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Supplementary Text 31 

 32 

S1. ISORROPIA model. The aqueous-phase concentration of aerosol H+ ([H+], unit: mol L−1) 33 
was calculated using the ISORROPIA-II model.1,2 The model inputs are hourly measurements 34 
of ambient relative humidity, molar concentrations (unit: mol m−3) of fine aerosol of particulate 35 
Cl−, NO3

−, SO4
2−, Na+, and NH4

+, measured by an ion chromatography (MARGA), and gas-36 
phase ammonia. Aerosol pH was calculated as −log10 ([H+]). 37 

 38 

S2. Model Performance. Table S3 shows the statistics evaluation of our model performance 39 
for meteorological parameters (surface temperature, wind speed, and relative humidity) and air 40 
pollutants (NO2, SO2, CO, O3, and PM2.5) at regular monitoring sites in South China. Based on 41 
the statistics, our simulated meteorological parameters match well with the observations, with 42 
relatively low mean bias (< 2%) and high correlation coefficient (> 90%). For air pollutants, a 43 
slight underestimation in surface ozone concentration is simulated in South China (Figure 5a), 44 
with the mean bias of -5.5 ppbv (or 12%) on average, mainly located in the non-urban areas. 45 
This underestimated ozone concentration is relevant to the underestimated NO2 and CO 46 
concentrations in low-NOx areas (Figure S6c-d), as the precursors to ozone production. Other 47 
reasons for the model discrepancies can be the uncertainties lies in land-used data,3 natural and 48 
anthropogenic emissions,4,5 and NO2-related parameterizations used in the model.6 For the 49 
concentration of PM2.5, a slight underestimation is calculated in southern and western part of 50 
South China (Figure 5d), with the mean bias of 6.5 µg m−3 (or 13%) on average in entire domain. 51 
A slight overestimation of PM2.5 is distributed on the western coast of South China (Figure 5d), 52 
which may be attributable to the uncertainties of sea-salt aerosol deposition in models.7 53 

In summary, our model performance of meteorological conditions and the air pollutants are in 54 
generally good agreement with the observations in South China. Our results are reliable to 55 
conduct further analysis on the impacts of reactive chlorine species on air quality. 56 

 57 

S3. The Atmospheric Oxidative Capacity. The atmospheric oxidizing capacity (AOC; 58 
expressed in cm-3 s-1), a parameter introduced by Geyer et al.8 to account for the contribution 59 
of all oxidants, is derived here as the rate at which CO, CH4, and NMHCs (all species are noted 60 
here as Yi) are oxidized by the radicals of OH•, NO3•, and Cl• as well as O3 (noted as Xj).8,9 61 
Thus, when considering all combinations of the different primary pollutants and atmospheric 62 
oxidants. We write the calculation of AOC as below: 63 

 𝐴𝑂𝐶 = ∑ 𝑘𝑖,𝑗[𝑌𝑖][𝑋𝑗]
𝑗
𝑖 .  64 

  65 
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Supplemental Figures 67 

 68 

 69 

 70 

Figure S1. Spatial distribution of HCl (a, unit: mol km−2 hr−1) and fine particulate chloride (b, 71 
unit: µg m−2 s−1) from anthropogenic activity. The hourly (c) and monthly (d) variations in the 72 
anthropogenic chloride emissions relative to the average hourly/monthly values in different 73 
sectors.  74 
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 77 

Figure S2. Relationship between the production rate of Cl2 [P(Cl2), unit: pptv s−1] and 78 

influencing factors. (a) considering J(NO2), [NO3
−], Sa, and [H+] and (b) with additional 79 

consideration of [Cl−]. 80 

  81 
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 83 

Figure S3. Model performance of Cl2 concentration at the Cape D’Aguilar site in the autumn 84 
of 2023 (unit: pptv) (a) Hourly variations in simulated and observed mixing ratios of Cl2. (b) 85 
Campaign-averaged diurnal variations in observed and simulated mixing ratios of Cl2. 86 

 87 

  88 
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 90 

Figure S4. Meteorological conditions in field campaign period. (a) Trajectory of super typhoon 91 
“Mangkhut”. (b) Contour of surface pressure in continental air (from September 4 to September 92 
14 and from September 22 to October 7). (c-d) Spatial distribution of simulated (in CL case) 93 
surface temperature (c, unit: ºC) and planetary boundary layer height (d, unit: meters) in 94 
continental air. Panels (a-b) are obtained from the Hong Kong Observatory 95 
(https://www.hko.gov.hk/tc/). 96 
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 99 

