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Key Points:  23 

• Reducing particulate nitrate pollution requires understanding its local sensitivities to 24 
NH3, NOx, and VOC emissions. 25 

• Satellite observation of the NH3/NO2 column ratio is an effective indicator for diagnosing 26 
these sensitivities. 27 

• IASI NH3 and OMI NO2 observations reveal varying regimes of nitrate sensitivity across 28 
wintertime East Asia.  29 
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Abstract 30 
Particulate nitrate is a major component of fine particulate matter (PM2.5), and its formation may 31 
be varyingly sensitive to emissions of ammonia (NH3), nitrogen oxides (NOx ≡ NO + NO2), and 32 
volatile organic compounds (VOCs), depending on local conditions. Diagnosing the dominant 33 
sensitivities is critical for successful air quality management. Here, we show that satellite 34 
measurements of tropospheric NH3 and NO2 columns can be used to diagnose the dominant 35 
sensitivity regime through the NH3/NO2 column ratio as indicator together with the NO2 column. 36 
We demonstrate the effectiveness of this indicator with the GEOS-Chem atmospheric chemistry 37 
model and define thresholds to separate the different sensitivity regimes. Applying the method to 38 
wintertime IASI and OMI observations in East Asia reveals that surface nitrate is dominantly 39 
VOC-sensitive in the southern North China Plain (NCP), NOx-sensitive in most of the East 40 
China Plain, and NH3-sensitive in the northern NCP, southern China, and Korea.  41 

Plain Language Summary 42 
We present a novel application of satellite remote sensing to better understand the causes of 43 
particulate nitrate pollution. Particulate nitrate is a major air pollutant throughout the urbanized 44 
world. It is produced by atmospheric oxidation of emitted nitrogen oxides (NOx) but may be 45 
more sensitive to emissions of ammonia (NH3) or volatile organic compounds (VOCs). 46 
Understanding which of NH3, NOx, or VOC emissions is most important in driving nitrate 47 
formation is critical for air quality management. We show that satellite measurements of the 48 
NH3/NO2 column ratio along with NO2 columns is an effective indicator to determine the 49 
dominant sensitivity regime (NH3-, NOx-, or VOC-sensitive). We develop this approach using an 50 
atmospheric chemistry model and apply it to wintertime satellite observations in East Asia. The 51 
approach should be applicable to other continents, seasons, and a broader range of satellite 52 
instruments, providing valuable insights for particulate nitrate reduction strategies.  53 



Confidential manuscript submitted to Geophysical Research Letters 

 

1. Introduction 54 
Particulate nitrate (pNO3-) is a major component of fine particulate matter (PM2.5) throughout the 55 
urbanized world and particularly in winter. It drives PM2.5 pollution events in East Asia (Li et al., 56 
2018; Tian et al., 2019; Q. Xu et al., 2019; H. Kim et al., 2020; Kim et al., 2022), North America 57 
(Franchin et al., 2018; Womack et al., 2019), and Europe (Bressi et al., 2021). Other PM2.5 58 
components in East Asia have decreased rapidly over the past decade in response to emission 59 
controls (Zhai et al., 2019), but pNO3- has not (Li et al., 2019; Leung et al., 2020; Zhou et al., 60 
2022; Zhai et al., 2023). In eastern China, wintertime pNO3- concentrations have been flat over 61 
the past decade despite a 30% decrease in NOx emissions (Fu et al., 2020; Chuang et al., 2021; 62 
Zhai et al., 2021). pNO3- has become a key target for further improving PM2.5 air quality but the 63 
means to achieve this are not clear. 64 

