
1

Impacts of the heterogeneous ammonia uptake on air quality
in the North China Plain
Yuxuan Lu1,3, Ruonan Wang1, Ningning Zhang1, Qiyuan Wang1, Yuepeng Pan2, Qian Jiang1,
Xuexi Tie1

1State Key Laboratory of Loess Science, Institute of Earth Environment, Chinese Academy of Sciences,5
Xi’an 710061, China
2State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of
Atmospheric Physics, Chinese Academy of Sciences, Beijing, 100029, China
3University of Chinese Academy of Sciences, Beijing 100049, China

Correspondence to: Ningning Zhang (zhangnn@ieecas.cn)10

Abstract. Previous studies have revealed that the heterogeneous uptake of ammonia (NH3) on secondary

organic aerosols (SOA) profoundly influences the NH3 budget, nitrate aerosol chemistry, and the

regional PM2.5 burden, also constituting an important source of nitrogen-containing organic compounds (NOCs).

However, current regional modeling efforts are hindered by large uncertainties in uptake coefficients (γ) and a

persistent lack of field-based observational constraints. In this study, we incorporate a first-order reactive NH315

uptake mechanism into the WRF-Chem model to evaluate its impacts on air quality and NOCs over the North

China Plain (NCP) during November 2017, with a wide range of the uptake coefficient from 10-5 to 10-3. When

simulations are constrained with available observations in the NCP, we conclude that the uptake coefficient of

10-5 is characterized as a conservative upper-bound estimate for this heterogeneous process. Sensitivity

simulations with the uptake coefficient of 10-5 reveal that the uptake reaction decreases NH3 concentrations by20
0.62% and inorganic aerosol and PM2.5 concentrations by less than 0.06%, but contributes 1.2 μg m-3 of NOCs

in the NCP. This study suggests that the uptake reaction might be a vital path for NOCs formation, but its

impact on air pollutants concentrations is insignificant.
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1 Introduction

As the only primary alkaline gas in the atmosphere, ammonia plays an important role in the formation of25

atmospheric particulate matter, overall acidity of precipitation and atmospheric deposition of nitrogen to

sensitive ecosystems (Behera et al., 2013; Cheng et al., 2016; Pye et al., 2020; Zheng et al., 2023). Major

sources of NH3 include animal waste, fertilizer application, combustion process and industrial emissions

(Seinfeld & Pandis, 1998). In recent years, global ammonia emissions have shown a significant upward trend

(Clarisse et al., 2009; Liu et al., 2022; Xu et al., 2019; Ma et al., 2025). For instance, ammonia concentrations in30

Eastern Asia has increased by 75.7±6.3%, with an annually growth rate of 5.80±0.61% yr-1(Van Damme et al.,

2018). The NH3 emissions in China, in particularly, has been nearly tripled since 1980s due to rapid population

growth (Fu et al., 2020). Both satellite and surface observations of NH3 have confirmed that the North China

Plain (NCP) is one of the largest NH3 emission regions in the world (Van Damme et al., 2018). Moreover,

China’s stringent emission control policies have substantially reduced acidic oxide concentrations since 2013,35

but inadvertently prolonged the atmospheric lifetime of NH3 (Feng et al., 2021; Wu et al., 2017), contributing to

frequent air pollution events in the NCP associated with high NH3 levels (Wen et al., 2015; Fu et al., 2017;

Lachatre et al., 2019).

Ammonia’s chemical reactivity further underscores its significance in the atmosphere. It reacts with inorganic

acids (primarily sulfuric and nitric acids) to form low-volatility ammonium salts, which can easily condense into40

fine particulate matters. These acid-base reactions have been well-understood and incorporated into climate

models (Luo et al., 2007; Makar et al., 2009). Meanwhile, gas-phase ammonia reacts with organic compounds in

secondary organic aerosols (SOA) through two ways. It can either react with organic acids to form ammonium

salts (Na et al., 2007) or participate in reactions with certain carbonyl compounds forming heterocyclic

nitrogen-containing organic compounds (NOCs).45

The mechanism of ammonia uptake on SOA is first discovered in 2008 (Mang et al., 2008), and the formation of

NOCs is confirmed later in laboratory experiments (Laskin et al., 2014; Nguyen et al., 2012). The generated

NOCs contribute to atmospheric brown carbon (BrC), a type of light-absorbing organic aerosol with significant

impacts on atmospheric chemistry, human health and climate forcing (Laskin et al., 2015; Moise et al., 2015).