Figure S5. Hourly variations in simulated and observed mixing ratios of N2O5 (unit: pptv) at 100 
Cape D’ Aguilar site. 101 
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 104 

Figure S6. (a, b) Comparisons of simulated (in CL case) and observed value of (a) aerosol pH 105 

and (b) aerosol surface at Cape D’ Aguilar site in continental air. The observations of aerosol 106 

pH and surface density are calculated by the off-line ISORROPIA model (see Text S1) 107 

constrained by observations. (c-e) Spatial distribution of (c) aerosol surface areas density, (d) 108 

NO2 concentrations, and (e) CO concentrations in surface continental air in South China 109 

overplotted with available observations in South China. 110 

  111 



 

Page S9 of 26 
 

 112 

 113 

Figure S7. Spatial distribution of simulated (a) fine particulate nitrate concentration, (b) 114 
aerosol pH value, (c) N2O5 concentration, and (d) fine particulate chloride concentration (in CL 115 
case) in continental surface air in South China. 116 
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 119 

 120 

Figure S8. Spatial distribution of simulated mixing ratio of (a) HOCl, (b) ClO, (c) ClNO3, and 121 
(d) HCl (in CL case) in continental surface air in South China. 122 
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Figure S9. Changes in the mixing ratios of (a, d) daytime OH• (06:00 to 19:00 LST), (b, e) 126 
daytime HO2•, and (c, f) RO2• radicals in continental air due to the Cl2 production (a-c; wCl2 127 
case-BASE case) and due to all chlorine-related reactions (d-f; CL case-BASE case).  128 
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Figure S10. Percentage changes in the levels of OH•, HO2•, and RO2• radicals due to the Cl2 132 
productions (wCl2 case-BASE case) at the monitoring sites in Hong Kong and Guangzhou in 133 
continental air during daytime (06:00 to 19:00 LST).   134 
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 137 

Figure S11. Spatial distribution of simulated concentration in total VOCs (unit: ppbv; in CL 138 
case) in continental surface air.  139 
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 142 

Figure S12. Changes in concentration of Maximum Daily 8-hour Average (MDA8) ozone due 143 
to (a) Cl2 (wCl2 case-BASE case) and (b) all chlorine-related reactions (CL case – BASE case) 144 
during continental air. 145 
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 148 

Figure S13. Percentage changes in the fine particulate (a) nitrate (NO3
−), (b) ammonia (NH4

+), 149 
(c) sulfate (SO4

2−), and (d) secondary organic aerosols (SOA) due to Cl2 production (wCl2 case 150 
− BASE case) in continental air.  151 

  152 
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 154 

Figure S14. Diurnal variation of observed (OBS) and simulated (in the BASE, wCl2, and CL 155 
cases) concentration of ozone and PM2.5 at the monitoring sites in Guangzhou. 156 
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 159 

Figure S15. Spatial distribution of the mixing ratios of (a) daytime (06:00 to 19:00 LST) Cl2 160 
and (b) nighttime (20:00 to 05:00 LST) ClNO2 with emission reduction in NOx and SO2 by a 161 
factor of 2 (in CL_50%EMIS case). 162 

  163 
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Supplementary Tables 164 