pNO3- is produced by the oxidation of nitrogen oxide radicals (NOx º NO + NO2) to nitric acid 65 
(HNO3). HNO3 condenses into the aerosol in the presence of alkalinity, mostly from ammonia 66 
(NH3) available after sulfate neutralization (Guo et al., 2018). The resulting pNO3– is mainly in 67 
the fine PM2.5 aerosol mode. NOx in urban areas mainly comes from fuel combustion. NH3 68 
originates from agricultural activities including fertilizer use and livestock manure, but vehicle 69 
emissions could also be important in urban areas (Farren et al., 2020; Y. Wang et al., 2023). 70 
Oxidation of NOx to HNO3 is by the hydroxyl radical (OH) during the daytime and by ozone 71 
(O3) at night, both of which depend on the levels of NOx and volatile organic compounds 72 
(VOCs). VOCs originate from combustion, industry, vegetation, and open fires (Shen et al., 73 
2019). 74 
pNO3- concentrations are generally highest in winter when low temperatures favor partitioning 75 
into the aerosol. Formation of pNO3- may then be dominantly sensitive to the gas in shortest 76 
supply, either NH3 or HNO3 (Nenes et al., 2020), while the NOx to HNO3 conversion is limited 77 
by either the abundance of NOx or VOCs (Kleinman, 1994; Womack et al., 2019). Other factors 78 
can further complicate these relationships of pNO3- to emitted precursors, including competing 79 
deposition between HNO3 and pNO3- (Zhai et al., 2021), other sources of aerosol alkalinity (Guo 80 
et al., 2018), and NOx oxidation to organic nitrates (Romer Present et al., 2020). Coarse pNO3- 81 
can also form from uptake of HNO3 by alkaline soil dust and sea salt in dusty and coastal areas  82 
(Zhai et al., 2023). The sensitivity of pNO3- concentrations to NH3, NOx, and VOC emissions is 83 
thus nonlinear and complex, requiring different control strategies under different conditions. 84 
Here we present a new satellite-based method to diagnose locally the sensitivities of fine pNO3- 85 
formation to NH3, NOx, and VOC emissions. We use for this purpose satellite measurements of 86 
the tropospheric column concentrations of NH3 (WNH3) and NO2 (WNO2). NH3 measurements from 87 
space have been available from the IASI instrument since 2007 (Clarisse et al., 2009), and from 88 
the CrIS instrument since 2012 (Shephard and Cady-Pereira, 2015). NO2 measurements from 89 
space began with the GOME instrument in 1995 (Martin et al., 2002) and have continued with 90 
the OMI instrument since 2005 (Lamsal et al., 2021), the TROPOMI instrument since 2017 (van 91 
Geffen et al., 2020), and the GEMS geostationary instrument since 2020 (J. Kim et al., 2020). 92 
We demonstrate the method for East Asia in winter, using observations from OMI and IASI. Our 93 
approach draws similarity to the common use of the space-based formaldehyde HCHO/NO2 ratio 94 
as an indicator for whether O3 formation is NOx- or VOC-limited (Martin et al., 2004; Duncan et 95 
al., 2010; Jin et al., 2020). 96 
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2. Theoretical basis:  ΩNH3 and ΩNO2 as indicators of nitrate formation regime 97 
The main pathway for fine pNO3- formation is the joint condensation of NH3 and HNO3, 98 
governed by a thermodynamic equilibrium constant K dependent on temperature and relative 99 
humidity (RH) (Stelson and Seinfeld, 1982): 100 