Recent work has quantified NOCs as a constant component of fine particulate matters (PM2.5) (1.4% on average),50

highlighting its potential role in regional radiative forcing (Wang et al., 2022b).

To evaluate the regional air quality implications of this NH3 uptake process, several numerical modeling studies

have been conducted using sensitivity experiments to bridge the gap between laboratory kinetics and
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atmospheric scales. Zhu et al. (2018) have first incorporated this mechanism into a large-scale chemical

transport model (CTM) for the United States, testing a range of uptake coefficients (γ) from 10-5 to 10-3 and55

considering 10-3 to be the upper limit γ. Their results have revealed that with the γ of 10-3, domain-averaged

NH3 concentrations are reduced by 31.3% in winter and up to 67.0% in summer. Notably, the study has also

demonstrated that the NH3 uptake significantly promotes summer biogenic SOA production in the US through

enhanced acid-catalyzed pathways, with specific species like AISO3 increasing by 16.2% even at a low γ

of 10-5.60

In the context of China’s high-ammonia environment, Wu et al. (2021) have performed similar simulations

across mainland China. While their results have showed that the γ of 10-5 leads to only modest decreases in

average NH3 mixing ratios (2.0% in summer and 4.8% in winter), the study have maintained 10-3 as the primary

upper-limit value for regional modeling. With the γ of 10-3, they have predicted that the uptake reaction leads to

decreases in gas-phase NH3 mixing ratios of 27.5% (summer) and 19.0% (winter). This depletion further65

suppresses ammonium nitrate formation by as much as 30%, resulting in an overall PM2.5 reduction of

approximately 8.9% in summer and 8.7% in winter. Collectively, these studies underscore the profound

influence of NH3-SOA interactions on regional atmospheric composition and PM budgets.

However, these previous studies predominantly rely on the γ of NH3 uptake on SOA used in simulations, which

still has large uncertainties (Liu et al., 2015; Zhu et al., 2018; Wu et al., 2021). In addition, the absence of70

simultaneous observations for both NH3 and aerosol chemical components, particularly NOCs, causes

significant uncertainties in assessing the importance of this heterogeneous process in the regional atmospheric

environment. Therefore, it is imperative to evaluate impacts of the heterogeneous process on air quality

constrained by observations.

During November 2017, a field campaign in the NCP and its surroundings (NCPs) has been conducted, and an75

extensive data set has been obtained, including observations of aerosol species, NH3 and NOCs. In this study,

we first incorporate the heterogeneous uptake of NH3 on SOA into the WRF-Chem. Constrained by the

available observations, one-month simulations are then performed to evaluate impacts of the uptake reaction on

the air quality in the NCP.

80

2 Model and Methodology

2.1 WRF-Chem model and measurements
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A specific version of the WRF-Chem model is used in this study, modified by Li et al. (Li et al., 2010; Li et al.,

2011a; Li et al., 2011b). The WRF-Chem simulations are conducted during November 2017 in the NCP. In the

base simulation (hereafter referred to as BASE), the NH3 uptake on SOA are not considered. Based on previous85

studies (e.g., Liu et al., 2015; Zhu et al., 2018; Wu et al., 2021), the γ of NH3 on SOA is in the range between

10-5 and 10-3. Therefore, three sensitivity simulations are devised, which are the same as the BASE but include

the NH3 uptake on SOA, with the γ of 10-3, 10-4 and 10-5, respectively (hereafter referred to as S(-3), S(-4), and

S(-5)). Detailed information on the model description and configuration can be found in the Supplement (Text

S1 and Table S1), and the simulation domain is presented in Fig. 1.90

The WRF-Chem simulations in the BASE are validated using a comprehensive suite of observations, including

hourly criteria pollutants (PM2.5, O3, NO2, SO2) from national networks and daily filter measured aerosol

chemical components in the NCP. In-situ measurements of NH3 and NOCs as well as IASI satellite products are

also employed to verify model performances. Detailed descriptions are provided in S2 of the Supplement. The

performance of the WRF-Chem model simulations is evaluated using metrics including the mean bias (MB),95

root mean square error (RMSE), and the index of agreement (IOA). Detailed description about MB, RMSE, and

IOA can be found in S3 of the Supplement.

