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Abstract. Secondary inorganic aerosols, comprising sulfate, nitrate, and ammonium (SNA), are major PM2.5 pollution 

contributors in China, but the relative effectiveness of controlling their gaseous precursors (NH3, NOx, and SO2) remains 10 

insufficiently quantified across seasons and regions. Here we use year-round WRF-Chem sensitivity simulations for 2017 to 

assess responses of surface SNA, population-weighted exposure, and PM2.5-related premature mortality to independent 50% 

reductions in anthropogenic NH3, NOx, and SO2 emissions over China. We find that NH3 and NOx reductions each decrease 

national mean SNA by 24–36% across seasons, whereas SO2 reductions produce smaller decreases of 5–15%. NH3 reduction 

is most effective in winter, decreasing national mean SNA by 32.7% (-3.88 μg m-3), while NOx reduction is more effective in 15 

spring and summer (up to -35.6%). Chemical-regime analysis using a potential impact indicator reveals that NH3-sensitive 

regimes dominate more than 70% of China in winter, shifting to NOx-sensitive regimes across eastern China in spring and 

summer, while SO2-sensitive regimes appear mainly over the summertime arid west. Seasonal regime evolution shows a clear 

east–west contrast broadly aligned with the Hu Line. Halving either NH3 or NOx emissions could avert ~200,000 PM2.5-related 

SNA-attributable premature deaths annually, with NOx reductions offering larger national benefits and NH3 reductions yielding 20 

greater benefits in several megacities. These results support seasonally and regionally differentiated NH3 and NOx control 

strategies for future PM2.5 mitigation in China. 

1 Introduction 

Fine particulate matter (PM2.5) pollution remains a major air quality challenge in China, with well-established consequences 

for human health and ecosystems. Reducing PM2.5 is therefore a pivotal and continuing objective of China’s environmental 25 

policy. One of the main challenges in designing efficient PM2.5 control strategies lies in the complex, often nonlinear 

relationship between precursor emissions and pollutant concentrations. Source apportionment and sensitivity analysis are the 

two principal methodological approaches used to characterize these relationships (Clappier et al., 2017). Among PM2.5 

components, secondary inorganic aerosols, comprising sulfate (SO42-), nitrate (NO3-), and ammonium (NH4+) (collectively 

referred to as SNA), are of particular importance, accounting for approximately 50% of PM2.5 mass concentration in China on 30 

average (Lai et al., 2016; Liu et al., 2022b; Zhang et al., 2018). SNA formation is governed by three gaseous precursors, i.e., 

SO2, NOx, and NH3, but the relative effectiveness of controlling these precursors varies with season, region, and precursor 

abundance. Identifying the dominant precursor sensitivity is therefore essential for designing targeted and efficient PM2.5 

control strategies. 

Since the implementation of China’s Air Pollution Prevention and Control Action Plan in 2013, SO2 and NOx emissions 35 

and ambient concentrations have declined substantially across eastern China (Vu et al., 2019; Zheng et al., 2018). As 

conventional end-of-pipe controls for SO2 and NOx approach their practical limits, additional reductions may become 

increasingly costly and may yield smaller marginal benefits. In contrast, agricultural NH3 emissions have received less 

regulatory attention, while satellite observations indicate increasing atmospheric NH3 concentrations over China (Lachatre et 
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al., 2019). Elevated NH3 can sustain ammonium nitrate formation and weaken the PM2.5 benefits of SO2 and NOx controls 40 

even as sulfate has substantially declined (Fu et al., 2017; Liu et al., 2021; Xu et al., 2019; Zhai et al., 2021). At the same time, 

a suite of agricultural management practices, including optimized nitrogen fertilizer application, deep fertilizer placement, 

low-protein livestock feed, and improved manure management, could reduce China’s anthropogenic NH3 emissions by 30–

70% (Guo et al., 2020; Liu et al., 2019b; Xu et al., 2019; Zhang et al., 2020) while maintaining crop yields (Kang et al., 2023). 

A global cost-benefit analysis by Gu et al. (2021) revealed that the marginal abatement cost of NH3 emissions is only 45 

approximately 10% of that for NOx. These considerations make NH3 abatement a potentially important component of future 

PM2.5 mitigation strategies. 

The effectiveness of NH3 abatement, however, is neither spatially uniform nor independent of the concurrent trajectories 

of SO2 and NOx emissions. Previous modeling studies have shown that NH3 reductions can effectively reduce PM2.5, 

particularly the nitrate component, under present-day conditions in China (Erisman and Schaap, 2004; Xing et al., 2019; Xu 50 

et al., 2019; Zheng et al., 2019). For example, Li et al. (2021) found that NH3 control is more effective than NOx control for 

wintertime PM2.5 and nitrate reduction in Beijing. Li et al. (2023) reached a similar conclusion for the effectiveness of NH3 

control on wintertime PM2.5 in the Beijing-Tianjin-Hebei region during COVID-19 lockdown periods, while coordinated NOx 

and volatile organic compounds (VOCs) reductions are more effective in southeastern coastal areas. However, the 

effectiveness of NH3 abatement in reducing PM2.5 over North China decreases as SO2 and NOx emissions decline (Liu et al., 55 

2021), which is a trend that is expected as China’s air quality policies continue to tighten. These findings indicate that the 

precursor-control effectiveness highly depends on season, region, and chemical background, and therefore cannot be 

generalized from individual regions or seasons.  

Despite these advances, a systematic and spatially comprehensive assessment of the relative effectiveness of NH3, NOx and 

SO2 controls across all of China and all seasons is still lacking. Existing studies have focused mainly on North China, individual 60 

city clusters, winter haze episodes, or annual-average conditions (Kang et al., 2023; Liu et al., 2021; Xu et al., 2019). This 

geographic and temporal fragmentation leaves several critical questions unresolved. First, how do SNA chemical regimes vary 

across China’s diverse emission, meteorological, and chemical environments? Second, how do these regimes transition 

seasonally, and do they exhibit coherent national-scale spatial patterns? Third, to what extent do spatially differentiated 

precursor sensitivities translate into heterogeneous population exposure and health benefits? The health dimension is 65 

particularly important because the relationship between emission reductions and avoided premature mortality depends not only 

on the magnitude of concentration reductions but on their spatial overlap with population density (Liu et al., 2023a; Thunis et 

al., 2021), implying that the precursor that most effectively reduces SNA concentrations may not necessarily yield the greatest 

public health benefit. 