K		=		pNH3 	×		pHNO3                        (1), 101 

where p is partial pressure. At low wintertime temperatures and/or high RH, the low value of K 102 
leads to titration where pNO3- formation is mainly sensitive to the gas in shortest supply, either 103 
NH3 or HNO3. At warmer temperatures, NH3 and HNO3 may coexist in the gas phase but the 104 
dominant sensitivity is still to the gas in shortest supply (Nenes et al., 2020). Scavenging of NH3 105 
by acid sulfate may totally suppress pNO3- formation when sulfate is in excess of NH3 (Ansari 106 
and Pandis, 1998). Dust and sea salt particles can also drive HNO3 into the aerosol through 107 
added alkalinity or chloride displacement (Alexander et al., 2005; Fairlie et al., 2010), though 108 
this tends to be in coarser particles than PM2.5. Henceforth we will refer to pNO3- as the fine 109 
PM2.5 component of nitrate. 110 
The dominant sensitivities for pNO3– formation can be determined in field campaigns by 111 
measuring the molar ratio R of free ammonia after sulfate neutralization (NH3 + NH4+ - 2´SO42-) 112 
to total nitrate (NO3T º HNO3 + pNO3-) (Petetin et al., 2016; Z. Xu et al., 2019). R > 1 indicates 113 
dominant sensitivity to HNO3, while R < 1 indicates dominant sensitivity to NH3. The gas-phase 114 
NH3/HNO3 ratio can also serve as an indicator but its threshold for transition between regimes 115 
may depart from unity when NO3T is heavily partitioned into the aerosol and the resulting HNO3 116 
concentration is very low. A dominant sensitivity to HNO3 would be expected to translate into a 117 
dominant sensitivity to NOx emissions, but the conversion of NOx to HNO3 may in fact be 118 
limited by the supply of VOCs under VOC-limited conditions for oxidant (OH and O3) 119 
formation. Womack et al. (2019) point out that this may cause pNO3- formation to be most 120 
sensitive to VOC emissions under strongly VOC-limited conditions as frequently occur in urban 121 
environments in winter. 122 
Satellites measure tropospheric columns of NH3 (ΩNH3) and NO2 (ΩNO2). It follows from the 123 
above discussion that the measured ΩNH3/ΩNO2 ratio should give an indicator of the sensitivity of 124 
pNO3- formation to precursor emissions, in a manner useful to air quality management. 125 
Application of this indicator may be complicated by the vertical gradients of NH3 and NO2 126 
concentrations, by the presence of sulfate, and by the limiting regime for oxidation of NOx to 127 
HNO3. A model analysis can evaluate these complications, and this is discussed in the next 128 
section. Satellite observations of HCHO columns (ΩHCHO) could in principle distinguish between 129 
NOx- and VOC-limited oxidant regimes through consideration of the ΩHCHO/ΩNO2 ratio, but in 130 
practice wintertime ΩHCHO concentrations are near or below the detection limit (Zhu et al., 2014; 131 
Zhu et al., 2017). Very high ΩNO2 values can be used instead as an indicator of VOC-limited 132 
conditions (Sillman, 1995).  133 

3. Evaluation in the GEOS-Chem model environment 134 
To analyze the value of the ΩNH3/ΩNO2 ratio as an indicator for the sensitivity of pNO3- formation 135 
to emissions, we conduct sensitivity simulations with the GEOS-Chem global atmospheric 136 
chemistry model. We use GEOS-Chem version 13.4.1 (DOI: https://zenodo.org/record/6564702) 137 
with options and modifications described below. The simulations are driven by MERRA-2 138 
meteorology and are conducted at a nested resolution of 0.5° ´ 0.625° for East Asia (90°-145°E, 139 
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10°-55°N) over the 1-31 January 2017 period, with boundary conditions updated every 3 h from 140 
a 4° ´ 5° global simulation. The simulation is spun up for 6 months for initialization.  141 

GEOS-Chem includes detailed oxidant-aerosol chemistry (Wang et al., 2021).Thermodynamic 142 
pNO3- formation from NH3-HNO3-H2SO4-HCl mixtures is calculated by ISORROPIA II 143 
(Fountoukis and Nenes, 2007) and defines in the model the PM2.5 component of pNO3-. The 144 
model also includes uptake of HNO3 by coarse sea salt aerosol (Wang et al., 2021) but this does 145 
not contribute to PM2.5 and is not considered here in pNO3- accounting. Uptake of HNO3 by dust 146 
is included in GEOS-Chem as an option (Fairlie et al., 2010; Zhai et al., 2023) but is not used in 147 
our simulation. We use the wet deposition scheme of Luo et al. (2020) , which is an option in 148 
GEOS-Chem and has proven to be important for successful simulation of pNO3- (Luo et al., 149 
2019; Luo et al., 2020; Zhai et al., 2021). We also add to our simulation the photolysis of aerosol 150 
nitrate, which improves the simulation of tropospheric NO2 column observations in GEOS-Chem 151 
though the effect is small in winter (Dang et al., 2023; Shah et al., 2023). Global anthropogenic 152 
emissions are from the Community Emissions Data System (CEDS) (McDuffie et al., 2020) 153 
superseded by the MEIC inventory for China (Zheng et al., 2018) and the KORUSv5 inventory 154 
for South Korea. Other emissions settings are as described in Dang et al. (2023).  155 

