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Abstract

The chlorine radical (Cl) plays a crucial role in the formation of secondary air pollutants 

by determining the total atmospheric oxidative capacity (AOC). However, there are still large 

discrepancies among studies on chlorine chemistry, mainly due to uncertainties from three 

aspects: (a) Anthropogenic emissions of reactive chlorine species from disinfectant usage are 
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typically overlooked. (b) The heterogeneous reaction uptake coefficients used in air quality models 

resulted in certain differences. (c) The co-effect of anthropogenic and natural emissions is rarely 

investigated. In this study, the Weather Research and Forecasting (WRF)-Community Multiscale 

Air Quality (CMAQ) modeling system (updated with 21 new reactions and a comprehensive 

emissions inventory) was used to simulate the combined impact of chlorine emissions on the air 

quality of a coastal city cluster in the Yangtze River Delta (YRD) region. The results indicate 

that the new emissions of reactive chlorine and the updated gas-phase and heterogeneous chlorine 

chemistry can significantly enhance the AOC by 21.3%, 8.7%, 43.3%, and 58.7% in spring, 

summer, autumn, and winter, respectively. This is more evident in inland areas with high Cl 

concentrations. Our updates to the chlorine chemistry also increases the monthly mean maximum 

daily 8-hr average (MDA 8) O3 mixing ratio by 4.1–7.0 ppbv in different seasons. Additionally, 

chlorine chemistry promotes the formation of fine particulate matter (PM2.5), with maximum 

monthly average enhancements of 4.7–13.3 μg/m3 in different seasons. This study underlines 

the significance of adding full chlorine emissions and updating chlorine chemistry in air quality 

models, and demonstrates that chlorine chemistry may significantly impact air quality over coastal 

regions.

Plain Language Summary

The chlorine radical (Cl) plays an important role in the formation of air pollutants such as 

fine particulate matter and ozone. To better understand its influence, we made significant 

updates to chlorine chemistry in the widely used chemical transport model Weather Research 

and Forecasting-Community Multiscale Air Quality (WRF-CMAQ). These updates included the 

addition of 21 new reactions: 13 gas phase and eight heterogeneous reactions. Additionally, 

we introduced new emissions sources of Cl2 and HOCl resulting from the use of chlorine 

disinfectants. The impact of reactive chlorine emissions from both anthropogenic sources and 

sea salt on air quality over a coastal city cluster in the Yangtze River Delta was investigated. These 

results suggest that chlorine affects the atmospheric oxidation capacity, consequently affecting the 

formation of ozone and fine particulate matter, especially during autumn and winter. Its impact 

in inland areas is more significant than that in coastal areas owing to intense anthropogenic 

emissions.

1. Introduction

Chlorine radical (Cl) is a critical atmospheric oxidant that can have significant impact on 

air quality over coastal regions. Chlorine radicals compete with hydroxyl radicals (OH) 

to oxidize specific volatile organic compounds (VOCs), although their concentrations are 

typically two to three orders of magnitude lower than those of OH radicals (Qiu et al., 

2019a; Ma et al., 2022). Chlorine radicals can react with VOCs (primarily alkanes, aromatic 

hydrocarbons, alcohols, and ethers) 1–2 orders of magnitude faster than hydroxyl radicals 

(Aschmann & Atkinson, 1995; Quack and Willeke, 2010; Wang et al., 2005). Therefore, 

these substances can enhance (Hong et al., 2020; Qiu et al., 2019a; Simon et al., 2009; 

Tanaka et al., 2003) or reduce ozone (O3) and fine particulate matter (PM2.5) (J. Y. Li et 

al., 2021; Zhang et al., 2020) in the troposphere. Cl is primarily produced by photochemical 

reactions involving HOCl, ClNO, ClNO2, ClNO3, and Cl2 (R1–R5), the reaction of HCl 
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with OH (R6), and the NO3 heterogeneous reaction with particulate chloride (pCl−) (R7). 

Currently, we lack the necessary constraints to incorporate the sources of Cl from organic 

chlorine species. However, they may be expected to be minor contributors compared with 

inorganic chlorine species.

HOCl g + hv Cl g + OH g

(R1)

ClNO g + hv Cl g + NO g

(R2)

ClNO2 g + hv Cl g + NO2 g

(R3)

Cl2 g + hv 2Cl g

(R4)

ClNO3 + hv Cl g + NO3 g

(R5)

HCl g + OH g Cl g + H2O

(R6)

NO3 g + pCl− Cl g + NO−

(R7)

Some heterogeneous chemical reactions increase the formation of chlorine precursors, 

indirectly leading to Cl enhancement. For instance, ClNO2 is primarily formed through 

the heterogeneous reaction of N2O5 with pCl− (Bertram & Thornton, 2009; Roberts et 

al., 2009). ClNO can be produced only by the interaction of NO2 with pCl− (Abbatt & 

Waschewsky, 1998). Cl2 can be produced through a wide variety of chemical reactions 

(Abbatt & Waschewsky, 1998; Deiber et al., 2004; Pratte and Rossi, 2006; Roberts et al., 

2008; Rudich et al., 1996). The primary pathways leading to the chlorine precursors are as 

follows:

N2O5 g + H2O aq + pCl− aq ClNO2 g + NO3
−

(R8)
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2NO2 g + pCl− ClNO g + NO3
−

(R9)

HOCl g + pCl− + H+ Cl2 g + H2O

(R10)

ClONO2 g + pCl− Cl2 g + NO−

(R11)

2OH ⋅ g + 2pCl− Cl2 g + 2OH−

(R12)

O3 g + 2pCl− + H2O aq − Cl2 g + 2OH− + O2 g .

(R13)

ClNO2 g + pCl− + H + Cl2 g + HONO g pH < 2.0

(R14)

ClNO2 g + H2O aq pCl− + NO3
− g + 2H+ pH ≥ 2.0

(R15)

Previous studies have suggested that the photolysis of ClNO2 (Sarwar et al., 2014; Haskins, 

Lee, et al., 2019; Xia et al., 2020), ClNO (Hong et al., 2020) and Cl2 (Qiu et al., 2019a; 

Liu et al., 2017) could be the main sources of Cl in coastal megacities, both in the early 

morning and throughout the day in coastal-megacities (Haskins, Lopez-Hilfiker, et al., 

2019). A substantial amount of observational data on ClNO2 has indicated its potentially 

significant role as a major source of Cl. As chlorine chemistry has been gradually refined in 

models, diverse results have been obtained in model-based investigations. Qiu et al. (2019a) 

included heterogeneous chemistry in a Community Multiscale Air Quality model (CMAQ) 

and found that the photolysis of Cl2 was the primary contributor of Cl throughout the 

day, followed by ClNO2 and ClNO. Using a photochemical box model, Liu et al. (2017) 

derived results similar to those of Qiu et al. (2019a). However, a recent study by Hong et 

al. (2020) revealed that the majority of Cl is generated from the photolysis of ClNO, with 

only a minor amount originating from ClNO2, Cl2, and other reactions. The discrepancies 

between the results of different studies originate primarily from the parameterization of 
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Cl sources in heterogeneous chemistry. For instance, Roberts et al. (2008) determined the 

uptake coefficient of ClNO2 reacting with pCl− to be 6.0 × 10−3 at pH<2 through laboratory 

experiments. Haskins, Lee, et al. (2019) obtained a range of γClNO2 values for acidic 

particles from 6 × 10−6 to 7 × 10−5 using aircraft-based observations in winter and box 

models. Recent observational studies have shown that the production of Cl2 from ClNO2 

uptake may be much slower in the ambient troposphere than that initially estimated in the 

laboratory (Haskins, Lee, et al., 2019), highlighting the large uncertainties in the values 

derived from laboratory studies when applied in the ambient atmosphere.