To address these gaps, this study conducts year-round, nationwide sensitivity simulations using the WRF-Chem air quality 70 

model for 2017, and characterizes the responses of surface SNA concentrations to reductions in NH3, NOx, and SO2 across all 

seasons and regions of China. Chemical regimes are analyzed using the potential impact (PI) indicator (Clappier et al., 2021), 

which provides a spatially resolved and directly comparable measure of each precursor’s control over SNA formation. Public 

health implications are quantified through population-weighted concentration analysis and premature mortality estimation 

using the Global Exposure Mortality Model (GEMM). This study therefore provides a national-scale and seasonally resolved 75 

assessment of how NH3, NOx, and SO2 controls affect SNA concentrations, chemical regimes, and health-relevant exposure, 

with implications for regionally differentiated PM2.5 mitigation strategies in China.  

https://doi.org/10.5194/egusphere-2026-4271
Preprint. Discussion started: 24 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 3 

2 Materials and methods 

2.1 The WRF-Chem model 

We use the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) version 3.6.1 to simulate the 80 

meteorological and atmospheric chemical fields for China from January to December in 2017. The single simulation domain 

covers all of China (Fig. S1) at a 27-km horizontal resolution. The 37 vertical layers extend from the surface to 50 hPa. The 

meteorological and chemical initial and lateral boundary conditions come from the Final (FNL) Operational Global Analysis 

data (NCEP, 2000) and the results of Community Atmosphere Model with Chemistry (CAM-Chem) (Buchholz et al., 2019) 

in 2017, respectively. We reinitialize the meteorological fields every 2 days to limit model drift (Zhou et al., 2021). For all 85 

scenarios, the 12 months are split into four quarterly simulations, with each simulation starting with a 3-day spin-up period. 

We update the model’s static geographic information to the year 2017 using the Moderate Resolution Imaging 

Spectroradiometer (MODIS) Land Cover Type Product Version 6 (https://lpdaac.usgs.gov/products/mcd12q1v006/).  

Atmospheric chemical processes are assessed using the Carbon-Bond Mechanism version Z (CBMZ) gas-phase chemical 

mechanism (Zaveri and Peters, 1999) coupled with a 4-bin sectional Model for Simulation Aerosol Interactions and Chemistry 90 

(MOSAIC-4 bins) aerosol scheme (Zaveri et al., 2008). Three heterogeneous reactions to form sulfate and nitrate on particle 

surfaces developed by Chen et al. (2016) are added to the MOSAIC scheme, which are detailed in Liu et al. (2021, 2023b), 

Xu et al. (2023) and Zhou et al. (2021). The shortwave and longwave radiation transfer scheme is the Rapid Radiative Transfer 

Model for GCMs (RRTMG) scheme (Iacono et al., 2008). Other physical parameterizations include the Yonsei University 

(YSU) planetary boundary layer scheme (Hong et al., 2006), the revised fifth-generation Mesoscale Model (MM5) Monin–95 

Obukhov surface layer scheme (Chen and Dudhia, 2001) and the Unified Noah land-surface model (Niu et al., 2011), the 

Morrison 2-moment microphysics scheme (Morrison et al., 2009), and the Grell-3 cumulus scheme (Grell and Dévényi, 2002).  

In the baseline simulation (“Base” case in Table 1), anthropogenic emissions over China are from 2017 Multi-resolution 

Emission Inventory for Climate and air pollution research-High Resolution (MEIC-HR) with a spatial resolution of 0.1° × 

0.1°, and a monthly temporal resolution (Zheng et al., 2021). In particular, agricultural NH3 emissions in 2017 were estimated 100 

using the upgraded methods of Chen et al. (2021), with the same temporal and spatial resolutions as the MEIC-HR inventory. 

In the rest of the domain, the 2010 monthly MIX emission inventory (Li et al., 2017) is used. Total emissions and monthly 

variations of each major pollutant in the MEIC-HR emission inventory are basically consistent with the commonly used MEIC 

emission inventory (with a spatial resolution of 0.25° × 0.25°), with the former being slightly higher in annual total emissions 

(Fig. S2). The annual total of the agricultural NH3 emissions estimated in this study (9.84 Tg year-1) is slightly lower than those 105 

in the MEIC emission inventory (10.27 Tg year-1). The former provides higher emission estimates in March-July and lower 

estimates during the remaining months, which mainly reflects differences in the estimate of emissions related to fertilizer 

application. Biogenic and biomass burning emissions were calculated online within the model, combined with the Model of 

Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006) and the high-resolution (1 km) Fire INventory 

from NCAR (FINN) (Wiedinmyer et al., 2011), respectively. 110 

Table 1. Emission scenarios used in the WRF-Chem simulations for 2017. 

Scenarios Description 
Base Baseline emissions using MEIC-HR and updated agricultural NH3 emissions over China. 
r50NH3 Reduce the anthropogenic NH3 emissions by 50% over China.  
r50NOx Reduce the anthropogenic NOx emissions by 50% over China. 
r50SO2 Reduce the anthropogenic SO2 emissions by 50% over China. 
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Three sets of sensitivity simulations (Table 1) were conducted in this study to investigate the effects of anthropogenic NH3, 

NOx, and SO2 emission reductions on the concentrations of secondary inorganic aerosols in China at the same level of 

abatement (50%). The 50% reduction level was selected because, at this magnitude, the emission–concentration relationship 115 

remains approximately linear in most cases for yearly averaged emission reductions, ensuring the robustness of the sensitivity 

analysis. Moreover, a 50% reduction in anthropogenic emissions represents an achievable target for China (Clappier et al. 