Figure 1 compares simulated pNO3- concentrations from our simulation with measurements from 156 
observational networks and field studies in China and Korea in winter 2016-2017. Table S1 157 
gives site details. Most observations are centered on January 2017, but some are for December 158 
2016, and some are for the whole winter (DJF). All are compared to GEOS-Chem in January 159 
2017. We find that GEOS-Chem can well simulate the ensemble observations with a correlation 160 
coefficient r = 0.82, a reduced-major-axis (RMA) regression slope of 0.98 ± 0.15, and a 161 
normalized mean bias (NMB) of 9%. There is one site in Xi’an where observed pNO3- is 162 
anomalously high (averaging 36 μg m-3) and this is not captured by the model. This site is 163 
excluded from the regression analysis above. Overall, the successful simulation lends confidence 164 
in using the model to study the sensitivity of pNO3- to precursor emissions. 165 

 166 
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Figure 1. Surface PM2.5 nitrate concentrations in China and Korea. Mean GEOS-Chem model 167 
concentrations for January 2017 are compared to observations at a number of sites (Table S1) 168 
over December-February 2017, averaged over the observing periods. Panel (a) shows the spatial 169 
distribution, with observations as circles and GEOS-Chem as solid contours. Panel (b) shows the 170 
correlation between model and observations at individual sites including correlation coefficient 171 
(r), normalized mean bias (NMB), reduced-major-axis (RMA) regression line and slope (± 95% 172 
confidence interval), and 1:1 dashed line. The RMA regression excludes the Xi’an site where 173 
observed pNO3- is anomalously high. Site details are in Table S1. 174 

We diagnose the local pNO3- sensitivity to NH3, NOx, and VOC emissions in the model by 175 
conducting sensitivity simulations with individual emissions reduced by 20%. The reduction is 176 
applied to all sources (anthropogenic and natural) but the sources in winter are mainly 177 
anthropogenic. The local model sensitivity Si of pNO3- to emissions Ei of species i for individual 178 
0.5o×0.625o grid cells is calculated from the relative model differences (D) between the 179 
sensitivity and base simulations as:   180 

Si	=	
∆ log"pNO3

- #
∆logEi

																	(2), 181 

where i refers to NH3, NOx, or VOC, and [pNO3-] refers to 24-h average monthly mean 182 
concentrations in surface air. A sensitivity Si = 1 indicates that a 20% reduction in emissions of 183 
precursor i results in a corresponding 20% decrease in surface pNO3- concentrations. By 184 
comparing SNH3, SNOx, and SVOC, we can determine whether pNO3- in a model grid cell is most 185 
NH3-, NOx-, or VOC-sensitive. 186 
Figure 2 shows the model relationship between the dominant pNO3- sensitivity and the 187 
observable surface and satellite indicators discussed in Section 2. Individual circles show the 188 
dominant sensitivities Si for monthly mean surface pNO3- concentrations in individual grid cells. 189 
We use the NH3/HNO3 gas-phase molar ratio as surface indicator instead of R because it is better 190 
connected to the WNH3/WNO2 satellite indicator. We use NO2 concentration (surface or column) as 191 
an indicator of VOC-limited conditions for NOx oxidation because WHCHO is generally not 192 
observable from space in winter. Surface indicators are 24-h averages, while columns are 193 
sampled at 9-10 local time (LT) for NH3 to emulate IASI and at 13-14 LT for NO2 to emulate 194 
OMI. Averaging kernels are applied to the model NO2 vertical profiles following Cooper et al. 195 
(2020) to emulate tropospheric NO2 columns from version 4 of the NASA OMI NO2 level 2 196 
product (OMNO2) (Lamsal et al., 2021). We restrict our attention to grid cells with WNO2 > 197 
2.5×1015 molec cm-2 to remove remote regions (as shown by the satellite observations in Figure 198 
3b) where diagnosing sensitivity to local emissions would be inappropriate. 199 