Historically, the lack of observational constraints has limited the construction of 

comprehensive chlorine emission inventories, and the inclusion of different sources in 

various models has led to significant variations. Sarwar et al. (2014) integrated pCl− 

emissions from biomass burning and sea salt sources into the CMAQ model, focusing 

on the influence of ClNO2 on air quality in the Northern Hemisphere. The findings 

revealed elevated ClNO2 concentrations in China, suggesting the potentially significant 

impact of chlorine chemistry in this region. Q. Li et al. (2016) subsequently incorporated 

a comprehensive inventory of global natural and anthropogenic chlorine emissions (pCl−, 

HCl, ClNO2, and inorganic chlorine compounds) developed by Keene et al. (1999) into 

the WRF-Chem model to investigate the effects of chlorine activation on O3 in southern 

China. However, limitations, such as inventory year and resolution, have highlighted the 

need for an updated chlorine emission inventory in China. Fu et al. (2018) compiled a 

comprehensive chlorine precursor inventory for 2014 in China, encompassing HCl and 

pCl− emissions from coal combustion, industrial processes, biomass burning, and waste 

incineration. Liu et al. (2018) accounted for HCl and Cl2 emissions from coal combustion 

and waste incineration in China. Qiu et al. (2019b) incorporated pCl− emissions from 

catering sources into the chlorine emissions inventory for Beijing, revealing that restaurant 

sources accounted for 75.4% of total pCl− emissions in urban areas. The generation of 

pCl− was mainly due to the volatilization of the added edible salt at high temperatures. Our 

team compiled a comprehensive emission inventory of reactive chlorine precursors for the 

Yangtze River Delta (YRD) region (Yi et al., 2021) and China (Yin et al., 2022) in 2018. Our 

emission inventory included HCl, pCl−, Cl2, and HOCl from the source sectors, including 

coal combustion, industrial processes, biomass burning, waste incineration, cooking, and 

chlorine-containing disinfectant sources. Overall, the existing chlorine emission inventories 

and modeling studies in China mainly consider HCl, pCl−, and Cl2 emissions from coal 

combustion, industrial processes, biomass burning, waste incineration, and catering sources. 

However, emissions from the use of chlorine disinfectants are less frequently included in 

emission inventories and modeling studies, highlighting a critical gap in the current state of 

research.

Previous studies have significantly enhanced our understanding of chlorine emissions 

and their impact on urban air quality. However, there are areas that require further 

improvement or investigation, specifically the absence of certain anthropogenic and natural 

sources as well as the lack of agreement concerning the often highly uncertain rates and 

parameterizations used in chlorine chemistry mechanisms. First, previous model studies 

may have missed the emissions of chlorine precursors from disinfectants in China. Studies 

have shown that the use of chlorine-containing disinfectants in swimming pools and cooling 
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towers can generate significant amounts of Cl2 and HOCl emissions (Chang et al., 2001; 

Tanaka et al., 2000; Yi et al., 2021; Yin et al., 2022). Moreover, sea spray emissions from 

marine sources can potentially affect air quality, especially in coastal city clusters. Dai et al. 

(2020) used a regional chemical model (WRF-Chem) to investigate the impact of sea salt 

chlorine particles in the South China Sea on O3 formation over the Hong Kong-Pearl River 

Delta and surrounding maritime regions. The findings revealed that, under the influence of 

marine winds, the photolysis of ClNO2 originating from sea salt chloride, which generates 

Cl, contributes to an increase in the O3 mixing ratio in inland regions by 2.0 ppb (4%). This 

study emphasizes the significant impact of the heterogeneous reactions of reactive nitrogen 

species on sea salt chloride loss and O3 formation in coastal areas. However, the combined 

effects of anthropogenic and marine reactive chlorine emissions remain poorly understood. 

Finally, the absence of certain gas-phase and heterogeneous reactions in the CMAQ model 

leads to considerable uncertainties in the results.

Although significant progress has been made in enhancing the understanding of chlorine 

chemistry through previous studies, substantial uncertainties remain. To improve the 

accuracy of the impact of chlorine chemistry on air quality, this study focused on three key 

aspects: (a) We have updated the chlorine chemistry by adding 21 new reactions including 

13 gas-phase and eight heterogeneous chlorine reactions; we have determined reliable 

uptake coefficients of pCl− and various substances in heterogeneous reactions through 

sensitivity experiments. (b) Our study addressed the anthropogenic sources of reactive 

chlorine, including Cl2 and HOCl, emitted from chlorine-containing disinfectants. Notably, 

these sources were overlooked in previous studies conducted in China. (c) In addition to 

examining the impact of anthropogenic emissions, we comprehensively investigated the 

influence of natural (sea salt) and anthropogenic chlorine emissions on air quality. This 

broader approach provides a more holistic understanding of the impact of chlorine chemistry 

on air quality in the YRD region. The incorporation of these complete chlorine emission 

sources and substances, along with updated chlorine chemistry, significantly enhanced the 

reliability of our study for evaluating the impact of chlorine chemistry on air quality in the 

YRD region.

2. Methodology

2.1. Observational Data

The air quality data used in this study were obtained from the National Urban Air Quality 

Real-Time Release Platform of the China National Environmental Monitoring Center (http://

www.cnemc.cn/). This study focused on hourly data obtained from 206 monitoring stations 

in the YRD region (indicated by the red dots in Figure 1).

The availability of observational data on chlorine-containing compounds in the YRD region 

is limited. Therefore, we conducted a comprehensive literature review and collected studies 

that provided observations on Cl species in the YRD region. These observational data were 

then compared with the model-predicted values for the chlorine-containing compounds. 

Section 3.1 of the study focuses on discussing the comparisons between the observed 

and model-predicted chlorine species. This analysis aims to assess the performance of the 

model in reproducing observed levels of chlorine-containing compounds in the YRD region. 
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By comparing the model predictions with available observational data, we can evaluate 

the accuracy and reliability of the model’s representation of chlorine chemistry in the 

atmosphere.

2.2. Modeling System

In this study, the Weather Research and Forecasting (WRF version 3.7) model (Skamarock 

et al., 2008) provided the meteorological data to drive the CMAQ model (version 5.3.1). The 

final NCEP/NCAR reanalysis data (1° × 1°) provided initial meteorological fields and WRF 

boundary conditions. For this research, we utilized three nested domains with horizontal 

grid resolutions of 36, 12, and 4 km for the WRF and CMAQ models (Figure 1). Domain 

1 (D1) covers a wide region, including China, Japan, the Korean Peninsula, parts of India, 

and Southeast Asia, with a grid spacing of 36 km × 36 km; Domain 2 (D2) covers eastern 

China with a grid spacing of 12 km × 12 km; and Domain 3 (D3), with a grid spacing of 4 

km × 4 km, covers the YRD (Anhui, Zhejiang, Jiangsu, and Shanghai provinces) and some 

surrounding areas. The chemical boundary conditions for the CMAQ model were obtained 

from the Model for Ozone and Related Chemical Tracers, version 4 (MOZART-4) (https://

www2.acom.ucar.edu/gcm/mozart-4). CB6 and AERO7i were implemented as the gas-phase 

and aerosol mechanisms in the CMAQ model, respectively (Cho et al., 2021; Yarwood et al., 

2010).

Emissions of conventional pollutants from anthropogenic sources were obtained from the 

Multi-resolution Emission Inventory for China (MEIC, http://www.meicmodel.org/), and the 

simulation of each month of the emission inventory for the YRD region was developed 

by our research group and is described in detail by Huang, Wang, et al. (2021). The 

Model of Emissions of Gases and Aerosols from Nature (MEGAN3.1) was used to 

calculate emissions from biogenic sources (Guenther et al., 2006). Additionally, a more 

comprehensive inventory of anthropogenic chlorine emissions in the YRD region was 

developed, including various chlorine-containing species such as Cl2, HOCl, HCl, and pCl−, 

as well as multiple source categories, including coal combustion, industrial processes, waste 

incineration, biomass burning, cooking, and the usage of disinfectants (Yi et al., 2021). In 

the YRD region, the emissions of HCl, pCl−, Cl2, and HOCl in 2018 were estimated to be 

20,424 t, 15,719 t, 1,556 t, and 9,331 t, respectively. Compared with previous studies, the 

inventory used in this study is up-to-date and covers 2018. Additionally, previous chlorine 

chemistry modeling studies in China did not consider the emissions of Cl2 and HOCl 

from chlorine disinfectant sources. The Cl2 and HOCl, emitted from chlorine-containing 

disinfectants were estimated at 1236.7 t and 9,331 t, contributing 79.5% and 100% to the 

total emissions of Cl2 and HOCl, respectively. Notably, these sources were overlooked in 

previous studies conducted in China. The sea salt module of the CMAQ model was used 

to simulate sea spray emissions from the ocean (Gantt et al., 2015). These emissions are 

categorized into the following species: Cl−, Na+, SO4
2−, Ca2+, Mg2+, and K+ (Millero, 

2013). Sea-salt contributes around 15,207 t (1032 t in February, 733 t in April, 2059 t in 

July, and 1245 t in November, respectively) of pCl− emissions annually based on the CMAQ 

sea-salt online module, which is equivalent to anthropogenic sources, but does not directly 

contribute any emissions of Cl2 and HOCl.
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The modeling period for this study covered February, April, July, and November 2018, 

representing winter, spring, summer, and autumn, respectively. The simulation for each 

month included a 14-day spin-up period. Two numerical experiments were conducted to 

investigate the influences of anthropogenic and natural chlorine emissions on air quality. 