2021). In particular, such a reduction in anthropogenic NOx emissions could be realized through the large-scale deployment 

of clean energy alternatives and the implementation of nitrogen-reduction technologies across various industrial sectors, in 

line with China’s carbon neutrality objectives (Yang et al., 2022; Zhao et al., 2013). In the agricultural sector, a 50% emission 120 

reduction target is likewise consistent with the anticipated mitigation potential and the strategic direction of national policies. 

As noted in the Introduction, a combination of agricultural management practices could reduce total anthropogenic NH3 

emissions in China by 30–70%.  

2.2 Air pollutant measurements  

Ground-based observations of NO2, SO2, NH3, O3, and PM2.5, together with satellite retrievals of NH3 are collected for model 125 

evaluation. Hourly observations of surface NO2, SO2, O3, and PM2.5 concentrations at 1614 sites across the country in 2017 

are obtained from the China National Environmental Monitoring Centre (CNEMC, https://air.cnemc.cn:18007/). We further 

apply the station selection method proposed by Liu et al. (2018) to rule out stations with over 30% missing NO2 data or gaps 

exceeding 72 hours per month (11% of total). The remaining 1214 stations (Fig. S1) then undergo data quality control for other 

pollutants, including outlier removal. Due to the systematic positive biases in NO2 measurement caused by the interference of 130 

other oxidized nitrogen compounds (Lamsal et al., 2008; Zhang et al., 2016), the raw measured NO2 concentrations are 

corrected by multiplying the monthly corrected factors (CF; Fig. S3) calculated following Lamsal et al. (2008). NO2, alkyl 

nitrates (AN), peroxyacetyl nitrate (PAN), and HNO3 concentrations used in this correction are obtained from the 2017 baseline 

GEOS-Chem High Performance simulations (Ye et al., 2024).  

The ground-based observational data for NH3 over China are sparse in 2017. Here, we collect weekly- or monthly-averaged 135 

NH3 observations from 10 stations in North China (NC), 3 stations in the Yangtze River Delta area (YRD), and 1 station in 

the Sichuan Basin (SCB) (further details are provided in Table S1). These sites represent traffic, urban, rural, and background 

environments. To improve spatial coverage, daily NH3 total columns from the Infrared Atmospheric Sounding Interferometer 

(IASI) on the Metop-A satellite (https://doi.org/10.25326/10) are further incorporated. The retrieval algorithm of NH3 columns 

first calculates Hyperspectral Range Indices (HRIs), which represent the emission or absorption amplitude of NH3 in the 140 

spectrum (Van Damme et al., 2014). HRIs are then converted into NH3 columns using an improved neural network-based 

algorithm proposed by Whitburn et al. (2016) and further refined by Van Damme et al. (2017). This IASI/Metop-A NH3 total 

column dataset has been validated in several studies (Heald et al., 2012; Liu et al., 2017; Van Damme et al., 2018), and shows 

good agreement with measurements of surface NH3 concentrations in China (Liu et al., 2019a, 2022a). As this retrieval product 

does not require averaging kernels for comparison with model simulations (Whitburn et al., 2016), WRF-Chem NH3 columns 145 

are calculated by vertically summing simulated NH3 concentrations across all model layers. 

2.3 Indicator of chemical regime  

To compare the concentration responses to different precursor reductions in a consistent way, the potential impact (PI) indicator 

(Clappier et al., 2021) is employed in this study to determine the chemical regime of each grid cell. The definition of PI is as 

follows: 150 

𝑃𝐼!
"#$% =

∆𝐶"#$%!

𝛼  (1) 
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where prec represents the emission precursor (NH3, NOx, and SO2); α is the fractional emission reduction, with 0 (1) denoting 

no (100%) emission reduction, and in this study α is 0.5 for all three precursors; ΔC is the difference in surface SNA 

concentrations between the emission reduction scenario and the baseline simulation. A PI value is calculated for each grid cell 

and precursor. When 𝑃𝐼&.()*+ of a grid is larger than its 𝑃𝐼&.(),- and 𝑃𝐼&.(.*/ (i.e., 𝑃𝐼&.()*+ > max (𝑃𝐼&.(),-, 𝑃𝐼&.(.*/)), it implies that the 

NOx emission reduction has a larger impact on SNA concentrations than SO2 and NH3. Therefore, the SNA formation chemical 155 

regime of the grid cell is classified as NOx-sensitive. The NH3-sensitive or SO2-sensitive chemical regimes are defined 

similarly. 

In addition, this study defines March, April, and May (MAM) as spring months; June, July, and August (JJA) as summer 

months; September, October, and November (SON) as autumn months; December, January, and February (DJF) as winter 

months. January, April, July, and October are representative months for winter, spring, summer, and autumn, respectively. 160 

Seasonal means are calculated as arithmetic means of the three months in the season.  

3 Results 

3.1 Model evaluation  

The comparisons of NO2, maximum daily 8-hourly average (MDA8) O3, SO2, and PM2.5 concentrations between the Base 

simulation and ground-based observations are shown in Fig. 1. The baseline simulation reproduces the main temporal 165 

variations and spatial patterns of these pollutants at the national scale in 2017. Simulated MDA8 O3, SO2 and PM2.5 levels 

agree reasonably well with observations throughout the year (Fig. 1b–d), with annual mean biases of +5.5 μg m-3 (+5.8%), -

1.7 μg m-3 (-9.6%), and -1.4 μg m-3 (-3.1%), respectively (Fig. 1f–h). Although simulated NO2 levels are less satisfactory than 

the other pollutants (Fig. 1a), the simulated and observed time series for all pollutants, including NO2, show high temporal 

correlation coefficients (Rs), mostly near or above 0.8 across seasons. The spatial Rs between annual mean simulations and 170 

observations generally exceed 0.5, with PM2.5 and NO2 above 0.7. These results indicate that the model reproduces the major 

features of air quality over China and provides a suitable basis for the sensitivity analyses below.  