 165 

Table S1. Chlorine-related reactions in this study. 166 

 Reactions Reaction rate References 

Photolysis reactions 

R1 CL2+hv=2CL j(Pj_cl2); Zhang et al.10 

R2 OCLO+hv=O+CLO j(Pj_oclo); Zhang et al.10 

R3 HOCL+hv=CL+OH j(Pj_hocl); Zhang et al.10 

R4 CLNO2+hv=CL+NO2 j(Pj_clno2); Zhang et al.10 

R5 CLNO3+hv=CL+NO3 j(Pj_clno3); Zhang et al.10 

R6 CLNO3+hv=CLO+NO2 j(Pj_clno3b); Zhang et al.10 

Gas-phase reactions 

R7 CL+O3=CLO{+O2} ARR3(2.8d-11, 250. _dp, TEMP); a Zhang et al.10 

R8 CL+HO2=HCL{+O2} ARR3(1.4d-11, -270. _dp, TEMP); Zhang et al.10 

R9 CL+HO2=CLO+OH ARR3(3.6d-11, 375. _dp, TEMP); Zhang et al.10 

R10 CL+H2O2=HCL+HO2 ARR3(1.1d-11, 980. _dp, TEMP); Zhang et al.10 

R11 Cl{+H2} {+O2} =HCL+HO2 ARR3(3.9d-11, 2310. _dp, TEMP); Zhang et al.10 

R12 Cl+NO2=ClNO2 
TROE (1.8d-3, -2. d0,1.0d-10, -1. d0,0.6d0, 

TEMP, C_M); b 
Zhang et al.10 

R13 CLO+OH=Cl+HO2 ARR3(7.3d-12, 300. _dp, TEMP) ×0.94d0; Zhang et al.10 

R14 CLO+OH=HCl{+O2} 
ARR3(7.3d-12, 300. _dp, TEMP)  

×0.06d0; 
Zhang et al.10 

R15 CLO+HO2=HOCL ARR3(2.2d-12, -340. _dp, TEMP); Zhang et al.10 

R16 ClO+O3=Cl{+2O2} 1.5d-17; Zhang et al.10 

R17 CLO+NO=CL+NO2 ARR3(6.2d-12, -295. _dp, TEMP); Zhang et al.10 

R18 CLO+NO2=CLNO3 
TROE (1.8d-31, -3.4D0,1.5d-11, -

1.9d0,0.6d0, TEMP, C_M); 
Zhang et al.10 

R19 CLO+CLO=2CL{+O2} ARR3(3.0d-11,2450. _dp, TEMP); Zhang et al.10 

R20 CLO+CLO=CL2{+O2} ARR3(1.0d-12,1590. _dp, TEMP); Zhang et al.10 

R21 CLO+CLO=OCLO+CL ARR3(3.5d-13,1370. _dp, TEMP); Zhang et al.10 

R22 HCL+OH=H2O+CL ARR3(1.7d-12,230. _dp, TEMP); Zhang et al.10 

R23 HOCL+OH=ClO+H2O ARR3(3.0d-12,500. _dp, TEMP); Zhang et al.10 
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R24 CL+CLNO3=CL2+NO3 ARR3(6.2d-12, -145. _dp, TEMP); Zhang et al.10 

R25 
CLNO3+OH=0.5CLO+0.5HNO3+

0.5HOCL+0.5NO3 
ARR3(1.2d-12,330. _dp, TEMP); Zhang et al.10 

R26 CLNO2+OH=HOCL+NO2 ARR3(2.4d-12,1250. _dp, TEMP); Zhang et al.10 

R27 CL+CH4=HCL+CH3O2 ARR3(6.6d-12,1240. _dp, TEMP); Badia et al.11 

R28 CL+CH2O=HCL+HO2+CO ARR3(8.1d-11,34. _dp, TEMP); Badia et al.11 

R29 Cl+CH3CHO=HCl+CH3CO3 8.0d-11; Badia et al.11 

R30 Cl+CH3OH=HCl+HO2+CH2O 5.5d-11; Badia et al.11 

R31 Cl+CH3OOH=HCl+CH3O2 5.7d-11; Badia et al.11 

R32 
Cl+CH3O2=0.5CH2O+0.5CO+ 

0.5H2O+0.5HO2+0.5HCl+0.5ClO 
1.6d-10; Badia et al.11 

R33 CLO+CH3O2=CL+CH2O+HO2 ARR3(3.3d-12,115. _dp, TEMP); Badia et al.11 

R34 Cl+C3H8=HCl+C3H7O2 ARR3(7.85d-11,80. _dp, TEMP); Badia et al.11 

R35 CL+C2H6=HCL+C2H5O2 ARR3(7.2d-11,70. _dp, TEMP); Badia et al.11 

R36 Cl+C3H6{+O2} =HCL+PO2 3.6d-12; Badia et al.11 

R37 CL+BIGENE=ENEO2+HCL 2.5d-10; 
This work.  

Based on Li et al.12 

R38 CL+BIGALK=ALKO2+HCL 5.0d-11; 
This work.  

Based on Li et al.12 

R39 CL+ISOP=ISOPO2+HCL 4.3d-10; 
This work.  

Based on Li et al.12 

R40 

CL+TOLUENE=0.18CRESOL+ 

0.10TEPOMUC+0.07BZOO+ 

0.65TOLO2+0.28HO2+HCL 

6.1d-11; 
This work.  

Based on Li et al. 12 

R41 

CL+XYLENES=0.15XYLOL+ 

0.23TEPOMUC+0.06BZOO+ 

0.56XYLENO2+0.38HO2+HCL 

1.2d-10; 
This work.  