These experiments are referred to as the Base case and CL case. In the Base case, the 

default chlorine chemistry of CB6 and AERO7i was employed, and no chlorine emissions 

were considered. Table S1 in Supporting Information S1 provides an overview of the 

chlorine chemical reactions involved in this mechanism, including 30 gas-phase and two 

heterogeneous reactions. The key chlorine-containing compounds were Cl2, HOCl, HCl, 

pCl−, ClNO3, ClNO2, ClO, and FMCl. In the CL experiments, updates were made to the 

gas phase and heterogeneous chemical reactions in the WRF-CMAQ model. The updates are 

listed in Table S2 in Supporting Information S1.

In addition to the chemistry described in Table S1 in Supporting Information S1, the 

updated chlorine mechanism includes 13 gas-phase and 8 heterogeneous reactions involving 

chlorine. The newly added chlorine-containing compound ClNO and its photolysis, as well 

as the reactions between Cl and aldehydes (GLY and MGLY), acids (AACD and FACD), 

ketones (ACET), and inorganic substances (NO, HO2 and NO3), were included. The newly 

added heterogeneous reactions involve the interactions of pCl− with different chemical 

species, leading to the generation of Cl2, ClNO, and ClNO2. New heterogeneous reactions 

of pCl− with OH, NO2, NO3, O3, ClNO3, HOCl, and ClNO2 were performed, and Cl2 and 

ClNO were identified as the main reaction products. The choice of the uptake coefficient 

significantly affects the concentration of products. The uptake coefficients for pCl− reacting 

with OH (Choi et al., 2020; Wang et al., 2019), NO2 (Abbatt & Waschewsky, 1998; Choi 

et al., 2020; Qiu et al., 2019b), NO3 (Rudich et al., 1996; Zelenov et al., 2014), HOCl 

(Lawler et al., 2011; Pratte and Rossi, 2006), and ClNO3 (Deiber et al., 2004) showed minor 

differences, leading to the retention of their values without modification. However, notable 

discrepancies were observed in the uptake coefficients for pCl− reacting with O3 and ClNO2. 

For heterogeneous reactions between pCl− and O3, the uptake coefficients ranged from 5 

× 10−8 to 10−4, as reported by Abbatt and Waschewsky. (1998). Chen et al. (2022) used 

uptake coefficients of 10−3, 10−4, and 10−5 for pCl− and O3 in their box model, leading 

to significant overestimation of Cl2 concentrations. We conducted sensitivity experiments 

using the uptake coefficient chosen by Qiu et al. (2019b) and found that it overestimated Cl2 

compared with the observed data; thus, we did not select it for our study. Therefore, we have 

chosen γ = 1.3 × 10−6 from Il’in et al. (1991), as this value is more suitable for our study.

F. B. Li et al. (2023) used observational methods in Shanghai and Changzhou to indicate 

that the formation of Cl2 in Changzhou mainly comes from the reaction of ClNO2 and 

pCl− on acidic aerosols. The formation of Cl2 at night in Shanghai is mainly related to the 

reaction of ClNO2 and pCl−, so there is a significant relationship between the reaction of 

ClNO2 and pCl−. Roberts et al. (2008) conducted laboratory experiments and reported an 

uptake coefficient of γ = 2.65 × 10−6 at pH ≥ 2 s and γ = 6.0 × 10−3 at pH < 2. Haskins, 

Lee, et al. (2019) used aircraft measurements during winter over the eastern United States 

and analyzed the data using a chemical box model with heterogeneous reactions of ClNO2 

and pCl−; and reported 2–3 orders of magnitude lower than those reported by Roberts et 

al. (2008), even at pH < 2. Both studies show minor differences at pH ≥ 2, but γClNO2 
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differs substantially at pH < 2. However, strongly acidic conditions are less prevalent in the 

atmospheric environments in China. While aerosol pH levels in the U.S. are highly acidic 

(pH = 0–2), aerosol pH levels in China tend to be less acidic (pH = 2.5–6) (Zhou, et al., 

2022). We have conducted additional sensitivity experiments (see the attached Supporting 

Information S1) to examine the impact of γClNO2 = 6.0 × 10−6 at pH < 2. The results show 

that the selection of this uptake coefficient had a minor impact on Cl2 in both summer 

and winter. Overall, the heterogeneous reaction of ClNO2 with pCl− had a relatively small 

impact on Cl2. The CL case considered chlorine emissions from both anthropogenic and 

oceanic sources. The impact of chlorine emissions and chemistry on the formation of O3 and 

PM2.5 was quantified by comparing the results of the Base and CL experiments.

2.3. Calculation of Atmospheric Oxidation Capacity

To assess the effect of chlorine chemistry on overall atmospheric oxidation, we used the 

concept of atmospheric oxidation capacity (AOC: molecules cm−3 s−1), which symbolizes 

the quantity of carbon oxidized in the atmosphere over time. AOC was calculated using 

Equation 1 (Q. Y. Li et al., 2020):

AOC =
i = 1

m
OXi ×

j = 1

n
Cj × Ki, j

(1)

where m is the number of oxidants (Cl, NO3, O3, and OH), n is the number of reactant 

(CO and VOC) species, OXi  is the concentration of oxidant i (molecules cm−3), Cj  is 

the concentration of reactant j (molecules cm−3), and Ki, j is the reaction rate constant (cm3 

molecules−1 s−1). The chemical reactions and the corresponding rate constants are listed in 

Table S3 in Supporting Information S1.

3. Results and Discussion

3.1. Model Performance Evaluation

Table 1 shows the model performance evaluation results for O3 and PM2.5 in both the 

Base and CL experiments, using urban monitoring station data averaged across the YRD 

region. The O3 simulations in February, April, and July in the Base experiment exhibited 

underestimation and a slight overestimation in November, which may be mainly related 

to NOx or VOCs emissions. The Base experiment also underestimated PM2.5, except in 

July and November, when an overestimation occurred. Despite this, the low bias, high 

consistency index, and correlation coefficient values for each month suggest acceptable 

O3 and PM2.5 model performance. The discrepancies between the simulated values and 

air quality measurements can be attributed to two main factors. First, uncertainties in the 

emissions inventory, which typically includes conventional air pollutants such as SO2, NOx, 

PM2.5, VOCs, NH3, etc but often lacks data on chlorine species such as HCl, pCl−, Cl2, 

and HOCl. Second, there is an inadequate representation of chlorine chemistry in the model, 

including the absence of detailed gas-phase chlorine reactions and an insufficient mechanism 

for secondary organic aerosol formation (Y. Li et al., 2021; Qiu et al., 2019a; Shang et al., 
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2021). Despite these challenges, the model performance, when compared to the statistics 

reported in previous studies and proposed benchmarks, is considered acceptable (Hong et 

al., 2020; Huang, Zhu, et al., 2021).

Notably, the CL experiment simulation, compared to the Base experiment, led to improved 

O3 and PM2.5 model performance in February and April, with a reduced overall monthly 

average deviation in the model simulation. Remarkably, the root mean square error, index of 

agreement, and r values showed minimal differences between the Base and CL experiments, 

indicating that model performance improved in the CL experiments.

However, the measurements of chlorine-containing substances in the YRD region are 

limited. Therefore, this study aimed to address this knowledge gap by collecting 

literature and monitoring data on chlorine-containing substances, as presented in Table 2. 

Observational data for HCl and pCl− at the Changzhou Station in 2018 were obtained. 

The simulated concentrations of HCl and pCl− at Changzhou station were lower than 

the observed data because of the underestimation of emissions around the monitoring 

station. Nevertheless, the CL simulation, when compared to the Base scenario, where 

HCl and pCl− concentrations were essentially zero, exhibited some improvement in 

simulating the performance of HCl and pCl−. In a study conducted by Xia et al. (2020) 

at the Xianlin campus of Nanjing University in April, observations were made on the 

concentrations of ClNO2, Cl2, and HOCl were observed. Under the CL simulation scenario, 

the simulated concentrations of these substances closely matched the observed values 

with relatively minor differences. It is worth noting that the CL simulation may have 

slightly underestimated the concentrations of ClNO2 and HOCl while overestimating 

the concentration of Cl2. In general, the simulated concentrations of chlorine-containing 

substances in the CL experiment exhibited substantial improvement compared to the 

Base experiment. This finding strongly suggests that the simulation conducted in the CL 

experiment provides a better representation of the actual atmospheric environment.