The model performance for NO2 is less satisfactory than for O3, SO2, and PM2.5 (Fig. 1a, e). As described in Sect. 2.2, the 

raw NO2 observations contain systematic positive biases, hence are corrected by applying monthly CFs that are less than 1 

(Fig. S3). This correction reduces the observed levels by 2.51, 3.91, 4.36, and 3.25 μg m-3 in winter, spring, summer, and 175 

autumn, respectively (Fig. 1a). Against these corrected observations, the model still underestimates surface NO2 in all seasons, 

particularly in winter, spring, and autumn (Fig. 1a), with an annual mean underestimation of 6.9 µg m-3 (-23.5%; Fig. 1e). The 

simulation bias in summer is notably smaller, decreasing from 6.04 μg m-3 relative to raw observations to 1.68 μg m-3 after 

correction.  

The remaining NO2 underestimates may be attributed to the relatively low spatial resolution of the model compared to the 180 

point-based monitoring stations. By categorizing annual mean observed NO2 concentrations into 5 µg m-3 intervals, and 

calculating the corresponding simulated NO2 concentrations, we find that the discrepancy between the Base simulation and 

observations increases with higher NO2 levels and the slope of discrepancy sharply rises at 50 µg m-3 (Fig. S4a), suggesting 

the limited ability of the model to reproduce high NO2 concentrations. In addition, the observed surface NO2 concentrations 

increased in parallel with corresponding population density and nighttime lighting indices with a distinct inflection point at 10 185 

μg m-3 (Fig. S4b), implying a high correlation between surface NO2 concentrations and human activities. We therefore infer 

that the stations with high observed NO2 concentrations are typically located near line or point sources of high NOx emissions, 

such as traffic arteries, factories, and power plants (Zhao et al., 2013). These sub-grid sources are not fully resolved at 27-km 

resolution, causing grid-cell mean concentrations to be lower than point observations, particularly in traffic- and industry-

intensive cities such as Xi’an, Chengdu, and Guangzhou (Fig. 1e). 190 
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Figure 1. Evaluation of the WRF-Chem Base simulation against ground-based observations in 2017. The left column shows 
seasonally averaged daily variations of simulated (red) and observed (black) NO2 (a), MDA8 O3 (b), SO2 (c), and PM2.5 (d); 
the gray dashed line in (a) denotes raw NO2 observations before correction; seasonal mean values are shown in the 
corresponding colors. The right column shows annual mean surface concentrations of each pollutant (e–h) for baseline 195 
simulation (contours) and observations (filled circles using the same color scale); annual mean values of all sites are shown 
inset. Temporal and spatial correlation coefficients (R) are shown inset; an asterisk indicates significance at the 95% confidence 
level. 

We also evaluate baseline NH3, an essential precursor of SNA, using IASI Metop-A satellite columns and the compiled 

surface measurements. The comparison results indicate that NH3 simulated in the Base case generally agrees well with both 200 

satellite (Fig. 2) and surface observations (Fig. S5). Simulated monthly mean NH3 columns in April, July, and October align 

well with IASI satellite observations in terms of magnitude and spatial distribution, with significant spatial Rs of 0.59, 0.79, 

and 0.44, respectively, and Reduced-Major-Axis (RMA) regression slopes close to 1 (Fig. 2). Similar agreement is found when 

comparing with ground-based observations at urban stations (Nanjing and Chengdu) in summer (Fig. S5c). However, simulated 

NH3 levels in January are significantly lower than IASI observations (Fig. 2e, i), with a national mean bias of -7.1 µg m-3 (-205 

82.5%) and a weak spatial R of only 0.15 (Fig. 2a).  

Although IASI NH3 retrievals have larger uncertainty in winter because of weak thermal contrast (Clarisse et al., 2009; Van 

Damme et al., 2017), the model also underestimates winter NH3 compared with ground-based observations, particularly at 

urban stations where the largest bias reaches -11 μg m-3 (Fig. S5c). The collected winter surface NH3 measurements are located 

in Beijing, Hebei, and Chengdu; among them, the Chengdu data align well with the 1:1 line (Fig. S5b). This suggests that the 210 

winter NH3 underestimate is evident in North China, while its magnitude in the Sichuan Basin (SCB) remains less certain. For 

other seasons, the differences between baseline simulation and IASI NH3 columns (Fig. 2e–h) suggest that the model biases 
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are generally larger in North China and SCB than in the Yangtze River Delta (YRD) and Pearl River Delta (PRD). More 

comprehensive surface NH3 monitoring data are needed for a space-ground cross-validation across China. 

 215 
Figure 2. Spatial distributions of monthly mean NH3 columns from the WRF-Chem Base simulation and IASI/Metop-A 
satellite observations in January, April, July, and October 2017. Panels (a–d) show simulated and observed NH3 columns; 
panels (e–h) show model minus observation differences; panels (i–l) show the corresponding scatter plots. Values in (a–d) 
indicate national mean NH3 columns and spatial correlation coefficients (R), with an asterisk denoting significance at the 95% 
confidence level. Red lines in panel (e) – (h) are the boundaries of Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), 220 
Sichuan Basin (SCB), and Pearl River Delta (PRD) regions. Solid blue line, dashed black line, and NMB in panel (i) – (l) 
indicate Reduced-Major-Axis (RMA) regression, 1:1 line, and normalized mean bias, respectively. 

3.2 Responses of absolute SNA concentrations to emission reductions 

The year-round nationwide sensitivity simulations with equal fractional (50%) reductions in NH3, NOx, and SO2 emissions 

provide a direct comparison of the effectiveness of these three precursors in reducing surface SNA concentrations. Figure 3 225 

shows that 50% reductions in NH3 or NOx emissions lead to much larger decreases in SNA than an equivalent reduction in 

SO2 emissions. Across the four representative months, national mean SNA decreases by 24–36% in the NH3 and NOx reduction 

scenarios, compared with only 5–15% in the SO2 reduction scenario. This indicates that, under present-day Chinese conditions, 

SNA formation is primarily sensitive to NH3 and NOx controls, whereas the marginal effect of further SO2 control is 

comparatively limited. The absolute SNA response is largest in regions with high baseline SNA concentrations, indicating that 230 

emission controls yield the greatest concentration benefits in existing pollution hotspots. 