Results in Figure 2 show that the indicators are successful at diagnosing the dominant pNO3- 200 
sensitivities to precursor emissions. Black dashed lines delineate the transitions between 201 
sensitivity regimes. The slanted lines are derived from reduced-major-axis (RMA) linear 202 
regressions for grid cells with sensitivity ratios 0.95 < Si/Sj < 1.05. Sensitivities SNH3 and SNOx can 203 
approach unity within the corresponding regimes. SVOC can reach 0.5 in the VOC-sensitive 204 
regime.   205 

Examining first the surface indicators, we find that NH3-sensitive conditions are defined by 206 
NH3/HNO3 < 4 mol mol-1 at low NO2, with the threshold increasing at higher NO2. The threshold 207 
is larger than the value of 1 for the R ratio in Section 2. This is expected because the gas-phase 208 
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HNO3 concentration can be extremely low in winter, so that competing deposition between gas-209 
phase HNO3 and pNO3- increases sensitivity to NH3 even when R > 1 (Zhai et al., 2021). Outside 210 
of the NH3-sensitive regime, whether NOx or VOCs is the controlling precursor is well 211 
delineated by NO2 levels. For NO2 < 12 ppb the sensitivity is mostly to NOx emissions (NOx-212 
limited regime) but it decreases as NO2 increases and VOCs then become more important. For 213 
NO2 > 12 ppb the sensitivity is mostly to VOCs (strongly VOC-limited regime). NH3 sensitivity 214 
can also be dominant under these conditions because the conversion efficiency of NOx to HNO3 215 
is low. The sensitivity regimes separated by the black dashed lines in Figure 2a are thus 216 
diagnosed from the gas-phase NH3/HNO3 and NO2 surface indicator concentrations as 217 

NH3-sensitive: 	

⎩
⎨

⎧
NH3

HNO3
 < 4                   						                                 (NO2 < 1.3 ppb)

log
NH3

HNO3
 <  0.49 + 1.02 × logNO2                  (NO2 > 1.3 ppb)

	,     (3a), 218 

NOx-sensitive:		

⎩
⎨

⎧
NH3

HNO3
 > 4           						                                  		     (NO2 < 1.3 ppb)

log
NH3

HNO3
 > 0.49 + 1.02 × logNO2     (1.3 ppb < NO2< 12 ppb)

	,     (3b), 219 

VOC-sensitive: 	log
NH3

HNO3
 > 0.49 + 1.02 × logNO2 																									(NO2 > 12 ppb)	,  		 (3c).  220 

 221 
Figure 2. Regimes for the sensitivity of surface pNO3- concentrations to NH3, NOx, and VOC 222 
emissions. Results show the dominant sensitivities Si = Δlog[pNO3-]/ΔEi for monthly mean 223 
concentrations in January 2017 in individual 0.5o×0.625o GEOS-Chem model grid cells in East 224 
Asia (domain of Figure 1(a)). A sensitivity Si = 1 indicates proportional response of the pNO3- 225 
concentration to change in the precursor emission Ei. The dominant sensitivities are plotted in a 226 
state space of indicators of the sensitivity regime as observable from surface or satellite 227 
measurements. Surface indicators (panel (a)) are the gas-phase NH3/HNO3 molar ratio and the 228 
NO2 concentration. Satellite indicators (panel (b)) are the WNH3/WNO2 column ratio and the WNO2 229 
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column. WNH3 is sampled at 9-10 local time (LT) to emulate the IASI instrument, and WNO2 is 230 
sampled at 13-14 LT to emulate the OMI instrument. Dashed lines separate the different regimes 231 
as diagnosed by Si. The slanted lines are derived from reduced-major-axis (RMA) linear 232 
regression for grid cells with sensitivity ratios 0.95 < Si/Sj < 1.05. The corresponding equations 233 
are given in the text. Ocean and remote grid cells with WNO2 < 2.5×1015 molec cm-2 (see Figure 234 
3b) are excluded from the plot.   235 
 236 