3.2. Impacts of Chlorine Chemistry on Chlorinated Species

3.2.1. HCl—The monthly spatial distribution of HCl concentrations in the CL experiment 

is shown in Figures 2a–2d. HCl exhibited a comparable spatial pattern during autumn and 

winter, characterized by elevated concentrations in the southern coastal region of Zhejiang 

Province. Within marine areas, the formation of HCl is enhanced by a heterogeneous 

reaction between pCl− and HNO3 or H2SO4 as described by Saul et al. (2006). During 

spring and summer, elevated HCl concentrations were prominently observed in Anhui, 

southern Jiangsu Province, and the coastal regions. This phenomenon can be attributed to 

the specific factors prevalent in these areas. The Anhui and Jiangsu provinces, which are 

characterized by relatively advanced agricultural practices, experienced more substantial 

instances of biomass burning. Consequently, these activities contributed to the heightened 

emissions of HCl and pCl−. In coastal regions, the presence of ocean spray aids in the 

introduction of pCl− into the atmosphere. Moreover, the warmer temperatures prevalent 

during spring and summer facilitated the conversion of pCl− to HCl. Hence, this conversion 

process, influenced by climatic conditions, leads to increased HCl concentrations in coastal 

areas. Comparing the CL experiment with the Base case (Figures 3a–3d), the disparity 
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in HCl concentrations signified a substantial increase in the southeastern coastal area of 

Zhejiang Province during autumn and winter, primarily attributed to the transformation of 

chlorine present in sea salt aerosols. Furthermore, the conversion of pCl− to HCl exhibited 

a greater tendency toward sea salt during the spring and summer. These findings indicate 

that the generation of HCl from marine sources surpasses that from anthropogenic sources 

during spring and summer, with marine air masses transporting a higher concentration of 

pCl− to the mainland than during autumn and winter.

3.2.2. pCl−—Figures 2e–2h present the spatial distribution of monthly average pCl− 

concentrations across different months. Certain regions, particularly in northern Anhui and 

southern Jiangsu province, exhibit higher monthly average pCl− concentrations, reaching a 

peak value of 4.2 μg/m3. Notably, spring and summer show lower monthly average pCl− 

concentrations compared to autumn and winter. This can be attributed to two factors. First, 

spring and summer coincide with the sowing and growth of crops, resulting in a relatively 

lower proportion of biomass burning. Second, the higher relative temperatures during 

spring and summer facilitate the conversion of pCl− into HCl, whereas such conversion 

is less prevalent during in autumn and winter. The divergence between the CL and Base 

experiments for pCl− (Figures 3e–3h) highlights the substantial influence of anthropogenic 

emissions on inland pCl− concentrations, particularly during autumn and winter.

3.2.3. ClNO2—Figures 2i–2l illustrates the spatial distribution of the monthly simulated 

ClNO2 concentrations. The generation of ClNO2 occurs via a heterogeneous reaction 

between pCl− and N2O5. During autumn and winter, Anhui and southern Zhejiang provinces 

exhibited higher average monthly ClNO2 concentrations than other regions. This can be 

primarily attributed to elevated pCl− emissions resulting from biomass burning. Conversely, 

the monthly average ClNO2 concentrations in the YRD region were generally lower in 

spring and summer. The concentration of ClNO2 in the coastal area in spring and summer 

was significantly lower than that in other months, owing to unfavorable meteorological 

conditions for the formation of N2O5 and the relatively low concentration of pCl−. 

Generally, the concentration of ClNO2 in autumn is higher than that in spring and summer 

because higher N2O5 and pCl− concentrations lead to a greater ClNO2 yield. Figures 3i–3l 

shows the modeled concentrations and spatial distribution differences in ClNO2 between 

the CL and Base experiments. The monthly average concentration difference reflected the 

monthly concentration of ClNO2. The increase in the ClNO2 concentration in autumn and 

winter was primarily due to higher N2O5 and pCl− concentrations, resulting in a greater 

ClNO2 yield. The increase in ClNO2 concentration in the marine area was limited because of 

the low concentration of N2O5 in that region.

3.2.4. Cl2—Figures 2m–2p shows the spatial distributions of the monthly mean 

concentrations of Cl2 during spring, summer, autumn, and winter in the CL experiment. 

The spatial patterns of Cl2 concentrations were relatively similar across different months. 

In particular, elevated Cl2 emissions were observed in the central and eastern regions of the 

YRD, which were attributed to the higher population density, significant industrial activities, 

widespread use of chlorine-containing disinfectants, and coal combustion in these areas. 

Conversely, coastal areas exhibit lower Cl2 concentrations than inland regions, primarily 

Yi et al. Page 11

J Geophys Res Atmos. Author manuscript; available in PMC 2025 February 26.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



because of reduced production resulting from heterogeneous reactions of pCl− with gaseous 

compounds. When comparing the results of the CL and Base experiments (Figures 3m–3p), 

the high concentrations of Cl2 in the central and eastern parts of the YRD can be attributed 

to three main factors: (a) oceanic Cl emissions, (b) intense anthropogenic emissions, and (c) 

updated Cl chemistry involving the reaction of pCl− with O3 and HOCl.

3.2.5. ClNO—The monthly average concentrations of ClNO in different seasons are 

shown in Figures 2q–2t. In the Base simulation, the CMAQ5.3.1 mechanism we adopted did 

not include ClNO as a species; thus, its spatial distribution reflected the variation in ClNO 

in the simulation. The spatial distribution of ClNO remained consistent across the seasons, 

although the concentrations were notably higher in autumn and winter than in spring and 

summer. In the YRD region, the maximum monthly average value of ClNO is 864 pptv in 

autumn and 667 pptv in winter. ClNO is generated through the heterogeneous interaction 

between pCl− and NO2, hence, its concentration distribution follows a similar pattern to 

that of pCl−. Moreover, the concentration of ClNO is lower in marine areas than in inland 

regions, which may be due to the lower concentrations of NO2 in the marine environment.

Overall, the predicted concentrations of chlorine-containing compounds exhibited a 

significant improvement in the CL experiment compared to the Base experiment, and were 

in better agreement with the available observations. Therefore, the revised model can be 

effectively used to investigate the impact of chlorine chemistry on air quality in the YRD 

region.

3.3. Impacts of Reactive Chlorine on Atmospheric Oxidation Capacity

3.3.1. Radicals

3.3.1.1. OH: Figure 4 presents the monthly average distribution of OH in the Base case, as 

well as the spatial distribution of the difference between the CL and Base cases in different 

seasons. The concentration of OH varied throughout the year, with the highest monthly 

average concentration observed in summer, reaching a peak value of 0.39 pptv. Spring 

exhibited the second highest OH concentration, whereas winter and autumn showed similar 

concentrations, ranging from 0 to 0.1 pptv. The elevated concentrations of OH in spring and 

summer can be attributed to the intense solar irradiance and higher ozone levels during these 

seasons. In a study conducted by Ma et al. (2022), hourly OH concentrations ranging from 

0 to 25 × 106 cm−3 (equivalent to 0 to 1.016 pptv) and nitrous acid (HONO) concentrations 

ranging from 0 to 4.4 ppbv were reported in suburban Taizhou, Jiangsu Province, from 

May to June 2018. In this study, the model-predicted concentrations of OH and HONO 

for July 2018 were in the ranges of 0–4.5 × 106 (equivalent to 0–0.18 pptv) and 0–0.7 

ppbv, respectively. These predictions were underestimated, potentially due to the absence of 

certain chemical reactions in the CMAQ model (Zhang et al., 2021).

The addition of chlorine emissions and updates to the chlorine mechanism increased OH 

generation in the YRD during autumn and winter by 93.4% and 128.6%, respectively. 

However, in some areas of the YRD during summer, chlorine chemistry inhibits the 

formation of OH. The impact of chlorine chemistry on OH varies seasonally. In regions 

with significant anthropogenic chlorine emissions, Cl can enhance OH levels. The influence 
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of chlorine chemistry on OH is more significant in autumn and winter than in spring and 

summer because of the higher emissions of chlorine precursors and relatively lower OH 

concentrations. Cl also promotes the generation of HO2 by oxidizing additional VOCs, 

thereby further stimulating OH production. In contrast, during sea breeze events in spring 

and summer, when the atmospheric levels of NOx and VOCs are lower, the reaction between 

Cl and O3 becomes more influential, resulting in reduced O3 and OH levels. Wang et 

al. (2019) utilized a global model (GEOS-Chem) and estimated the impact of chlorine 

emissions on OH over China, ranging from close to zero over land in eastern China to 

slightly negative over the coast. Wang et al. (2020) employed GEOS-Chem and reported 

a 6% increase in OH owing to anthropogenic chlorine emissions in China in 2014, with 

a more pronounced effect in regions with higher anthropogenic chlorine emissions. Q. Y. 

Li et al. (2020) utilized WRF-Chem to examine the potential impact of halogen chemistry 

on atmospheric oxidation and air quality in China, revealing that anthropogenic chlorine 

emissions affect OH by approximately −10%–20% across the country.