The relative effectiveness of NH3 and NOx reductions varies strongly by season. In January (representing winter), halving 

NH3 emissions leads to a decrease of the national mean SNA concentration by 3.88 μg m-3 (-32.7%), which is greater than the 

effect of halving NOx emissions (-2.87 μg m-3, -24.2%). Spatially, the effects of these two precursor reductions on surface 

SNA are mainly concentrated in the SCB and Central China, including Hunan, Hubei, and Henan, with maximum reductions 235 

reaching 22 μg m-3. Notably, NH3 emission reduction has a broader spatial influence compared to NOx, leading to SNA 

decreases of more than 10 μg m-3 across eastern (Anhui, Jiangsu, and Jiangxi), northern (Shaanxi, Shanxi, Shandong), and 

southwestern China (Guizhou and Guangxi).  
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In April (spring) and July (summer), NOx reductions become more effective than NH3 reductions in terms of both national 

mean response and spatial extent. The national mean SNA reduction from NOx control reaches 35.6% in April and 31.0% in 240 

July, compared with 27.7% and 25.0% from NH3 control, respectively. In spring, NOx and NH3 controls mainly reduce surface 

SNA across the transition zone between North, East, and Central China, while in summer their effects are more concentrated 

in North China, especially the BTH region and Shandong. In October (autumn), halving NH3 emissions and halving NOx 

emissions have comparable effects on the national mean (-2.9 μg m-3, -33%) and maximum SNA concentrations (about -20 μg 

m-3), but their spatial distributions differ. NOx-related reductions extend from North China through East and Central China, 245 

whereas NH3-related reductions are more concentrated over North China. 

The four major urban agglomerations (BTH, SCB, YRD, and PRD) show additional regional differences (Fig. S6). In 

winter, SNA decreases least in the BTH region and most in the PRD under the NH3 reduction scenario, with relative decreases 

of approximately 25% and 47%, respectively. This contrast is consistent with differences in atmospheric NH3 abundance across 

regions (Fig. S7). The BTH region has higher excess NH3 than the other urban agglomerations, which weakens the relative 250 

response of SNA to NH3 reductions (Liu et al., 2021; Fig. S7). Overall, NH3 and NOx controls have comparable national 

importance for reducing SNA-related PM2.5 in China, but their relative effectiveness varies strongly by season and region. NH3 

control is more effective in winter, while NOx control has a greater impact in spring and summer. In autumn, both controls 

yield similar effects in North China, but NOx reduction is more effective in Central China. 

 255 

Figure 3. Monthly mean surface SNA concentrations (μg m-3) over China in January, April, July, and October from the Base 
simulation (a–d), and differences with the r50NH3 (e–h), r50NOx (i–l), and r50SO2 (m–p) scenarios. Values inset are the 
national mean of each panel with percentages denoting relative changes to the Base simulation.  
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3.3 Responses of PM2.5-related population exposure to emission reductions 

To evaluate health-relevant exposure, this study further assesses the effect of precursor emission reductions on the population-260 

weighted concentration (PWC) of SNA and associated premature mortality (estimated as the difference in PM2.5-related 

mortality with and without the SNA following the GEMM framework, as detailed in Text S1). PWC assigns greater weight to 

pollutant concentrations in densely populated areas, providing a more accurate estimate of PM2.5 exposure (Thunis et al., 2021). 

Most provinces show larger PWC than absolute SNA concentrations throughout the year (Fig. S8). The increments are 

particularly pronounced in Sichuan and Hebei, where both high SNA concentrations and dense population enhance exposure. 265 

The precursor dependence of PWC reductions is broadly consistent with that of area-mean SNA reductions, but population 

weighting modifies the relative importance of NH3 and NOx controls in some regions. In January, most provinces show larger 

PWC reductions from NH3 control, with the strongest decreases in Southwest and Central China (Fig. S8a). However, Sichuan 

and Henan show stronger PWC responses to NOx reductions, even though their area-mean SNA responses to NH3 and NOx 

are similar. In April and July, NOx reductions produce larger PWC decreases than NH3 reductions in most provinces (Fig. S8b, 270 

c), with the largest decreases occurring in Anhui in spring (-13.0 μg m-3) and Hebei in summer (-14.7 μg m-3). An exception 

occurs in Beijing and Tianjin in summer, where PWC decreases are large and more responsive to NH3 reductions than to NOx 

reductions. In October, PWC reductions are generally smaller and more spatially heterogeneous. NOx reductions dominate 

among provinces with larger PWC decreases, whereas NH3 reductions are more influential in several provinces with smaller 

PWC responses. These results indicate that population weighting can alter the apparent priority of precursor controls, especially 275 

where concentration reductions overlap differently with population distribution.  

The comparison between area-mean and population-weighted responses is also evident in the four urban agglomerations 

(Fig. S6). In the BTH region, NH3 reductions produce larger SNA decreases in January, whereas NOx reductions have stronger 

effects on PWC in the other representative months. In October, population weighting reverses the apparent control priority: 

NH3 reductions are slightly more effective for area-mean SNA, but NOx reductions become more effective for PWC. In the 280 

SCB, population weighting further highlights the importance of NOx reductions across seasons. In the YRD and PRD, by 

contrast, population weighting has little effect on the relative importance of NH3 and NOx controls. 

Table 2. Number of PM2.5-related premature deaths attributable to SNA in Base scenario and avoided deaths under different 
precursor emission reductions. 