Figure 1: WRF-Chem simulation domain with topography. The circles represent centers of cities with ambient
monitoring sites, and the size of circles denotes the number of ambient monitoring sites of cities. The filled red circles100
denote those cities with continuous measurement of aerosol components, and the filled blue circles denote the cities
with discontinuous measurements of aerosols components. The filled red rectangle indicates the Xianghe station.
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2.2 Parameterization of the NH3 uptake

When a gas molecule strikes the surface of a particle, usually not every collision leads to reaction (Seinfeld &105

Pandis, 1998). Therefore, the γ is defined to express the probability of reactions and it is commonly determined

by laboratory experiments. This study selects a plausible γ range of the NH3 uptake on SOA (γ = 10-3~10-5)

based on the laboratory results of Liu et al. (2015) and previous modeling studies (Wu et al., 2021; Zhu et al.,

2018). The corresponding first-order reaction rate is then calculated using these coefficients and incorporated

into the model for sensitivity simulations. The first-order reaction rate of NH3 uptake κ can be calculated as110

κ = γ ×
υNH3 × SSOA

4
, (1)

Where γ is the uptake coefficient, υNH3 is the mean speed of NH3 molecules and SSOA is the wet surface area

concentration of SOA.

In this model, we assume that all heterogeneous reactions between NH3 and SOA lead to the formation of NOCs,

which are subsequently removed by dry and wet deposition processes. In the real atmosphere, NH3 can react115

with various SOA species to form NOCs. To simplify the simulation while retaining key chemical

characteristics, SOA species are divided into three main categories based on their precursor origins:

anthropogenic volatile organic compounds (VOCs), biogenic VOCs, and primary organic components. Each

category is assigned a representative molecular weight, which is used in calculating NOCs concentrations. The

molecular weights for these SOA categories are adopted from a previously established model framework (Li et120

al., 2011).

3 Results and discussion

3.1 Model validation

Figure S2 presents the diurnal profiles of observed and simulated near-surface PM2.5, O3, NO2, and SO2125

concentrations averaged at monitoring sites in the NCP during the simulation episode. The model well captures

the temporal variations of these pollutants, with IOAs of 0.93, 0.84, 0.83 and 0.67, respectively. Figure S3

shows the simulated and observed spatial distributions of average mass concentrations of PM2.5, O3, NO2, and

SO2 during the simulation episode. The simulated spatial patterns of these pollutants are in good agreement with

observations from ambient monitoring stations. Detailed model validation results are provided in S4 of the130

Supplement.

The simulated mass concentrations of key aerosol components are also evaluated against observations, including

sulfate, nitrate, ammonia, elemental carbon (EC), primary organic aerosols (POA), and SOA (Fig. 2). The model
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generally performs well in simulating the sulfate, nitrate and ammonium concentrations, with IOAs of 0.74, 0.87,

and 0.85, respectively, but underestimates the sulfate concentration appreciably, with the MB of -2.7 µg m-3.135

The model also reasonably reproduces POA, EC, and SOA concentrations, with the IOA of 0.59, 0.62, and 0.53,

respectively. It is worth noting that the model tends to underestimate the carbonaceous aerosols, particularly

with regarding to POA with a MB of -2.8 µg m-3.

Figure 2: Comparison of simulated and observed daily concentrations of (a) POA, (b) EC, (c) SOA, (d) sulfate, (e)140
nitrate and (f) ammonium aerosols at sites in NCP and its surrounding areas in November 2017.

The simulated NH3 vertical column densities (VCDs) show a generally good consistency with the IASI

retrievals during the simulation period, with an IOA of 0.66 and MB of 0.26 ×1016 molec cm-2, indicating that

the model generally reproduces the observed NH3 VCDs with minimal systematic bias (Fig. 3a). Figure 3b145

displays the comparison of simulated and observed NH3 concentrations at Xianghe station. The model

demonstrates a good performance in simulating near-surface NH3 concentrations, with the IOA of 0.66 and the
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MB of -0.01 ppb. The monthly variation in NH3 emissions is strongly influenced by agricultural practices and

environmental conditions such as temperature and wind speed. During the simulation period, the

observed NH3 concentrations have exhibited several pronounced peak events in mid-November that the model150

fails to reproduce. These anomalies are likely associated with localized biomass burning activities (primarily

crop and residential wood combustion), which are prevalent in the rural-urban fringe of the NCP during the

transition to the heating season (Pan et al., 2018). These episodic emissions explain the discrepancy between

simulations and observations.