3.3.1.2. Cl: In the CL experiment, the concentration of Cl exhibits seasonal variations, 

with higher levels observed in spring, autumn and winter compared to summer, primarily 

attributed to the emissions of chlorine precursors (Figure 5). However, the emission 

inventory of chlorine precursors is subject to certain uncertainties. In this study, we 

attempted to minimize the discrepancies between the simulated and real emissions by 

collecting detailed data on the activity levels, emission factors, and geographical coordinates 

of various chlorine precursor sources. In doing so, we aimed to bridge the gap in Cl 

emissions from different environmental sources and achieve a more realistic simulation of 

the spatial distribution of Cl. However, we acknowledge that the uncertainties associated 

with the emissions inventory may affect the modeling results. The spatial distribution 

of Cl remained relatively consistent across the seasons. The pCl− concentration in most 

areas of the Anhui Province surpasses that of other regions, primarily because of the 

region’s relatively advanced agricultural activities, leading to elevated emissions of pCl−. 

The presence of pCl− facilitates heterogeneous reactions with various substances, thereby 

promoting the formation and accumulation of Cl2, ClNO2, and ClNO and consequently 

increasing the Cl concentration. Additionally, the photolysis of these substances increased 

the Cl concentration. Conversely, marine regions exhibit lower Cl concentrations than inland 

areas, mainly because of their lower Cl formation capacity in marine environments. Figure 

5 illustrates the changes in Cl concentrations for different months when comparing the CL 

experiment with the Base case. Following the increase in chlorine emissions and inclusion 

of the updated chlorine chemistry, the formation of Cl is significantly enhanced during 

winter and autumn with concentrations reaching 3.9 × 104 molecule cm−3 s−1 and 3.2 × 104 

molecule cm−3 s−1, respectively. The increase in Cl concentration is particularly noticeable 

in the marine areas of southeast Zhejiang province and northeast Jiangsu province compared 

to other locations. Overall, the increase in Cl concentrations was more prominent in inland 

areas than in marine regions, highlighting the significant role played by anthropogenic Cl 

emissions. Hong et al. (2020) employed CMAQ to simulate Cl concentrations in different 

seasons within the YRD region in 2015, reporting values ranging from 1.0 × 102 molecule 

cm−3 s to 6.9 × 104 molecule cm−3 s−1, which are comparable to the simulated Cl 

concentrations in this study.
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3.3.1.3. HO2: The monthly average distribution of HO2 in the Base simulation and the 

impact of chlorine emissions on the monthly concentration distribution of HO2 in different 

seasons are shown in Figure 6. The concentration of HO2 exhibited seasonal variations, 

with higher levels observed in summer than in other seasons. This can be attributed to the 

elevated temperatures and increased emissions of VOCs from natural sources. In summer, 

the concentration of HO2 in Zhejiang and southern Anhui Provinces surpassed that in other 

regions within the YRD and reached levels greater than 12 pptv. This notable occurrence 

can be primarily attributed to the substantial VOC emissions released by trees and vegetation 

in the Zhejiang and Anhui regions. As these VOCs are oxidized by various oxidants, the 

concentration of HO2 increases significantly. In spring, the spatial distribution of HO2 

followed a similar pattern to that in summer but with lower concentrations. In contrast, 

during winter and autumn, the monthly average concentration of HO2 in the YRD region 

was lower, ranging from 0 to 5 pptv.

The influence of chlorine on HO2 in the YRD was more prominent during winter and 

autumn and weaker in summer than in spring. There are two reasons for the apparent 

increase in HO2 in most areas of YRD during autumn and winter. First, the emissions 

of chlorine precursors were higher during these seasons, leading to an increase in the Cl 

concentration. Consequently, additional oxidation of VOCs is promoted, resulting in the 

formation of HO2. However, the relatively low concentration of HO2 in the Base case 

simulation during autumn and winter amplified the impact of a small increase in OH, 

resulting in a substantial relative change. In summer, slight decreases in HO2 were observed 

in parts of Zhejiang and southern Anhui provinces. This is primarily due to the dominant 

role of OH during summer and the competitive reaction between Cl and OH and VOCs, 

which inhibits the formation of HO2.

3.3.1.4. RO2: Figure 7 displays the monthly average distribution of RO2 in the Base 

experiment, as well as the spatial distribution of the RO2 difference between the CL and 

Base experiments across different months. The spatial variation of RO2 followed a pattern 

similar to that of HO2. In summer, Zhejiang Province exhibited a high monthly average 

concentration of RO2, reaching 73.3 pptv. In contrast, monthly average concentration of RO2 

is lower in autumn and winter than in spring and summer. The introduction of chlorine 

emissions had a notable impact on the concentration of RO2 in the YRD during winter and 

autumn. In regions with high chlorine emissions, the concentration of RO2 increased by 

up to 190.8% and 213.0% in autumn and winter, respectively. This increase was primarily 

attributed to the oxidation of VOCs by Cl and the subsequent formation of RO2. However, 

the impact on monthly average concentration of RO2 in spring and summer in the YRD 

region was minimal. This can be attributed to the high levels of OH in the Base experiment 

during spring and summer as well as the relatively smaller influence of Cl compared to 

autumn and winter.

3.3.1.5. NO3: Figure 8 illustrates the monthly average distribution of NO3 in the Base 

case, along with the influence of chlorine chemistry on the monthly average concentration 

of NO3 in different seasons. The monthly average NO3 concentrations in the YRD region 

exhibited slight variations across different months. Notably, the concentration of NO3 in the 
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marine region surpassed that in the inland region. This disparity can be attributed to lower 

levels of VOCs and reduced deposition velocity in the marine area. Furthermore, the NO3 

concentration in the marine region tends to be higher in summer and autumn than in spring 

and winter. The addition of chlorine emissions and updated chlorine chemistry primarily 

enhanced the formation of NO3 in the polluted regions of the YRD. In polluted areas, Cl 

promotes higher levels of O3, consequently increasing the formation of NO3 through the 

reactions between NO2 and O3. However, in cleaner regions, such as the ocean, Cl chemistry 

reduces the levels of O3, thereby decreasing the concentration of NO3.

3.3.2. AOC

3.3.2.1. Spatial Distribution: Figure 9 shows the monthly average spatial distribution of 

AOC in the Base case, as well as the changes in AOC between the CL and Base experiments 

in different months in the YRD region. The spatial concentration patterns of the monthly 

average AOC exhibit similarity during winter and autumn, with AOC levels ranging from 

2.0 to 8.0 × 106 molecule·cm−3 s−1. In contrast, AOC levels in spring and summer are 

higher than those in winter and autumn, ranging from 106 to 107 molecular·cm−3 s−1. The 

pronounced increase in AOC during summer primarily stems from intensified sunlight, 

which leads to higher concentrations of OH and O3. These oxidants react with VOCs, 

thereby augmenting the AOC levels. In comparison, the concentrations of AOC in the 

marine areas were lower than those in the inland areas during the different months. This 

discrepancy mainly arises from the diminished levels due to the lower concentrations of 

oxidants (OH and O3) and reactants (CO and VOCs) in the marine environment.

The addition of chlorine (Figure 9) enhanced the AOC. The impact of chlorine emissions 

on AOC varied across different seasons, with a greater influence observed in winter than 

in autumn. In spring, the impact is higher than that in summer due to initially low levels 

of AOC in the Base case, resulting in a substantial relative change rate when the AOC 

experiences a slight increase. Cl, as a promoter of VOC oxidation, plays a crucial role 

in enhancing AOC during autumn and winter. The introduction of chlorine chemistry 

significantly boosted AOC levels in Jiangsu and Anhui Provinces during all seasons, with 

maximum increases of 202.9%, 108.2%, 280.0%, and 404.2% in spring, summer, autumn, 

and winter, respectively. These regions, which are characterized by higher emissions of 

chlorine precursors, experience a more pronounced enhancement of atmospheric oxidation. 

The considerable impact of chlorine emissions on AOC highlights the need to consider 

chlorine precursor emissions in air quality models to accurately assess atmospheric 

oxidation processes. Additionally, our findings indicate that the influence of chlorine 

chemistry on air quality is more pronounced during summer and winter. Specifically, the 

impact of chlorine chemistry on AOC was considerably greater during winter than during 

summer. Moreover, Cl assume a more significant role in winter atmospheric chemistry.

3.3.2.2. Temporal Distribution: Figure 10 shows the average hourly AOC during 

different seasons in the YRD region for both the Base and CL experiments. The AOC 

values during the daytime were significantly higher than those during the nighttime because 

of the enhanced rates of atmospheric chemical reactions and the formation of oxidants 

facilitated by sunlight. In various months, the daytime AOC was one to two orders of 
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magnitude greater than the nighttime AOC, which was primarily attributed to the substantial 

contribution of OH to the AOC during daylight hours. In the Base case, OH accounted for 

92.9%, 94.2%, 86.7%, and 88.5% of the AOC in the spring, summer, autumn, and winter, 

respectively. The contributions of O3 to AOC were 5.0%, 3.7%, 10.2%, and 9.7% in spring, 

summer, autumn, and winter, respectively. NO3 contributed less than 4% in all seasons.