Scenarios PM2.5-related premature deaths (thousand) 95% Confidence Interval 

Base 649.6 [465.2, 832.1] 

Base - r50NH3 190.0 (29%) [177.7, 201.8] 

Base - r50NOx 206.2 (32%) [193.2, 218.7] 

Base - r50SO2 45.3 (7%) [42.4, 48.1] 
 285 

Further investigation of health impacts shows that the baseline PM2.5-related premature deaths attributable to SNA are 

estimated at 649,600 in 2017 (Table 2), mainly concentrated in densely populated urban agglomerations (Fig. 4a). The 

corresponding total PM2.5-related premature mortality, computed directly from the full PM2.5 field, is 2.17 million, consistent 

with previous estimates of 1.8 to 2.5 million for China (Burnett et al., 2018; Zhou et al., 2021). A 50% reduction in either NH3 

or NOx emissions would avert around 200,000 PM2.5-related SNA-attributable premature deaths annually in China (Table 2). 290 

NOx reductions yield slightly larger national benefits (-206,200 deaths, -32%) than NH3 reductions (-190,000 deaths, -29%), 

whereas SO2 reductions prevent only about 45,300 deaths (7%) because of their smaller impact on SNA concentrations. The 

spatial patterns of avoided mortality differ between NH3 and NOx controls: NH3 reductions provide larger benefits in 
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megacities such as Beijing, Shanghai, Guangzhou, and Shenzhen, whereas NOx reductions provide larger benefits across 

Shandong, northern Jiangsu, Hebei, and broader interior regions (Fig. 4b–d). 295 

 

Figure 4. Annual PM2.5-related premature deaths caused by SNA in Base scenario (a), avoided deaths due to 50% reductions 
in NH3 (b) and NOx (c) emissions, and the difference in avoided deaths between the NH3 and NOx reduction scenarios (d). 
Positive values in (d) indicate larger avoided mortality from NH3 reduction than from NOx reduction. 

Among the four urban agglomerations, the YRD region shows the largest absolute mortality benefits from both NH3 and 300 

NOx controls, with approximately 39,300 and 37,400 avoided deaths, respectively (Fig. 5). This is largely attributable to the 

YRD’s larger population of 238 million, compared with 110 million, 84 million, and 79 million in the BTH, SCB, and PRD 

regions, respectively (China Development Press, 2022; National Development and Reform Commission of China, 2025). The 

PRD region has the smallest absolute number of avoided deaths, below 8,000 for all three precursors, because of its smaller 

area and population, yet its relative reduction from NH3 control reaches about 36%, the highest among four regions (Fig. 5). 305 

These results demonstrate that NH3 and NOx reductions both deliver substantial health benefits, but their relative importance 

differs across national totals, regional exposure, and urban-scale population distribution. 

 

Figure 5. Number and percentage of avoided premature deaths in the BTH, PRD, SCB, and YRD regions under precursor 
emission reduction scenarios. Bars indicate the number of avoided deaths, and triangles indicate the percentage reduction 310 
relative to the baseline mortality. 
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3.4 SNA chemical regimes across China 

For emission-control design, it is important not only to quantify the magnitude of SNA reductions but also to identify the 

precursor to which SNA formation is most sensitive in different regions and seasons. Here the chemical regime refers to the 

precursor whose 50% emission reduction produces the largest decrease in surface SNA concentration, as diagnosed by the PI 315 

indicator. The month-by-month maps and national areal fractions (Fig. 6 and Fig. 7) show a pronounced seasonal transition in 

SNA precursor sensitivity across China. 

In winter (DJF), NH3-sensitive regimes dominate most of China, accounting for more than 70% of the national model grids 

(Fig. 7). This pattern is consistent with low wintertime NH3 emissions and relatively high NOx emissions (Fig. S2), which 

consume much of the available NH3 through neutralization of H2SO4 and HNO3 and leave limited excess NH3 (Fig. S7). In 320 

NH3-poor regions like Zhejiang, western Inner Mongolia, and eastern Xinjiang, NH3 availability is insufficient to fully 

neutralize HNO3, so a 50% NH3 reduction produces a larger SNA decrease than an equivalent NOx reduction. By contrast, 

parts of Henan, Central China, and the Sichuan Basin (SCB) retain substantial excess NH3 in winter (Fig. S7), and SNA 

formation there is more responsive to NOx reductions. 

 325 

Figure 6. Monthly chemical regimes of surface SNA formation across China from January to December 2017. Green, blue, 
and red grid cells represent NH3-, NOx-, and SO2-sensitive regimes, respectively, defined as the precursor whose 50% emission 
reduction produces the largest decrease in surface SNA concentration. 

In spring (MAM), the dominant chemical regimes shift from NH3- to NOx-sensitive gradually. The fraction of NH3-sensitive 

grid cells decreases from 58% in March to 26% in May (Fig. 7), while NOx-sensitive regimes expand from Central China 330 

toward northeastern and southern China and reach their annual maximum areal fraction of 56% in April (Fig. 6). Nevertheless, 

several coastal or relatively NH3-limited regions such as Liaoning, Zhejiang, Fujian, and Taiwan, remain more sensitive to 

NH3 reductions (Fig. S7). In summer (JJA), NOx-sensitive regimes persist over much of eastern China, whereas SO2-sensitive 

regimes expand over the arid west, including desert and high-altitude regions in Xinjiang, Qinghai, Gansu, Inner Mongolia, 

and southwestern Yunnan. By July, SO2-sensitive grids account for 42% of the national domain, slightly exceeding the NOx-335 

sensitive fraction (40%). From August onward, NH3-sensitive regimes begin to re-expand, broadly mirroring their decline 

from winter to spring. The border region among Inner Mongolia, Heilongjiang, and Jilin remains consistently NOx-sensitive 

during most months. 
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Figure 7. Monthly areal fractions of NH3-, NOx-, and SO2-sensitive regimes across China in 2017. Fractions are calculated as 340 
the percentage of national model grid cells classified as sensitive to NH3, NOx, or SO2 emissions based on the potential impact 
indicator. 