Based on Li et al.12 

R42 CL+APIN=TERPO2+HCL 4.7d-10; 
This work.  

Based on IUPAC. 

R43 CL+BPIN=TERPO2+HCL 3.8d-10; 
This work.  

Based on IUPAC. 

R44 CL+LIMON=TERPO2+HCL 6.4d-10; 
This work.  

Based on IUPAC. 

R45 CL+MBO=MBOO2+HCL 2.2d-10; 
This work.  

Based on IUPAC. 

Heterogeneous reactions  

R46 N2O5+H2O+CL−=HNO3+ClNO2  Dai et al.13 

R47 CL− 
𝑁𝑂3−,𝐻+
→       0.5 CL2  

k1[H+] [NO3
−] J(NO2) Sa. 

k1=28.91 
This work. 

R48 CL− 
𝑁𝑂3−,𝐻+,𝑂𝑅𝐺
→           0.5 CL2 

𝑘2[H
+][𝐶𝑙−] 

𝑘2[H
+][𝐶𝑙−]+𝑘3[𝐶𝑙

−]+[H2O]+𝑘4[Org]
; 

k2=19.38; k3=483; k4=2.06; 

This work. Based 

on Xia et al.14 

SOA formation 

R49 
CL+BIGALK=CL+BIGALK+CVA

SOA4 

5.0d-11×vbs_yield_cl 

(nume, den, vbs_alk5, vbs_c1000); c 

This work. 

Based on Li et al.12 
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R50 
CL+BIGALK=CL+BIGALK+CVA

SOA3 

5.0d-11×vbs_yield_cl 

(nume, den, vbs_alk5, vbs_c100); c 

This work. 

Based on Li et al.12 

R51 
CL+BIGALK=CL+BIGALK+CVA

SOA2 

5.0d-11×vbs_yield_cl 

(nume, den, vbs_alk5, vbs_c10); c 

This work. 

Based on Li et al.12 

R52 
CL+BIGALK=CL+BIGALK+CVA

SOA1 

5.0d-11×vbs_yield_cl 

(nume, den, vbs_alk5, vbs_c1); c 

This work. 

Based on Li et al.12 

R53 CL+ISOP=CL+ISOP+CVBSOA4 
4.3d-10×vbs_yield_cl 

(nume, den, vbs_isop, vbs_c1000);  

This work. 

Based on Li et al. 12 

R54 CL+ISOP=CL+ISOP+CVBSOA3 
4.3d-10×vbs_yield_cl 

(nume, den, vbs_isop, vbs_c100);  

This work. 

Based on Li et al.12 

R55 CL+ISOP=CL+ISOP+CVBSOA2 
4.3d-10×vbs_yield_cl 

(nume, den, vbs_isop, vbs_c10);  

This work. 

Based on Li et al.12 

R56 CL+ISOP=CL+ISOP+CVBSOA1 
4.3d-10×vbs_yield_cl 

(nume, den, vbs_isop, vbs_c1);  

This work. 

Based on Li et al. 12 

R57 
CL+TOLUENE=CL+TOLUENE+

CVASOA4 

6.1d-11×vbs_yield_cl 

(nume, den, vbs_aro1, vbs_c1000); 

This work. 

Based on Li et al.12 

R58 
CL+TOLUENE=CL+TOLUENE+

CVASOA3 

6.1d-11×vbs_yield_cl 

(nume, den, vbs_aro1, vbs_c100); 

This work. 

Based on Li et al.12 

R59 
CL+TOLUENE=CL+TOLUENE+

CVASOA2 

6.1d-11×vbs_yield_cl 

(nume, den, vbs_aro1, vbs_c10); 

This work. 

Based on Li et al. 12 

R60 
CL+TOLUENE=CL+TOLUENE+

CVASOA1 

6.1d-11×vbs_yield_cl 

(nume, den, vbs_aro1, vbs_c1); 

This work. 

Based on Li et al.12 

R61 CL+APIN=CL+APIN+CVBSOA4 
4.7d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c1000); 

This work. 

Based on Li et al.12 

R62 CL+APIN=CL+APIN+CVBSOA3 
4.7d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c100); 

This work. 

Based on Li et al. 12 

R63 CL+APIN=CL+APIN+CVBSOA2 
4.7d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c10); 

This work. 

Based on Li et al.12 

R64 CL+APIN=CL+APIN+CVBSOA1 
4.7d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c1); 

This work. 

