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Abstract  33 

Chlorine atoms (Cl) are highly reactive and can strongly influence atmospheric abundances of 34 

climate and air quality-relevant trace gases such as methane and ozone (O3). Despite extensive 35 

research on molecular chlorine (Cl2), an important Cl atom precursor, in the polar atmosphere, 36 

its sources in other regions are still poorly understood. Here we report unprecedented levels of 37 

daytime Cl2 (up to 1 ppbv, the highest atmospheric concentration ever reported, with an average 38 

of ~400 pptv) in a coastal area in Hong Kong, indicating the presence of a large daytime source 39 

(Cl2 ~2.7 pptv/s at noon) as the lifetime of Cl2 is only ~7 minutes at noon. Field and laboratory 40 

results reveal that photolysis of particulate nitrate under acidic conditions (pH <3.0) can 41 

activate chloride and account for the observed daytime Cl2 production. The high Cl2 42 

concentrations observed at the site increased the atmospheric oxidation rate of volatile organic 43 

compounds (VOCs) by 24 to 132%, ROx radical by 4-27%, and daytime O3 integrated 44 

production by 17%. Given the ubiquitous existence of chloride, nitrate, and acidic aerosols, we 45 

propose that nitrate photolysis is a significant daytime chlorine source globally. This so far 46 

unaccounted for a new source of chlorine can have substantial impacts on global atmospheric 47 

chemistry. 48 

 49 

Article main text  50 

Introduction 51 

Atomic chlorine (Cl) is a very reactive radical, known to destroy stratospheric ozone (O3) 52 

through catalytic cycles 1,2. In the lower troposphere, it can initiate the oxidation of volatile 53 

organic compounds (VOCs), increase the levels of conventional radicals (OH, HO2 and RO2), 54 

and produce O3 and secondary organic aerosols (SOA), which are air pollutants and also alter 55 

the Earth’s radiation budget and climate 3-7. Cl reacts rapidly with methane, the most abundant 56 

VOCs and the third-most important greenhouse gas in the atmosphere 8,9. Molecular chlorine 57 

(Cl2) is an important Cl precursor. It can be photolyzed quickly to release two Cl atoms during 58 

the daytime, and its production through heterogeneous reactions is a key step in the O3 59 

destruction over Antarctica during austral spring 10. Previously, Cl2 has been measured in the 60 

lower troposphere in locations such as at the Arctic surface 11, the marine boundary layer 12-14, 61 

and continental sites 15,16. Cl2 was found to typically peak during nighttime, but elevated levels 62 

(17-450 ppt) have also been observed during daytime 6,11,17-20. The daytime occurrence of Cl2 63 

is of great importance as it may have a profound impact on atmospheric photochemistry and 64 

oxidation capacity 6,18. Such observations also reveal the existence of a significant Cl2 source 65 

that compensates or even overcomes its fast photolytic loss. Although daytime Cl2 can be 66 

emitted from various sources, such as from coal combustion 15 or water treatment facilities 14, 67 

it can also be produced through some photochemical processes 11,17-19. However, the underlying 68 

photochemical mechanisms remain uncertain. As a result, current state-of-the-art air quality 69 

models do not typically implement such chemistry, and therefore, cannot reproduce the 70 

observed high daytime Cl2 levels in polluted regions 7,21. Consequently, the impact of Cl2 on 71 

atmospheric oxidation is currently underestimated. 72 
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To investigate the abundance, sources, and impact of Cl2, we measured its concentrations 73 

using a chemical ionization mass spectrometer (CIMS) (Methods section 1) at a coastal site in 74 

southern China (22.21N, 114.25E, Fig. S1), adjacent to the highly industrialized Pearl River 75 

Delta (PRD). The field measurement took place from 31 August to 9 October 2018, when this 76 

site predominately received outflow of air from eastern and southern China and occasionally 77 

inflow of marine air and spillover of urban pollution from Hong Kong (HK) and other PRD 78 

cities 22,23 (see Methods section 2). Moderate to very high mixing ratios of ozone (up to 186 79 

ppbv) (Fig. S2) were observed during the study, indicating active photochemistry during the 80 

measurement period. 81 

We frequently observed Cl2 mixing ratios greater than 400 pptv (10-min average) with a 82 

maximum of 998 pptv (Fig. S2), which is the highest value among the limited Cl2 83 

measurements reported to date in any location 6,9,18. The Cl2 mixing ratio exhibited a distinct 84 

daytime peak (Fig. 1A and Fig. S2), coinciding with that of ozone. Much higher Cl2 levels were 85 

observed in the air mass originating from inland than that from the ocean, indicating the 86 

important role of anthropogenic pollution in producing the observed high Cl2 (Fig. 1A, and Fig. 87 