Overall, the comprehensive validation against multi-source datasets indicates that the model exhibits a good155

performance in capturing the spatiotemporal variations of both criteria pollutants and NH3, providing a reliable

foundation for the subsequent sensitivity analysis.

Figure 3: (a) Comparison between satellite retrieved and simulated NH3 VCDs and (b) comparison of simulated and
observed ammonia concentration at Xianghe in November 2017. In (a), the dot’s color indicates the uncertainty160
(below 40%) of the retrieved NH3 VCDs. In (a) and (b), the black dashed line represents the 1:1 reference line.

3.2 Impact of the uptake reaction on concentrations of NH3 and aerosol components

Figure 4a shows the simulated distribution of average near-surface NH3 concentrations during the simulation

period. Quantitatively, the modeled NH3 concentrations in the NCP range from 0.24 to 50.9 μg m-3, with an165

average of 15.6 μg m-3. These simulated NH3 concentrations are within the range of observations reported in

recent studies (Ianniello et al., 2010; Pan et al., 2018; Wang et al., 2022a; Zhang et al., 2021). For example,

Ianniello et al. (2010) have reported that the observed daily average NH3 concentrations in Beijing range

from 0.20 to 44.38 μg m-3, and Pan et al. (2018) have reported a regional annual average of 13.4 μg m-3 over the

NCP in 2015. Notably, the simulated NH3 peak concentrations are concentrated in southern Hebei and eastern170
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Henan provinces, which has been further verified by recent emission constraints, showing sustained high

nitrogen loading in these specific agricultural corridors (Liu et al., 2022; Yang et al., 2023).

Figures 4b-d illustrate the impacts of this uptake process on NH3 concentrations in the S(-3), S(-4), and S(-5), by

differentiating the S(-3), S(-4), and S(-5) with the BASE, respectively. In both S(-3) and S(-4), the uptake

reaction reduces NH3 concentration across the entire NCP. In the S(-3), the average decrease in the NCP is175

approximately 31.4% or 4.9 μg m-3, which is consistent with the findings of Wu et al. (2021), who have reported

NH3 reductions of 27.5% in summer and 19.0% in winter due to the NH3 uptake on SOA. In the S(-4), the

average NH3 concentration decreases by 5.5% or 0.86 μg m-3, and the maximum reduction could reach 26.7%.

For the S(-5), the NH3 uptake reaction does not consistently decrease the NH3 concentration in the NCP. The

NH3 concentration increases slightly in the southeast of the NCP. The average decrease of NH3 concentrations is180

0.62% or 0.096 μg m-3, with a maximum local reduction of 5.2%.
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Figure 4: (a) simulated (color contours) average near-surface mass concentrations of NH3 and NH3 concentration
variation due to NH3 uptake on SOA when the uptake coefficient equals (b) 10-3, (c) 10-4and (d) 10-5 in November
2017.185

Considering that NH3 serves as the sole precursor of ammonium aerosols, the perturbation of NH3

concentrations due to its uptake on SOA directly influences the formation of ammonium aerosols in the

atmosphere. Figure 5a shows the pattern comparison of average simulated and observed concentrations of

ammonium aerosols during the simulated episode. Both the observation and simulation show the high190

ammonium concentrations in the south of the NCP, generally exceeding 8 μg m-3. In the S(-3), although the NH3

uptake reaction decreases NH3 concentrations by over 30% in the NCP, it only reduces the ammonium

concentration by 5.5% or 0.86 μg m-3. The ammonium aerosol is formed by neutralizing sulfuric and nitric acids

in the atmosphere. The observed and simulated high NH3 level in the NCP indicates that NH3 is excessive after

neutralizing inorganic acids to form ammonium salt. Hence, over a 30% decrease in NH3 concentrations only195

causes a 5.5% reduction in ammonium aerosols in the NCP, a NH3-rich region. However, in the NH3-poor

region, i.e., in Shanxi province and over oceans, ammonium concentrations decrease considerably.