Based on Li et al.12 

R65 CL+BPIN=CL+BPIN+CVBSOA4 
3.8d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c1000); 

This work. 

Based on Li et al. 12 

R66 CL+BPIN=CL+BPIN+CVBSOA3 
3.8d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c100); 

This work. 

Based on Li et al.12 

R67 CL+BPIN=CL+BPIN+CVBSOA2 
3.8d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c10); 

This work. 

Based on Li et al.12 

R68 CL+BPIN=CL+BPIN+CVBSOA1 
3.8d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c1); 

This work. 

Based on Li et al.12 

R69 
CL+LIMON=CL+LIMON+CVBS

OA4 

6.4d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c1000); 

This work. 

Based on Li et al.12 

R70 
CL+LIMON=CL+LIMON+CVBS

OA3 

6.4d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c100); 

This work. 

Based on Li et al.12 

R71 
CL+LIMON=CL+LIMON+CVBS

OA2 

6.4d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c10); 

This work. 

Based on Li et al.12 

R72 
CL+LIMON=CL+LIMON+CVBS

OA1 

6.4d-10×vbs_yield_cl 

(nume, den, vbs_terp, vbs_c1); 

This work. 

Based on Li et al.12  
Note: a, b ARR3 and TROE function and specific kinetic data are taken from WRF-Chem v 4.1.2;15,16  167 
TEMP is the ambient air temperature (unit: k); C_M is the ambient air density (unit: cm-3); c Calculation 168 
of SOA yield is based on Lane al.17 and Li et al.12; nume and den is the reaction rate constant for the 169 
reaction of RO2 with NO and RO2 with HO2, respectively; vbs_terp represents different types of VOCs; 170 
vbs_c1, vbs_c10, vbs_c100 and vbs_c1000 represent the saturation concentrations in 1, 10, 100, and 171 
1000 (unit: µg m-3) of the surrogate specie. 172 

  173 



 

Page S21 of 26 
 

Table S2. HONO-related reactions in WRF-Chem model 174 

Reactions Reaction rate References  

NO+OH→HONO  
TROEMS (7.0D-31, -2.6_dp, 3.6D-11, -

0.1_dp, TEMP, C_M); 
Dai et al.,6 

NO+NO2+H2O→2HONO 5.00×10−40 Dai et al.,6 

HONO+HONO→NO+NO2+H2O 1.00×10−20 Dai et al.,6 

HONO+OH→NO2+H2O 2.50×10−12 Dai et al.,6 

NO2→0.5HONO+0.5HNO3 - Dai et al.,6 

PNO3− →0.67HONO+0.33NO2 : JPNO3 = (8.3×10−5/7× 10−7) × JHNO3 Dai et al.,25 

 175 

 176 

  177 
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Table S3. Physical modules used in model simulations 178 

 179 

Atmospheric process Scheme 

Cloud microphysics Morrison double moment18 

Cumulus 

parameterization 
Grell 3D Ensemble Scheme19 

Land-surface physics Noah Land Surface Model20 

Longwave radiation RRTM scheme21 

Shortwave radiation RRTM scheme21 

Planetary boundary layer Yonsei University PBL22 

Photolysis Madronich Fast Tropospheric Ultraviolet-Visible (FTUV)23,24 

 180 

  181 
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Table S4. Statistical analysis of model performance for meteorological parameters and air 182 
pollutants in South China. 183 

 184 

 SIM OBS Bias R NMB NME 

Relative humidity (%) 80.2 82.0 -1.8 0.94 -7.8% 18.9% 

Wind speed (m s−1) 5.3 4.5 0.8 0.90 8.9% 19.2% 

Surface temperature (ºC) 28.4 29.0 -0.6 0.94 -6.2% 15.2% 

Ozone (µg m−3) 40.8 46.3 -5.5 0.86 -12.8% 24.5% 

NO2 (µg m−3) 32.5 29.1 3.4 0.62 5.2% 20.9% 

PM2.5 (µg m−3) 42.0 48.2 -6.2 0.78 -13.5% 29.2% 

 185 

Note: SIM and OBS represent the average of calculated and measured value of meteorological 186 
parameters or concentrations of chemicals. Bias is the mean bias calculated as the difference 187 
between SIM and OBS; R is the correlation coefficient (unitless); NMB is the normalized mean 188 
bias (unit: %); NME is the normalized mean error (unit: %). 189 

  190 
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