In the CL experiment, following the increase in chlorine emissions and the updating of 

chlorine chemistry, the contributions of Cl to AOC were 5.2%, 2.8%, 9.7%, and 11.3% 

in spring, summer, autumn, and winter, respectively. The inclusion of chlorine chemistry 

in the CL experiment increased its contribution to AOC by 21.3%, 8.7%, 43.3%, and 

58.7% in spring, summer, autumn, and winter, respectively. Compared to the Base case, the 

promotional effect of OH on the AOC in spring, summer, autumn, and winter was amplified 

by 15.6%, 5.7%, 32.3%, and 44.4%, respectively. The influence of chlorine chemistry on O3 

modified AOC by −2.4%, −11.2%, 2.4%, and 6.1% in spring, summer, autumn, and winter, 

respectively.

Chlorine chemistry exhibited contrasting effects on daytime (6:00–17:00) and nighttime 

(18:00–5:00) AOC. The introduction of chlorine emissions resulted in a reduction in night-

time AOC by diminishing the contributions of OH and O3 to AOC in different months. 

This reduction can be attributed to the heterogeneous reactions of OH and O3 with pCl−, 

which consume atmospheric oxidants and limit their reactions with VOCs. Conversely, the 

addition of chlorine emissions led to an increase in daytime AOC, with the most significant 

enhancement observed in winter and autumn. Chlorine promotes the contribution of OH 

to AOC during the daytime, primarily through the promotion of VOCs oxidation, which 

subsequently enhances the formation of OH.

3.4. Impacts of Chlorine Chemistry on O3

3.4.1. Spatial Distribution—Figure 11 depicts the monthly average distribution of 

MDA8 O3 in the Base case and illustrates the impact of chlorine chemistry ((CL-Base)/

Base) on the spatial distribution of MDA8 O3 in different months. During spring and 

summer, the monthly average concentration of MDA8 O3 tended to be higher than that 

during winter and autumn. The primary factor behind this phenomenon is the higher 

temperatures typically experienced during spring and summer as opposed to autumn and 

winter. These elevated temperatures create meteorological conditions that are favorable 

for the formation of O3. The influence of chlorine emissions on the monthly average 

concentration of MDA8 O3 in the YRD varied across seasons, with more pronounced 

enhancements observed in autumn and winter than in other seasons. The average monthly 

impacts of chlorine chemistry on MDA8 O3 in the simulated area (YRD and marine area) 

are as follows: −0.6% (−0.3 ppbv) in spring, −0.2% (−0.1 ppbv) in summer, 3.2% (1.2 

ppbv) in autumn and 5.6% (2.2 ppbv) in winter. The maximum percentage enhancements 

in chlorine emissions from MDA8 O3 in the YRD region were as follows: 8.4% in spring, 

5.8% in summer, 16.9% in autumn, and 18.1% in winter. The corresponding maximum 

absolute enhancements are 4.6, 4.1, 7.0, and 6.7 ppbv, respectively. Notably, chlorine 

emissions reduced the formation of MDA8 O3 in summer, with the largest reduction 

observed at 3.3%, owing to the reaction of Cl with O3. Hong et al. (2020) conducted 
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a study that supported the influence of anthropogenic chlorine emissions on the average 

concentration of MDA8 O3 in eastern China. The study revealed that the impact of these 

emissions ranged from −0.2 to 4.9 ppbv in July, with a more substantial effect observed 

during autumn and winter than during spring and summer. Remarkably, their research 

demonstrated that chlorine chemistry, considering emissions such as HCl and Cl2 from coal 

combustion and waste incineration as well as pCl− from conventional pollutants, can both 

promote and inhibit O3 formation. Specifically, in July, our findings suggest that chlorine 

chemistry may have a more noticeable effect on suppressing O3 when considering the 

complete chlorine emissions and the associated chemistry.

3.4.2. Temporal Distribution—Figure 12 illustrates the temporal variation in the 

impact of chlorine emissions on O3 in Hangzhou, Hefei, Nanjing, and Shanghai during 

the different seasons. The hourly impacts of chlorine chemistry on O3 in these major cities 

range between −0.3 and 3.3 ppbv in spring, −0.4 to 4.3 ppbv in summer, −0.2 to 7.2 ppbv 

in autumn, and 0.2–6.3 ppbv in winter. The enhancement in chlorine emissions by O3 was 

more significant in autumn and winter than in spring and summer. The maximum hourly 

increase in O3 was observed in Hangzhou during autumn (6.3 ppbv) and Nanjing during 

winter (7.2 ppbv). In Shanghai, the maximum hourly increase in O3 occurred in spring (3.3 

ppbv), and in Nanjing, it occurred in summer (4.3 ppbv). Furthermore, chlorine emissions 

have distinct seasonal impacts on O3 between 10:00 and 11:00 in autumn and winter and at 

8:00 in spring and summer. This is because Cl precursors accumulate at night and generate 

a substantial amount of Cl in the early morning following sunrise, thereby promoting VOC 

oxidation and leading to the formation of O3.

3.5. Impacts of Chlorine Chemistry on PM2.5 and Its Chemical Components

3.5.1. PM2.5—Figure 13 shows the monthly average distribution of PM2.5, and the 

impact of chlorine emissions on PM2.5 during the different seasons. The monthly average 

concentration of PM2.5 in the YRD region, exhibited slight variation across different 

seasons, typically ranging from 15 to 60 μg/m3. The addition of chlorine emissions had 

different effects on the monthly average PM2.5, in different seasons. In spring and summer, 

the addition of chlorine inhibits the formation of PM2.5 in certain parts of the YRD region. 

The negative impact of chlorine emissions on PM2.5 is more pronounced in spring than 

in summer, with a potential decrease of up to 1 μg/m3 in the monthly average PM2.5 

concentration in spring than in summer. Conversely, chlorine emissions promoted the 

formation of PM2.5 in most areas of the YRD region during winter and autumn, resulting 

in more significant increases of 11.1 and 13.2 μg/m3, respectively. The influence of chlorine 

emissions on PM2.5 primarily occurs through the formation of its constituents such as 

nitrate, sulfate, and ammonium. A previous study by Wang et al. (2020), using the GEOS-

Chem model, demonstrated that chlorine has the potential to increase annual mean PM2.5 by 

up to 3.2 μg/m3. Similarly, J. Y. Li et al. (2021) and Zhang et al. (2020) incorporated the 

multiphase chemistry of chlorine into the CMAQ model and reported that chlorine emissions 

can enhance PM2.5 by 2%–6% in the YRD region during spring.

3.5.2. Nitrate—Figure 14 illustrates the monthly average distribution of nitrate (NO3
−

2.5) 

in the Base case during different seasons. The concentration of NO3
−

2.5 exhibits variations 
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across different seasons, with higher levels observed during autumn and winter than in 

spring and summer. This pattern can be attributed to lower temperatures during autumn 

and winter, which promoted the formation of N2O5 and nitrate through the heterogeneous 

hydrolysis of N2O5. The middle region of the YRD showed higher nitrate concentrations 

than other areas. In contrast, most regions in Zhejiang exhibited relatively low levels of 

nitrate, primarily because of lower NOx emissions in that particular region.

In the presence of Cl emissions, the formation of NO3
−

2.5 is increased in most areas 

during winter and autumn, with concentration enhancements of 4.1 μg/m3 and 3.9 μg/m3, 

respectively. The emission of chlorine precursors, which is higher during autumn and winter, 

leads to elevated Cl levels. Cl promotes the formation of OH and O3, accelerating the 

conversion of NOx to NO3
−

2.5. Additionally, some heterogeneous reactions contribute to 

the formation of NO3
−

2.5. The influence of chlorine emissions on NO3
−

2.5 formation in 

the YRD region during spring and summer is relatively small, with ranges of −0.8 μg/m3 

to 2.5 μg/m3 and −0.3 μg/m3 to 1.8 μg/m3, respectively. In fact, chlorine emissions inhibit 

the formation of NO3
−

2.5 during spring and summer, with maximum inhibitory effects 

of 0.8 μg/m3 and 0.3 μg/m3, respectively. The inhibitory effect of chlorine emissions on 

NO3
−

2.5 is more pronounced in spring compared to summer. This inhibition was primarily 

attributed to the heterogeneous reaction of N2O5 with particulate chloride, which reduced 

the formation of HNO3 and subsequently lowered the production of NO3
−

2.5 (Su et al., 

2017). These findings align with those of previous studies by Zhang et al. (2020), who 

reported significant reductions in NO3
− concentrations in Southwest China in November due 

to chlorine chemistry. The reduction of monthly mean NO3
− in the YRD region by chlorine 

emissions ranged from −1 to 0 μg/m3, which is consistent with the results of this study. J. Y. 