Furthermore, the ammonium decrease in the NCP is not consistent, i.e., in the north of Beijing, the ammonium

concentration increases slightly. Aerosols in the atmosphere directly scatter or absorb incoming solar radiation,

inducing adjustments of the surface energy budget and the temperature profile, which further impact wind fields200

and transport of air species (IPCC, 2013). Apparently, the NH3 uptake reaction has altered the aerosol

concentrations, which perturbs wind fields to redistribute air species. Therefore, theoretically, the NH3 uptake

reaction should decrease ammonium concentrations consistently in the NCP, but the induced aerosol-radiation

interactions (ARIs) change the ammonium distribution, causing an inconsistent variation of ammonium

concentrations. The increase in NH3 concentrations due to the uptake reaction can also observed in the S(-5). In205

the S(-4) and S(-5), the inconsistent variation of ammonium concentrations due to the uptake reaction becomes

more significant. On average, the uptake reaction decreases the ammonium concentration slightly, with a

decrease of 0.48% (3.1×10-2 μg m-3) and 0.048% (3.1×10-3 μg m-3) in the S(-3) and S(-4), respectively.
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Figure 5: (a) Pattern comparisons of simulated (color contours) versus observed (colored circles) average210
near-surface mass concentrations of ammonium aerosols and their variations due to NH3 uptake on SOA when the
uptake coefficient equals (b) 10-3, (c) 10-4and (d) 10-5 in November 2017.

The decreased ammonium due to the uptake reaction potentially shifts the thermodynamic equilibrium

of NH4NO3 toward the gas phase and leading to a decrease in particulate nitrate. The model generally well215

reproduces the nitrate distribution when comparing to observations (Fig. 6a). In the NCP, high nitrate

concentrations are simulated, exceeding 10 μg m-3 and counting over 20% of PM2.5 mass. In S(-3), the uptake

reaction decreases nitrate concentrations by 4.6% (0.70 μg m-3), and the decrease is generally consistent. In the

S(-4) and S(-5), the decrease becomes inconsistent due to the induced ARIs, and is also insignificant. On

average, the nitrate decrease is -0.56% (8.5×10-2 μg m-3) and -0.037% (5.6×10-3 μg m-3) in the S(-3) and S(-4),220

respectively.
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Figure 6: (a) Pattern comparisons of simulated (color contours) versus observed (colored circles) average
near-surface mass concentrations of nitrate aerosols and their variations due to NH3 uptake on SOA when the uptake
coefficient equals (b) 10-3, (c) 10-4and (d) 10-5 in November 2017.225

The reduction in available NH3 can also lower the aerosol pH, thereby indirectly suppressing the aqueous-phase

oxidation of SO2 and potentially decreasing the formation rate of sulfate (Zhu et al., 2018; Zhang et al., 2020;

Zhang et al., 2026). Considering the presence of excessive NH3 in the NCP, the pH perturbation due to

decreased NH3 caused by the uptake reaction might not significantly impact sulfate formation. However, the230

SO2 heterogeneous reaction involving aerosol liquid water (ALW) plays an important role in the sulfate

formation (Li et al., 2017), so the decreased nitrate and ammonium aerosols due to the uptake reaction tend to

reduce ALW content and hinder the sulfate formation. The simulated sulfate concentration in the NCP ranges

from 3 to 10 μg m-3, and the model generally underestimates the sulfate concentration compared with

observations (Fig. 7a). Since the decrease in ammonium and nitrate concentrations due to the uptake reaction is235
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not very significant, the resulting sulfate reduction is unimportant. On average, the sulfate decrease in the NCP

is 1.1%, 0.16%, and 0.059% in the S(-3), S(-4), and S(-5), respectively. In addition, the sulfate variation

becomes more and more inconsistent with decreasing uptake coefficient (Fig. 7b-d).

Figure 7: (a) Pattern comparisons of simulated (color contours) versus observed (colored circles) average240
near-surface mass concentrations of sulfate aerosols and their variations due to NH3 uptake on SOA when the uptake
coefficient equals (b) 10-3, (c) 10-4and (d) 10-5 in November 2017.

In all the sensitivity simulations, all NH3 uptake on SOA is assumed to produce NOCs but does not impact the

SOA concentrations. The simulated SOA concentration in the NCP exceeds 6 μg m-3, with an average of 6.8 μg245

m-3 during the simulated episode. However, the model generally cannot well reproduce the observed high SOA

concentrations in urban areas (Fig. 8a). The spatial pattern of particulate NOCs concentrations exhibits a clear

consistency with that of NH3 concentrations, and high NOCs concentrations are predominantly observed in

regions with elevated NH3 levels. Quantitative analysis of NOCs concentrations reveals remarkable
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discrepancies between the high γ scenarios and real atmospheric conditions. In the S(-3), the model produces an250

unrealistically high NOCs burden, with the average concentration of 65.5 μg m-3, which is much far higher that

the simulated SOA concentration (Fig. 4b). Similarly, although reducing the γ by an order of magnitude in the