Figure 2b shows that the satellite indicators are similarly effective for diagnosing sensitivity 237 
regimes. For a given WNH3/WNO2 ratio, higher WNO2 levels indicate a lower efficiency in 238 
converting NO2 to HNO3, so that NH3 is more likely to be in excess. This explains why the 239 
threshold WNH3/WNO2 ratio for transition from NH3-sensitive to NOx-sensitive conditions 240 
decreases with increasing WNO2, while by contrast the threshold NH3/HNO3 ratio in surface 241 
observations increases with increasing NO2. We also see from Figure 2 that WNO2 can serve as a 242 
good satellite indicator for the onset of VOC-sensitive conditions. The sensitivity regimes 243 
separated by the black dashed lines in Figure 2b are thus diagnosed from the WNH3 and WNO2 244 
columns as 245 

NH3-sensitive: 		 log
ΩNH3
ΩNO2

	< 14.09	-	0.90	×	logΩNO2       		                                         		,   			 (4a), 

NOx-sensitive: 		 log
ΩNH3
ΩNO2

	> 14.09	-	0.90	×	logΩNO2  					(ΩNO2<	2	´	1016 molec cm-2),   			(4b),

VOC-sensitive:   log
ΩNH3
ΩNO2

	> 14.09	-	0.90	×	logΩNO2  					(ΩNO2
>	2	´	1016 molec cm-2),  			 (4c).

	 246 

4. Application to satellite observations 247 

We now illustrate the application of the method to satellite observations of WNH3 from IASI and 248 
WNO2 from OMI, using equation (4) to diagnose the sensitivity regimes in the observations. The 249 
IASI instrument measures WNH3 by observing the infrared radiation emitted by the Earth’s 250 
surface and the atmosphere. It provides global coverage twice a day, at 9:30 local solar time (LT) 251 
and 21:30 LT, with a nadir pixel resolution of 12×12 km2 (Van Damme et al., 2014). The OMI 252 
instrument measures WNO2 by observing solar backscatter, providing daily global coverage at 253 
13:30 LT with a nadir pixel resolution of 13×24 km2. Here, we use version 3 of the reanalyzed 254 
level 2 product of NH3 columns (ANNI-NH3-v3R) (Van Damme et al., 2021) and version 4 of 255 
the NASA OMI NO2 level 2 product (OMNO2) (Lamsal et al., 2021) during the winter (DJF) of 256 
2017. Both products have been extensively validated including for IASI v3 (Guo et al., 2021; 257 
Vohra et al., 2021; Wang et al., 2022; R. Wang et al., 2023) and OMNO2 version 4 (Lamsal et 258 
al., 2021). Both datasets have been used effectively in previous studies for hotspot detection 259 
(Mebust et al., 2011; Clarisse et al., 2019) and emission tracking (Shah et al., 2020; Chen et al., 260 
2021; Evangeliou et al., 2021; Marais et al., 2021; Cooper et al., 2022; Luo et al., 2022). 261 

We only use morning overpasses (9:30 LST) for WNH3 to minimize the time separation with OMI 262 
afternoon observations. We filter the IASI WNH3 data to remove pixels with cloud fraction >0.1. 263 
For OMI WNO2 data, we filter out pixels with cloud fraction >0.3, surface reflectivity >0.3, solar 264 
zenith angle >75°, viewing zenith angle >65°, and those affected by the so-called row anomaly. 265 
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To reduce noise, both datasets are gridded and averaged to obtain wintertime mean columns at 266 
0.5°×0.625° resolution, and grid cells with fewer than 30 successful retrievals for either WNH3 or 267 
WNO2 are excluded. Additional filtering is applied to the gridded wintertime means to remove 268 
negative values.  269 