Li et al. (2021) also observed different effects of chlorine emissions on NO3
−

2.5 in different 

regions, with both promoting and inhibiting effects.

3.5.3. Sulfate—Figure 15 presents the monthly average distribution of sulfate (SO4
2−

2.5) 

in the Base experiment along with the impact of chlorine emissions (CL-Base) on the 

monthly average SO4
2−

2.5 during different seasons. The spatial distribution of SO4
2−

2.5 

remains consistent across different seasons. Notably, the central part of the YRD exhibited 

relatively high monthly average concentrations of SO4
2−

2.5, closely associated with 

contributions from industrial processes and combustion sources. When comparing the Base 

experiment with the addition of chlorine emissions, the monthly average impacts of chlorine 

chemistry on SO4
2−

2.5 within the simulation area are as follows:−0.05 μg/m3 in spring,

−0.02 μg/m3 in summer, 0.04 μg/m3 in autumn, and 0.06 μg/m3 in winter, respectively. 

Consequently, the inclusion of chlorine emissions has minimal effects on SO4
2−

2.5 within 

the YRD region, with monthly average variations ranging from −1.29 to 0.39 μg/m3. 

Wang et al. (2020) also reported negligible effects of anthropogenic chlorine emissions 

on SO4
2−

2.5 concentrations in China, with values below 0.1 μg/m3. In summary, the overall, 

the influence of chlorine emissions on SO4
2−

2.5 is deemed insignificant.

3.5.4. Ammonia—Figure 16 shows the monthly average distribution of ammonia 

(NH4
+

2.5) in the Base experiment as well as the difference between the CL and Base 
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experiments across different seasons. The spatial distribution of NH4
+

2.5 was similarity to 

that of NO3
−

2.5 throughout the various seasons.

The impact of chlorine emissions on the monthly average concentration distribution of 

NH4
+

2.5 is akin to its effect on NO3
−

2.5. Notably, the promoting effect of Cl emissions on 

NH4
+

2.5 was more pronounced during autumn and winter than during spring and summer. 

Moreover, chlorine emissions exhibited twofold effects, promoting and inhibiting NH4
+

2.5 

formation in different regions and seasons. The presence of particulate chloride contributes 

to a decrease in the heterogeneous formation of nitric acid. Consequently, the reaction 

between nitric acid and NH3 diminished, leading to a reduction in the concentration 

of NH4
+

2.5. However, in the winter and autumn seasons, chlorine emissions foster the 

formation of NH4
+

2.5 in the YRD region, resulting increases of up to 2.6 and 2.7 μg/m3, 

respectively. These enhancements can be attributed to the increased concentration of 

NOx, which is then converted into nitric acid through the additional OH generated from 

chemical reactions. Subsequently, the reaction between nitric acid and NH3 led to the 

formation of NH4NO3, thus increasing the concentration of NH4
+

2.5. The impact of chlorine 

emissions on NH4
+

2.5 in different regions of the YRD region during different months varies 

significantly and is primarily dependent on the concentration of Cl (presumably referring to 

the concentration of Cl).

3.5.5. Organic Carbon—Figure 17 illustrates the monthly average concentration 

distribution of organic carbon (OC2.5) in PM2.5 during different seasons. The concentration 

of OC2.5 remains relatively similar across the different seasons, with a noteworthy exception 

in autumn when significantly higher levels were observed in the Anhui region. Comparing 

the Base experiment with the inclusion of chlorine emissions, it was found that chlorine 

emissions contributed to the enhancement of the monthly average OC2.5 across the modeling 

domain. Specifically, in spring, summer, autumn, and winter, the average increases were 

0.09, 0.05, 0.36, and 0.44 μgC/m3, respectively. Furthermore, within the YRD region, 

chlorine emissions lead to an elevation in the monthly maximum OC2.5 concentrations of 

0.7, 1.0, 2.0, and 1.5 μgC/m3 during spring, summer, autumn, and winter, respectively. The 

stronger impact of chlorine emissions on OC2.5 during autumn and winter, compared to 

spring and summer, can be attributed to the higher concentration of Cl during the former 

seasons. This elevated concentration of Cl promotes the formation of OH, which, in turn, 

facilitates additional oxidation of VOCs. Consequently, the formation of secondary organic 

aerosols increases, leading to higher concentrations of OC2.5.

3.6. Comparisons With Previous Studies

Previous studies have explored the influence of chlorine chemistry on air quality using 

various models and emissions, as summarized in Table 3. The most prominent among these 

models are Chemical Transport Models, such as CMAQ, CAMx, and WRF-Chem. These 

models have been widely employed to investigate the effects of chlorine emissions and 

chemistry on O3, PM2.5, and their chemical components. In our study, we have taken a more 

comprehensive approach by considering a broader range of chlorine precursors, including 

Cl2, HOCl, HCl, and pCl−. To assess the impacts of chlorine emissions on different 

pollutants across the YRD region during various seasons, we utilized the WRF-CMAQ 
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modeling system with updated chlorine chemistry. This integrated modeling system allowed 

for a more detailed examination of the effects of chlorine emissions on air quality within the 

study area.

Sarwar et al. (2014) used the CMAQ model to investigate the influence of chlorine 

emissions in the Northern Hemisphere. Their findings revealed that the impact of chlorine 

emissions was more substantial during the winter than during the summer. Specifically, the 

impact on the MDA8 O3 concentration was 7 ppbv in winter and 1.6 ppbv in summer. 

Moreover, the impact on OH concentration was 3.5% in winter and 0.3% in summer. In 

studies conducted in China, it was observed that chlorine emissions have varying effects 

on 1 h O3, monthly average MDA8 O3, and OH concentrations, as summarized in Table 3. 

The range of the influence of chlorine emissions on these parameters in China is reported to 

be 0–34.3 ppbv for 1 h O3, −8 4.9 ppbv for monthly average MDA8 O3, and 0%–101.4% 

for OH concentrations. In our study, we examined the impact of chlorine emissions on 1 h 

O3, monthly average MDA 8 O3, and OH concentrations, resulting in ranges of −0.8–12.0 

ppbv, −0.7–7.0 ppbv, and −5.9%–128.6%, respectively. Consistent with the findings of Hong 

et al. (2020), the promotional effect of chlorine chemistry on O3 was significantly greater 

in autumn and winter than in spring and summer. In addition, our study considered the 

impact of chlorine emissions on AOC, which showed a similar effect on O3. Previous studies 

have also explored impact of chlorine emissions on monthly average nitrate and PM2.5 

concentrations, ranging from −2.5 to 13.5 μg/m3 and 3.2 to 7.5 μg/m3, respectively. In our 

study, the impact on these two species ranged from—0.8to 4.1 μg/m3 and −1.0 to 13.2 

μg/m3, respectively. These effects were comparable to those reported in previous studies.

Most studies have indicated that chlorine emissions promote the formation of O3. However, 

in recent years, studies have suggested that chlorine emissions may inhibit O3 formation 

(Zhang et al., 2020; Wang et al., 2019). In line with these findings, our study highlights 

that chlorine emissions have the dual capacity to promote and limit the formation of O3 

and PM2.5 in different seasons and areas. Specifically, our results demonstrate that chlorine 

emissions play a significant role in promoting the formation of O3 and PM2.5. This effect 

was observed across various seasons and areas. Notably, the promotional effect is more 

pronounced in autumn and winter than in spring and summer. However, our study also 

reveals that the potential for chlorine emissions limits the formation of O3 and PM2.5. These 

findings highlight the complex and nuanced nature of the relationship between chlorine 

emissions and air pollutants, with both promoting and inhibitory effects observed under 

different scenarios.

4. Conclusions

In this study, we investigated the impact of anthropogenic and sea salt chlorine emissions 

on air quality. We utilized the WRF-CMAQ model, incorporating 13 updated gases and 

eight heterogeneous chlorine chemistries, to assess the influence of chlorine emissions on 

air quality in different seasons over the YRD region. Two simulations were conducted to 

examine these effects. By incorporating the 21 additional chemical reactions to the current 

CB6r3_ae7 mechanisms coupled within CMAQ, the Mean Bias for predicting O3 and PM2.5 

are overall reduced. The introduction of chlorine emissions led to enhancements in AOC, 

Yi et al. Page 20

J Geophys Res Atmos. Author manuscript; available in PMC 2025 February 26.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



with regions characterized by higher chlorine emissions and substantial relative changes 

in AOC. Notably, the relative changes in AOC were more pronounced during winter and 

autumn, whereas smaller changes were observed during spring and summer. The impact of 

chlorine emissions is more significant in autumn and winter than in spring and summer. 