S(-4) markedly lowers the NOCs production, the average NOCs concentration of 11.3 μg m-3 remains much

higher than the simulated SOA concentration. In contrast, the simulated average NOCs concentration in the S(-5)

is 1.2 μg m-3, which is close to range of the observed NOCs concentrations. Wang et al. (2022b) have reported255

an average NOCs concentration of 1.27 μg m-3 at a regional site in Hebei, China. High levels of NOCs have

been observed over the Tibetan region, with daily NOCs concentrations ranging from 0.71 to 3.89 μg m-3 and an

average of 2.12 ± 0.88 μg m-3 (Wang et al., 2024).

Figure 8: (a) Pattern comparisons of simulated (color contours) versus observed (colored circles) near-surface mass260
concentrations of SOA and the near-surface NOCs concentration due to NH3 uptake on SOA when the uptake
coefficient equals (b) 10-3, (c) 10-4and (d) 10-5 in November 2017.
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Figure 9 shows the comparison of observed and simulated daily NOCs concentrations at Xianghe station in

November 2017. The observed monthly average NOCs concentration is 1.52 μg m-3, ranging from 0.65 to265

2.24 μg m-3. In the S(-3), the model simulates unrealistically high monthly average NOCs concentrations of 85.5

μg m-3 at the station. In the S(-4), the simulated concentration is 14.7 μg m-3, which remains far beyond the

observation. Only in the S(-5) with the γ of 10-5, the simulated concentration is 1.6 μg m-3, which is close to the

observation. Therefore, although large γ values are expected to enhance NH3 uptake and accelerate NOCs

formation, the γ of 10-5 might be more reasonable to simulate the NH3 uptake on SOA when the simulation is270

constrained by the observations of NH3 and NOCs as well as other air species.

Figure 9: Comparison of observed and simulated near-surface daily NOCs concentrations at Xianghe station in
November 2017.

275

Laboratory studies have suggested that the NH3 uptake on SOA is limited, with only about 10% or less of SOA

components reacting with NH3 to form NOCs. This process is further characterized by a significant temporal

decay in reaction efficiency, as demonstrated by Liu et al. (2015). In their experiments, initial γ values are on the

order of 10-2 to 10-3 but drops to 10-5 in the later stages of the reaction. This reduction is primarily attributed to

the continuous accumulation of organic aerosols on the particle surface, which acts as a physical barrier and280

increases particle viscosity. Such morphological changes induce a diffusion limitation that restricts NH3 from
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reaching the internal acid-catalyzed reaction sites, thereby suppressing the overall reactive uptake as the aerosol

undergoes atmospheric aging.

In the real atmosphere, NOCs formation is also influenced by multiple processes. Except the uptake reaction

examined here, a faster secondary pathway involves acid-base reactions between ammonia/ammonium and285

particulate organic acids (Laskin et al., 2009; Wang et al., 2017; Zhang et al., 2024). Primary emissions further

contribute to NOCs levels, including emissions of biomass burning, coal combustion, vehicle emissions,

biogenic production, and soil dust (Cheng et al., 2006; Harrison et al., 2005; Lu et al., 2019; Wang et al.,

2022b).

Given that NOCs concentrations simulated with the γ of 10-5 are the closest to observations and considering290

laboratory evidence of diminishing reaction activity over time, as well as the potential contribution from

alternative pathways mentioned above, we conclude that the γ of 10-5 represents a reasonable upper limit for the

γ in CTM simulations.

As discussed above, in the S(-5), impacts of the uptake reaction on inorganic salts is almost negligible in the

NCP. This is partially attributed to NH3-rich conditions over the NCP, where only a very small fraction of NH3295

is consumed via the heterogenous uptake on SOA, leaving most NH3 available for reactions with inorganic acids

and thereby limiting the influence of the process on inorganic aerosol formation. Consequently,

PM2.5 concentrations do not show substantial changes, with a slight decrease of 0.018% (8.8×10-3 μg m-3) in the

NCP. The induced ARIs also cause an inconsistently variation of PM2.5 concentrations (Fig. 10).

