based emission fluxes are also presented (Fig. S5h). 215 

 216 



 
 

 217 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 218 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 219 

variations in the satellite-based emission fluxes are also presented (Fig. S5i). 220 



 
 

 221 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 222 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 223 

variations in the satellite-based emission fluxes are also presented (Fig. S5j). 224 
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 226 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 227 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 228 

variations in the satellite-based emission fluxes are also presented (Fig. S5k). 229 
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 231 
Fig. S5. The same as Fig. 2 but for different super-emitters. Besides, for each super-emitter, 232 

the emission fluxes from the industry and power plant sectors in MEICv1.3 and the monthly 233 

variations in the satellite-based emission fluxes are also presented (Fig. S5l). 234 



 
 

 235 
Fig. S6. The onset (a, b) or the discontinuation (c, d) of super-emitters. For each super-emitter, 236 

the TROPOMI-based NOx VCDs and emissions, the satellite images in 2016 and 2019 from the 237 

Landsat 8 imageries, and the emission fluxes from the industry and power plant sectors in 238 

MEICv1.3 (Fig. S6a).  239 



 
 

 240 
Fig. S6. The onset (a, b) or the discontinuation (c, d) of super-emitters. For each super-emitter, 241 

the TROPOMI-based NOx VCDs and emissions, the satellite images in 2016 and 2019 from the 242 

Landsat 8 imageries, and the emission fluxes from the industry and power plant sectors in 243 

MEICv1.3 (Fig. S6b). 244 



 
 

 245 
Fig. S6. The onset (a, b) or the discontinuation (c, d) of super-emitters. For each super-emitter, 246 

the TROPOMI-based NOx VCDs and emissions, the satellite images in 2016 and 2019 from the 247 

Landsat 8 imageries, and the emission fluxes from the industry and power plant sectors in 248 

MEICv1.3 (Fig. S6c). 249 



 
 

 250 
Fig. S6. The onset (a, b) or the discontinuation (c, d) of super-emitters. For each super-emitter, 251 

the TROPOMI-based NOx VCDs and emissions, the satellite images in 2016 and 2019 from the 252 

Landsat 8 imageries, and the emission fluxes from the industry and power plant sectors in 253 

MEICv1.3 (Fig. S6d). 254 



 
 

 255 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 256 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7a). 257 

 258 



 
 

 259 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 260 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7b). 261 
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 263 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 264 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7c). 265 



 
 

 266 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 267 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7d). 268 
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 270 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 271 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7e). 272 
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 274 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 275 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7f). 276 
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 278 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 279 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7g). 280 
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 282 
Fig. S7. The same as Fig. 2 but for different super-emitters. The representative super-emitters 283 

show stable monthly variations in the satellite-based NOx emission fluxes (Fig. S7h). 284 

  285 



 
 

 286 

 287 
Fig. S8. Comparison of top-down NOx emissions for two representative super-emitters in this 288 

study with those in a state-of-the-art emission inventory. The right panel presents our 289 

estimations on a 1 × 1 km2
 grid, while the left panel previous results using a distinct inverse 290 

algorithm (DESCO) on a 0.25° × 0.25° grid. The substantial increase in spatial resolution allows 291 

the identification of three super-emitters, including Qingshan, Ningdong, and Axi, marked in the 292 

left panel. 293 
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 295 
Fig. S9. The detailed information of the representative super-emitters in Fig. S8. The medium 296 

panel presents the enlarged view of our estimations on a 1 × 1 km2
 grid, while the left panel the 297 

enlarged view of previous results using a distinct inverse algorithm (DESCO) on a 0.25° × 0.25° 298 

grid. The substantial increase in spatial resolution allows the identification of three super-emitters, 299 

including Qingshan, Ningdong, and Axi, marked in the left panel. 300 
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 303 
Fig. S10. The re-calculated NOx emission fluxes for Zeketai in Fig. 2a. The NOx lifetime in the 304 

top-down inverse model is adjusted to (a) 1 and (b) 24 hours. 305 

 306 
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 308 
Fig. S11. Uncertainty analysis for vertical profiles. The relative differences (%) are calculated 309 

as the baseline data minus the test data, divided by the baseline data. We compared the satellite-310 

based NOx VCDs in this study (the baseline data) with those applied the MEICv1.2-driven (the 311 

base year was 2012) WRF-CMAQ model simulations (the test data).  312 
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Table S1. NOx lifetime estimates reported in the literature. 314 

Reference Lifetime Comment 

Steffen Beirle et al., 20124 4 ~ 8 hours 
Daytime lifetimes are ~4 hours at low and mid-

latitudes, but ~8 hours in wintertime for Moscow. 

Steffen Beirle et al., 20197 4 hours The daytime lifetime is ~4 hours around Riyadh 

Fei Liu et al., 201613 3.8±1.0 hours 

The mean lifetime is 3.8±1.0 hours with a range of 1.8 

to 7.5 hours for the ozone season in the United States 

and China. 

Hao Kong et al., 201914 0.6 to 3.3 hours 

The total lifetime varies from 0.6 to 3.3 hours for the 

summer months (June, July, and August) in the 

Yangtze River Delta. 

Joshua L. Laughner et al., 201915 1 ~ 6.5 hours The absolute weekday lifetime is within a range of 1 
~ 6.5 hours for North American cities.  

 315 
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