Figures 3a and 3b show the IASI WNH3 and OMI WNO2 during the winter of 2017. IASI observes 270 
high NH3 in the East China Plain where it originates from livestock waste, fertilizer use, and 271 
vehicles (Zhang et al., 2018). OMI observes high NO2 in the densely populated East China Plain 272 
and the Seoul metropolitan area (SMA) in South Korea. These satellite observations of WNH3 and 273 
WNO2 are roughly consistent with the GEOS-Chem simulations (Figure S1-S2) but that is not a 274 
requirement for application of our method.  275 

 276 

Figure 3. Sensitivity of surface particulate nitrate (pNO3-) concentrations in East Asia to 277 
precursor emissions as diagnosed from mean satellite observations in winter (DJF) 2016-2017. 278 
Panels (a) and (b) show IASI observations of NH3 columns (WNH3) and OMI observations of 279 
tropospheric NO2 columns (WNO2), filtered as described in the text. Panel (c) shows the molar 280 
WNH3/WNO2 ratio computed from the seasonal mean columns. Panel (d) presents the dominant 281 
sensitivity regimes of pNO3- diagnosed from the satellite observations using equation (4). White 282 
areas indicate either lack of data or remote areas (WNO2 < 2.5×1015 molec cm-2). 283 

Figure 3d shows the dominant local surface pNO3- sensitivities to precursor emissions 284 
determined from the observed WNH3/WNO2 ratio (Figure 3c) and WNO2 (Figure 3b) by applying 285 
equation (4). We find varying regimes of pNO3- sensitivity across China and Korea. VOC-286 
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sensitive conditions are observed in the southern North China Plain (NCP), characterized by a 287 
WNH3/WNO2 molar ratio exceeding 0.5 and WNO2 exceeding 2´1016 molec cm-2. In this region, 288 
pNO3- formation is NH3-saturated, and the most effective approach to decrease pNO3- is to 289 
control VOC emissions. In other areas of the East China Plain including Henan and Hubei 290 
provinces, and in the Fenwei Plain, the satellite observations indicate NOx-sensitive conditions. 291 
In these areas, NH3 levels are high and NOx concentrations are not as high as in the southern 292 
NCP, so controlling NOx emissions is the most effective way for decreasing pNO3-. NH3-293 
sensitive conditions are observed in the northern NCP (including Beijing), southern China, and 294 
Korea, characterized by relatively low WNH3/WNO2 ratios. Our findings are consistent with 295 
previous model studies, where wintertime pNO3- concentrations are found to be most sensitive to 296 
NH3 and/or VOC controls in the NCP (Fu et al., 2020; Li et al., 2021; Zhai et al., 2021) and to 297 
NH3 controls in the Yangtze River Delta (Li et al., 2021).  298 
Our demonstration of this satellite-based method for diagnosing the sensitivity of pNO3- to 299 
emissions has focused on wintertime East Asia, where pNO3- is particularly high. However, the 300 
same method and similar thresholds should be applicable to other polluted regions and seasons. 301 
In future work we will extend the application of the method to these other conditions.  302 
In summary, we have shown that NH3 and NO2 measurements from space can be used as a 303 
NH3/NO2 column ratio indicator to diagnose the sensitivity of PM2.5 nitrate to emissions in 304 
support of pollution management. Our method could be applied to other current satellite 305 
instruments including TROPOMI for NO2 and CrIS for NH3. Future geostationary satellites 306 
including Sentinel-4 and IRS for Europe (Gulde et al., 2017) and GeoXO for the United States 307 
(Schmit et al., 2022) will have NO2 and NH3 measurements from the same platform. The 308 
Nitrosat satellite mission presently under consideration by the European Space Agency will 309 
simultaneously observe NH3 and NO2 at 500-m resolution, greatly increasing the frequency of 310 
clear-sky scenes (Coheur et al., 2021). There is thus considerable potential for application of our 311 
method to the next generation of satellite observations. 312 
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