To characterize the year-round behavior of each grid cell, we further classify the annual evolution of chemical regimes into 

seven categories: grids that are persistently sensitive to (1) NH3, (2) NOx, or (3) SO2 emissions year-round, and grids that 

alternate between (4) NH3-NOx, (5) NH3-SO2, (6) NOx-SO2, and (7) NH3-NOx-SO2 regimes during different months. The 345 

results in Fig. 8 reveal a coherent east–west contrast, which aligns closely with the Hu Line, i.e., the population density 

demarcation line. East of the Hu Line, where population and anthropogenic emissions are concentrated, most grids alternate 

between NH3- and NOx-sensitive regimes, constituting the largest category nationally (43%). West of the Hu Line, where SNA 

concentrations are generally lower and the environment is more arid, grids more often alternate among NH3, SO2, and NOx 

sensitivity (27%) or between NH3 and SO2 sensitivity (23%). This spatial contrast indicates that the Hu Line is not only a 350 

demographic boundary but also a useful large-scale marker of contrasting precursor-sensitivity behavior for SNA formation. 

 

Figure 8. Annual variation patterns of chemical regimes for surface SNA formation across China. Colors denote grid cells that 
remain NH3-, NOx-, or SO2-sensitive throughout the year, or that alternate among NH3-NOx, NH3-SO2, NOx-SO2, or NH3-
NOx-SO2 regimes during different months. The numbers in parentheses indicate the total number of grid cells in each category. 355 
The yellow dashed line denotes the Hu Line of population distribution. 

Several subregions show persistent single-precursor sensitivity throughout the year. Year-round NOx-sensitive regimes 

occur in parts of the SCB, eastern Henan, central Hubei, the Qinghai–Gansu border region, and southwestern Heilongjiang 

(Fig. 8), indicating that sustained NOx reductions are particularly effective for SNA mitigation in these locations. The NOx-

sensitive pattern in the SCB is consistent with previous regional modeling results (Yang et al., 2022). In contrast, parts of 360 
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Fujian, Zhejiang, and western Sichuan remain NH3-sensitive throughout the year, suggesting that continuous NH3 reductions 

would provide the strongest SNA mitigation benefits there. 

The regime maps in Fig. 8 identify the dominant precursor without indicating how strongly SNA responds to that precursor. 

To evaluate the sensitivity magnitude, we use the sensitivity coordinate system shown in Fig. S9 and plot provincial PI values 

for January, April, July, and October in Fig. 9. Provinces in NH3- or NOx-sensitive regimes generally lie farther from the origin 365 

and axes, indicating stronger and more distinguishable responses to NH3 or NOx reductions. In contrast, provinces classified 

as SO2-sensitive usually remain close to the origin and axes, indicating weak absolute sensitivity and suggesting that SO2-

sensitive classifications should be interpreted cautiously, particularly where baseline SNA concentrations are low.  

The provincial results reinforce the seasonal transition inferred from the grid-scale maps. In January, all provinces fall 

within the NH3-sensitive quadrant, and most show strong NH3 sensitivity, especially Shanxi, Anhui, and Hunan (Fig. 9a). All 370 

provinces also lie below the 1:1 line in the first quadrant, confirming the secondary role of NOx reductions in winter. In April 

and July, most provinces shift to NOx-sensitive regimes with relatively strong sensitivity (Fig. 9b, c), while a few provinces 

remain NH3-sensitive, such as Fujian and Zhejiang in spring and Beijing and Tianjin in summer. These NH3-sensitive provinces 

tend to lie close to the x-axis, implying that their sensitivity to NH3 is only modestly stronger than their sensitivity to NOx. In 

October, the number of NH3-sensitive provinces increases again, with Shanxi and Henan showing the strongest sensitivities to 375 

NH3 and NOx reductions, respectively (Fig. 9d).  

 

Figure 9. Provincial chemical regimes of SNA formation shown in the sensitivity coordinate system for January (a), April (b), 
July (c), and October (d). The inset in each panel shows the corresponding grid-cell results across China. Green, blue, and red 
markers indicate NH3-, NOx-, and SO2-sensitive regimes, respectively. Greater distance from the origin and axes indicates 380 
stronger and more distinguishable sensitivity to the dominant precursor. 

The four major urban agglomerations generally follow the national seasonal transition but with important regional 

differences (Fig. S10–S12). In the BTH, YRD, and PRD regions, more than 90% of grids alternate between NH3- and NOx-

sensitive regimes over the year, with NH3 sensitivity prevailing mainly in cold months and NOx sensitivity in warm months. 
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This indicates that coordinated NH3 and NOx controls are needed, with the seasonal emphasis varying by region. In contrast, 385 

the Sichuan Basin contains a distinct area of persistent NOx sensitivity in its northwestern part, covering much of Chengdu, 

and NOx-sensitive regimes dominate more than half of the basin during most months except January. The YRD shows stronger 

NH3 sensitivity in Zhejiang and Shanghai, while NOx sensitivity expands from northern YRD toward the south in warm 

months. The PRD exhibits a rapid seasonal transition, with NH3-sensitive regimes dominating from October to March and 

NOx-sensitive regimes taking over from April onward. Patchy SO2-sensitive grids appear in the YRD and PRD in July, but 390 

their low SNA concentrations and weak sensitivity suggest that NH3 and NOx remain the primary precursors of concern in 

these urban agglomerations. 

The chemical-regime patterns in China share some similarities with those reported for Europe by Clappier et al. (2021), but 

also show important differences in spatial extent and relative dominance. In both regions, NH3-sensitive regimes are most 

widespread in winter, SO2-sensitive regimes expand in summer, and NOx-sensitive regimes reach their largest extent in spring. 395 

However, the relative dominance of the three regimes differs substantially. SO2-sensitive regimes are far less extensive in 

China (covering up to 40% of the territory in summer but dropping to less than 1% in winter) than in Europe (accounting for 

about 90% of the territory in July and still nearly 40% in winter). In contrast, NH3-sensitive regimes remain more widespread 

in China (covering 70–80% of the territory in winter and remain 20–30% in summer) than in Europe (covering around 40% of 

the territory in winter and nearly absent in summer) throughout the year. NOx-sensitive regimes are also more prominent in 400 

China, covering more than half of the national territory in April and remaining substantial during summer. These differences 

suggest that, under current Chinese conditions, future SNA mitigation requires continued NOx reductions together with 

strengthened NH3 controls, while the national marginal role of further SO2 control is more limited and regionally confined. 