While previous studies have clearly demonstrated the potential importance of this heterogeneous uptake reaction300

(Zhu et al., 2018; Wu et al., 2021), the differences may arise from the diversity in chemical mechanisms across

different models. Specifically, different models adopt distinct representations of gas-phase chemistry,

heterogeneous reactions, and aerosol processes, which can lead to discrepancies in the production,

transformation, and removal of atmospheric species. In addition, our simulations are constrained by

observational evidence of both NH3 and NOCs as well other air species, ensuring that the selected γ of 10−5 can305

be used to reasonably evaluate impacts of the uptake reactions on air quality. It is also worth noting that

differences in simulation periods, seasonal conditions, and baseline chemical environments may further

contribute to the discrepancies among studies. Under our simulation conditions with a high level of NH3 and a

small γ, the uptake reaction exerts a relatively small influence on NH3 concentrations, and the corresponding

perturbations to inorganic aerosols and PM2.5 remain negligible. Under the high NH3 condition in the study, the310
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PM2.5 variation due to the uptake reaction is also not substantial in the S(-3) and S(-4), with a decrease of 0.99%

(2.0 μg m-3) and 0.26% (0.12 μg m-3), respectively.

Figure 10: Average decrease of PM2.5 concentration due to the NH3 uptake on SOA with the uptake coefficient of 10-5
in November 2017.315

4 Summary and conclusions

Recent studies have revealed that the heterogeneous uptake of NH3 on SOA considerably influences

the NH3 budget, inorganic aerosol and PM2.5 concentrations, also constituting a critical pathway for NOCs

formation. However, its magnitude remains uncertain due to poorly constrained uptake coefficients and limited320

field measurements of NOCs. In this study, we incorporated a first-order reactive NH3 uptake mechanism into

the WRF-Chem model and applied it to a severe PM2.5 pollution episode over the North China Plain (NCP) in

November 2017. By varying the uptake coefficient from 10-5 to 10-3 based on values reported in previous

laboratory and modeling studies and comparing the simulations with available observations, we evaluated the

role of this heterogeneous process in regional air quality and NOCs formation.325

The model generally well reproduced spatial distributions and temporal variations of PM2.5, SO2, NO2, and O3

concentrations when comparing to observations during the episode in the NCP. It also reasonably well simulates

POA, EC, SOA, sulfate, nitrate, and ammonium against the measurement in the NCP. In addition, the model

also performs reasonably in simulating the NH3 concentration compared with satellite retrievals and in-situ
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measurement at Xianghe station. The simulated mean NH3 concentration over the NCP was 15.6 μg m-3,330

indicating that the region was characterized by NH3-rich conditions during the episode.

Although the uptake reaction with a large uptake coefficient of 10-3 decreases the NH3 concentration in the NCP

by over 30% and hinders formation of inorganic aerosols, it produces unrealistically high NOCs concentrations

of 65.5 μg m-3 averaged in the NCP during the episode. When the uptake coefficient is decreased to 10-4, the

simulated NOCs concentration is 11.3 μg m-3, much higher than the simulated SOA concentration. Only when335

the uptake coefficient is set to 10-5, the simulated NOCs concentration is 1.2 μg m-3, in the range of observed

NOCs concentrations, and the simulated monthly NOCs concentration is comparable to the observations at

Xianghe station. Based on laboratory experiments and observational constraints, we conclude that the uptake

coefficient of 10-5 represents a reasonable upper limit for the NH3 uptake reaction in CTM simulations.

Sensitivity simulations with the uptake coefficient of 10-5 reveal that the average decrease in NH3 concentrations340

is only 0.62% (0.096 μg m-3) due to the uptake reaction. Furthermore, the uptake reaction exerts negligible

impacts on inorganic aerosol and PM2.5 concentrations, and the induced decrease is less than 0.06%. The

negligible decrease might be partially due to the high background NH3 levels in the NCP that limit the role of

this heterogeneous process. Overall, the influence of the uptake reaction on air pollutant concentrations is

insignificant in the NCP, but it might constitute an important source of NOCs.345

It is worth noting that impacts of this uptake process are still subject to large uncertainties, due to the chemical

complexity of SOA, poorly constrained diffusivities of reactive species within SOA particles, and the scarcity of

field measurements of NOCs in polluted environments. Future work should combine more comprehensive field

measurements, laboratory constraints, and model development to better quantify the uptake coefficient and

evaluate the importance of this process across different atmospheric environments.350

Taken together, this study provides an observation-constrained estimate of NH3 uptake on SOA and clarifies its

atmospheric significance in a polluted, NH3-rich environment, improving our understanding of reduced nitrogen

partitioning and highlighting the need to better represent NOCs formation in chemical transport models.

355
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