Temporal analysis of AOC revealed that chlorine emissions significantly increased AOC 

concentrations during daytime hours. Cl, in particular, contributes significantly to AOC 

during daytime, with a significant contribution of 11.3% in winter and 9.7% in autumn. 

The contribution of Cl to AOC through the promotion of OH increased by 15.6%, 5.7%, 

32.3%, and 44.4% during the spring, summer, autumn, and winter, respectively. The diurnal 

impacts of chlorine emissions significantly enhance OH concentrations, thereby augmenting 

the oxidative capacity through the additional oxidation of VOCs. While chlorine emissions 

have a slight reduction effect on nighttime AOC, primarily attributable to the depletion 

of O3 and OH by Cl, consequently diminishing the contributions of O3 and OH to AOC. 

Furthermore, the study finds that chlorine emissions had a greater enhancing effect on OH, 

HO2, and O3 in the YRD region during winter and autumn than during spring and summer. 

Overall, chlorine emissions exerted a more substantial promoting influence on free radicals 

and O3 during autumn and winter.

The influence of chlorine emissions on PM2.5 and its components varies across seasons 

in the YRD region. Notably, chlorine emissions have minimal impact on the formation of 

PM2.5 during spring and summer while they significantly enhance the formation of PM2.5 

during autumn and winter, with average maximum monthly increases of 13.2 μg/m3 and 

11.1 μg/m3 have been observed as a result of chlorine emissions in specific areas of the YRD 

region. Chlorine chemistry played a notable role in influencing the composition of PM2.5, 

particularly in relation to NO3
−

2.5, NH4
+

2.5, and OC2.5. The effects of these components are 

significant. However, chlorine emissions had a relatively small impact on SO4
2−

2.5, another 

component of PM2.5.

This is the first study to introduce a disinfectant source into the chlorine precursor emission 

inventory for the YRD region. The chemical reaction mechanism of chlorine synthesized 

in previous studies was incorporated into the CMAQ model to investigate the effects of 

chlorine chemistry on various parameters during different seasons in the YRD. However, 

uncertainties are associated with the uptake coefficients used for heterogeneous reactions 

of pCl−. These uncertainties stem from limited observational data on chlorine-containing 

substances in the YRD and China. Future field and laboratory studies are recommended 

to improve the understanding of these uncertainties. These studies can help refine the 

uptake coefficients and provide measurements of chlorine-containing substances in YRD 

and China. By incorporating these improved coefficients and measurements into the models, 

we further enhanced our assessment of the impact of chlorine emissions on air quality.
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Refer to Web version on PubMed Central for supplementary material.
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Key Points:

• The impact of new chlorine emissions from disinfectant usage in the Weather 

Research and Forecasting-Community Multiscale Air Quality (WRF-CMAQ) 

model was evaluated against observations in the Yangtze River Delta

• The Cl chemistry of WRF-CMAQ was updated by adding 21 new reactions, 

including 13 gas-phase and eight heterogeneous reactions

• Chlorine chemistry has different impacts on O3 and PM2.5 in different 

seasons, with higher impacts found in autumn and winter
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Figure 1. 
The simulation domain for the WRF-CMAQ model. The red dots represent the surface air 

quality monitoring stations.
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Figure 2. 
Monthly average HCl, pCl−, ClNO2, Cl2, and ClNO concentration during different seasons 

in 2018 in the CL experiment.
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Figure 3. 
Differences in monthly average HCl, pCl−, ClNO2, and Cl2 between the CL experiment and 

the Base experiment (CL-Base) in different seasons in 2018.
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Figure 4. 
Simulated monthly average of OH in the Base experiment, relative changes ((CL-Base)/

Base) due to the chlorine chemistry in different seasons in 2018.
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Figure 5. 
Simulated monthly average of Cl in the CL experiment, changes (CL-Base) due to the 

implementation of chlorine chemistry in different seasons in 2018.
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Figure 6. 
Simulated monthly average of HO2 in the Base experiment, relative changes ((CL-Base)/

Base) due to the chlorine chemistry in different seasons in 2018.
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Figure 7. 
Simulated monthly average of RO2 in the Base experiment, relative changes ((CL-Base)/

Base) due to the chlorine chemistry in different seasons in 2018.
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Figure 8. 
Simulated monthly average of NO3 in the Base case, relative changes ((CL-Base)/Base) due 

to the chlorine chemistry in different seasons in 2018.

Yi et al. Page 34

J Geophys Res Atmos. Author manuscript; available in PMC 2025 February 26.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 9. 
Simulated monthly average of atmospheric oxidative capacity in the Base experiment, 

relative changes ((CL-Base)/Base) due to the chlorine chemistry in different seasons in 

2018.
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Figure 10. 
Simulated averaged hourly atmospheric oxidative capacity in Yangtze River Delta in 

different seasons.
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Figure 11. 
Simulated monthly average of MDA8 O3 in the Base case, changes ((CL-Base)/Base) due to 

the chlorine chemistry during different seasons in 2018.
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Figure 12. 
Effects of chlorine emission on time distribution of O3 in major cities.
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Figure 13. 
Simulated monthly average of PM2.5 in the Base experiment, changes (CL-Base) between 

the CL and Base experiment in different seasons in 2018.
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Figure 14. 
Simulated monthly average of NO3

−
2.5 in the Base case, changes (CL-Base) between the CL 

and Base experiment in different seasons in 2018.
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Figure 15. 
Simulated monthly average of SO4

2−
2.5 in the Base experiment, changes (CL-Base) between 

the CL and Base experiment in different seasons in 2018.
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Figure 16. 
Simulated monthly average of NH4

+
2.5 in the Base case, changes (CL-Base) between the CL 

and Base experiment in different seasons in 2018.
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Figure 17. 
Simulated monthly average of OC2.5 in the Base case, changes (CL-Base) between the CL 

and Base experiment in different seasons in 2018.
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Table 1

Model Performance Evaluation for PM2.5, and O3 in February, April, July, and November 2018

Sim MB rmse IOA r

Items Month Obs Base CL Base CL Base CL Base CL Base CL

O3 (μg/m3) Feb 56.9 48.4 53.3 −8.6 −3.7 31.3 33.3 0.67 0.65 0.50 0.45

Apr 84.9 70.7 71.9 −14.2 −13.0 41.4 42.3 0.79 0.78 0.70 0.68

Jul 69.7 65.2 65.6 −4.5 −4.1 37.0 37.8 0.82 0.81 0.70 0.69

Nov 44.8 52.3 55.3 7.6 10.5 33.7 36.5 0.67 0.64 0.50 0.46

PM2.5 (μg/m3) Feb 58.9 54.2 58.2 −4.7 −0.7 37.2 38.6 0.74 0.74 0.61 0.62

Apr 47.1 40.0 40.8 −7.1 −6.3 28.5 29.1 0.69 0.68 0.56 0.56

Jul 23.7 26.2 26.8 2.5 3.2 22.5 23.4 0.52 0.51 0.34 0.34

Nov 51.5 51.8 54.9 0.4 3.5 41.4 43.4 0.73 0.72 0.65 0.64

Note. Obs: average concentration of observation; Sim: average concentration of simulation; MB: mean bias; RMSE: root mean square error; IOA: 
index of agreement; r: correlation coefficient.

J Geophys Res Atmos. Author manuscript; available in PMC 2025 February 26.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Yi et al. Page 45

Table 2

Observed and Model-Predicted Chlorine-Containing Substances in the CL Experiment

Species Location Period Concentration (Avg) Ref.

HCl (μg/m3) Changzhou, China Feb, 2018 0.13 Super station

0.02(Sim) This study

Apr. 2018 0.18 Super station

0.08(Sim) This study

Jul, 2019 0.24 Super station

Jul. 2018 0.09(Sim) This study

Nov. 2018 0.24 Super station

0.07(Sim) This study

pCl− (μg/m3) Changzhou, China Feb. 2018 2.95 Super station

0.10(Sim) This study

April 2018 1.36 Super station

0.07(Sim) This study

July 2019 0.93 Super station

July 2018 0.09(Sim) This study

Nov 2018 2.09 Super station

0.1(Sim) This study

ClNO2 (ppt) Nanjing, China Apr. 2018 3,700 (1 min max) Xia et al. (2020)

Apr. 2018 368 (1 hr max) This study

Cl2 (ppt) Nanjing, China Apr. 2018 100 (1 min max) Xia et al. (2020)

Apr. 2018 220 (1 hr max) This study

HOCl(ppt) Nanjing, China Apr. 2018 ~200 Xia et al. (2020)

Apr. 2018 125 This study
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