4 Conclusions and discussion 

This study uses year-round WRF-Chem sensitivity simulations for 2017 to quantify how surface secondary inorganic aerosols 405 

(SNA; sulfate, nitrate, and ammonium) over China respond to independent 50% reductions in anthropogenic NH3, NOx, and 

SO2 emissions. We further diagnose SNA chemical regimes using the potential impact (PI) indicator and evaluate the exposure 

and health relevance of precursor controls using population-weighted concentrations and PM2.5-related premature mortality 

estimates. 

The results demonstrate that both NH3 and NOx controls are central to future SNA mitigation in China, whereas the marginal 410 

effect of further SO2 control is comparatively limited under present-day conditions. At the national scale, 50% reductions in 

NH3 and NOx emissions decrease surface SNA concentrations by 24–36% across seasons, substantially larger than the 5–15% 

reduction from equivalent SO2 control. The relative effectiveness of NH3 and NOx reductions varies strongly with season. NH3 

control is more effective in winter, reducing national mean SNA by 32.7%, while NOx control becomes more effective in 

spring and summer, with the largest national decrease of 35.6% in April. In autumn, the national mean effects of NH3 and NOx 415 

controls are comparable, although their spatial patterns differ. These findings indicate that NH3 and NOx controls should not 

be viewed as substitutes, but as complementary measures whose relative priority depends on season and region. 

The PI-based chemical-regime analysis provides a mechanistic interpretation of this seasonality. NH3-sensitive regimes 

dominate more than 70% of China in winter, reflecting lower NH3 emissions and stronger consumption of available NH3 by 

acidic species. From spring to summer, NOx-sensitive regimes expand across eastern China, while SO2-sensitive regimes 420 

become more common over arid western regions where SNA concentrations and absolute sensitivities are generally low. The 

year-round evolution of chemical regimes reveals a clear east–west contrast broadly aligned with the Hu Line. East of the line, 

where anthropogenic emissions and population density are high, SNA formation is mainly characterized by seasonal alternation 

between NH3- and NOx-sensitive regimes. West of the line, chemical regimes more often alternate between NH3 and SO2 
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sensitivity or among all three precursors. Persistent single-precursor regimes are limited in spatial extent but are important for 425 

regional control strategies, including year-round NOx sensitivity in parts of the Sichuan Basin, eastern Henan, and central 

Hubei, and year-round NH3 sensitivity in parts of Fujian, Zhejiang, and western Sichuan. 

By linking precursor sensitivity with population exposure, this study further shows that the health relevance of emission 

controls depends not only on concentration responses, but also on their spatial overlap with population. A 50% reduction in 

either NH3 or NOx emissions could avert around 200,000 PM2.5-related premature deaths annually associated with SNA 430 

changes in China. NOx reductions yield slightly larger national mortality benefits, while NH3 reductions provide greater 

benefits in several densely populated megacities, including Beijing, Shanghai, Guangzhou, and Shenzhen. The comparison 

between concentration-based and population-weighted metrics also shows that the apparent priority of precursor control can 

change when population exposure is considered, underscoring the need to evaluate emission-control strategies using both air-

quality and exposure-relevant indicators. 435 

Several uncertainties should be considered when interpreting these results. First, the sensitivity simulations are based on a 

single reduction level of 50% for each precursor. Because SNA formation is chemically nonlinear, the relative benefits of NH3, 

NOx, and SO2 controls may change at different abatement levels. Multi-level sensitivity simulations would be needed to 

identify thresholds, saturation effects, and marginal benefits along more realistic emission-reduction pathways. Second, each 

precursor is reduced independently in this study, whereas actual control policies usually change multiple pollutants 440 

simultaneously (Cheng et al., 2021; Geng et al., 2024). Combined reductions in NH3, NOx, SO2, VOCs, primary particles, and 

carbon-related emissions may produce responses that differ from the sum of single-precursor effects because of nonlinear 

aerosol thermodynamics, oxidant chemistry, and nitrate formation. Third, the present analysis focuses on SNA-related PM2.5 

and does not fully resolve interactions between NOx control, ozone chemistry, atmospheric oxidants, and secondary aerosol 

production. For example, NOx reductions can increase ozone in VOC-limited environments by weakening NO titration, 445 

potentially enhancing oxidation pathways for nitrate or sulfate formation (Huang et al., 2021; Li et al., 2021). These feedbacks 

may partly offset direct SNA benefits in some regions and seasons. 

Additional uncertainties arise from NH3 emissions and health-impact estimation. The model underestimates NH3 in winter, 

especially in North China, and previous studies have also suggested that urban NH3 emissions may be substantially 

underestimated in Beijing (Xu et al., 2023). Such biases could affect the diagnosed NH3 sensitivity and should be further 450 

constrained with expanded surface NH3 measurements and satellite-based inversions. For health impacts, the mortality 

estimates should be interpreted as PM2.5-related benefits associated with simulated SNA changes, rather than as a full 

accounting of total PM2.5 responses, because changes in primary PM2.5, organic aerosol, and other secondary components are 

not explicitly assessed here. Future work should calculate mortality directly from total simulated PM2.5 responses when multi-

component PM2.5 changes are available. 455 

Despite these uncertainties, the central implication is robust: future PM2.5 mitigation in China requires coordinated NH3 

and NOx controls with strong seasonal and regional differentiation. NH3 abatement is particularly important in winter and in 

densely populated areas where exposure benefits are large, while NOx control remains essential in warm seasons and in regions 

with persistent or recurrent NOx-sensitive regimes. SO2 control remains relevant in selected sulfur-sensitive regions, especially 

in western China, but its national marginal benefit for SNA mitigation is now smaller than that of NH3 or NOx. Overall, this 460 

study provides a spatially and seasonally resolved basis for incorporating NH3 mitigation into China’s next stage of PM2.5 

control, alongside continued NOx reductions and region-specific multi-pollutant strategies. 
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