1B). The highest Cl2 (and O3) occurred on 11 September 2018 in a heavy photochemical 88 

pollution episode (Fig. S2), when the site was impacted by plumes from HK and other PRD 89 

cities 24. With an average photolysis lifetime of Cl2 of about 7-min at noon during this study, 90 

sustained high levels of daytime Cl2 must arise from a significant in-situ production, with an 91 

average production rate of up to 2.7 pptv/s at noon. ClNO2 - another Cl precursor - exhibited 92 

typical nighttime peaks with the highest mixing ratio of 1900 pptv, comparable to the value 93 

observed in our previous measurements at a nearby site 25.  94 

Previous studies have proposed two chemical mechanisms to explain the observed 95 

daytime Cl2 production. The first one involves the aqueous-phase reaction of OH with chloride 96 

in the solution or at the air-water interface, with OH being produced from O3 photolysis in the 97 

gas or aqueous phase (R1 - R5) 26,27.  98 

O3 (g) + hν → O(1D) (g) + O2 (g)            (R1) 99 

O(1D) (g) + H2O → 2OH(g)             (R2) 100 

OH (g) + Cl- (interface) → (OH...Cl-)(interface)          (R3) 101 

OH (aq) + Cl- (aq) ⇌ HOCl-
(aq)             (R4) 102 

2HOCl- (aq or interface) + 2H+ 
(aq) + 2Cl- 

(aq) → Cl2 (aq) + 2Cl- (aq) + 2H2O    (R5) 103 

This mechanism was based on laboratory observations of the production of 10-100 ppb of 104 

Cl2 when gaseous O3 (0.8-14 ppm) and deliquesced sea salt particles were illuminated with 254 105 

nm ultra-violet light 26. The experimental results were supported by molecular dynamics and 106 

kinetics calculations 27. These studies revealed a maximum Cl2 production of 375 ppt s-1 (with 107 

14 ppm O3 and a photolysis rate constant for O3 to generate O(1D) (J(O3→O(1D)) of 7.92 ×10-108 
4 s-1). If we extrapolate this production rate to our ambient conditions, i.e., O3 (65 ppb) and 109 

J(O3→O(1D)) (1.78×10-5 s-1), which is calculated from the TUV model under clear sky 110 
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condition, the O3 photolysis would produce Cl2 at a rate of 0.039 ppt s-1, which is one order of 111 

magnitude smaller than the average daytime (08:00-18:00) production rate (P(Cl2)) of 0.46 ppt 112 

s-1 measured at our site. Here the P(Cl2) is assumed to be equal to the photolysis rate of Cl2, as 113 

the Cl2 is nearly in a photo-stationary state (considering its short lifetime of ~7 min at noon in 114 

our study).  115 

Another suggested mechanism is the autocatalytic halogen activation, which begins with 116 

a Cl atom reacting with O3 to form chlorine monoxide (ClO) during daytime (R6 – R7). ClO 117 

further reacts with HO2 or NO2 to form hypochlorous acid (HOCl) (R8) or chlorine nitrate 118 

(ClONO2) (R9), respectively. These two compounds can then undergo photolysis or react on 119 

acidic chloride-containing aerosol particles to form Cl2 (R10 – R11) that partitions to the gas 120 

phase 9,28.  121 

Cl2(g) + hv → 2Cl(g)               (R6) 122 

Cl (g) + O3 (g) → ClO (g) + O2 (g)            (R7) 123 

ClO (g) + HO2 (g) → HOCl (g) + O2 (g)           (R8) 124 

ClO (g) + NO2 (g) + M → ClONO2 (g) + M          (R9) 125 

HOCl (g) + H+ + Cl-  
𝑎𝑒𝑟𝑜𝑠𝑜𝑙
→      Cl2 (g) + H2O (aq)         (R10) 126 

ClONO2 (g) + H+ + Cl-  
𝑎𝑒𝑟𝑜𝑠𝑜𝑙
→      Cl2 (g) + HNO3 (aq)        (R11) 127 

We used a photochemical box model 6 (also see Methods section 3) to simulate HOCl, 128 

and ClONO2 (Fig. S3) based on known gaseous chlorine chemistry, by constraining it to 129 

observed Cl2 and other chemical constituents concentrations (Supplementary Table. S1, and 130 

Fig. S4). The calculations were performed for the period 4 - 14 September 2018, for which a 131 

more complete VOC dataset is available. The simulated mixing ratios of HOCl were a factor 132 

of 3 lower than those of Cl2 (Fig. S3), as Cl atoms predominantly react with volatile organic 133 

compounds (VOCs) (~83%) but less efficiently with ozone (~17%) to form ClO and then HOCl 134 

at our site (see below). The calculated Cl2 production rate (via R10) was two orders of 135 

magnitude lower than the observed rate, even if we adopt the highest model-predicted HOCl 136 

value (180 pptv) and previously reported the highest HOCl uptake coefficient of 0.0002 137 

(Methods section 4), confirming the negligible role of HOCl in producing Cl2 (via R10) at our 138 

site. For ClONO2, the model calculated mixing ratios (Fig. S3) were two orders of magnitude 139 

lower than the observed Cl2 values, suggesting its insignificant role in Cl2 production (via R11). 140 

To conclude, the previously two known mechanisms for producing daytime Cl2 cannot account 141 

for the high Cl2 production observed, and the mismatch is over an order of magnitude. 142 
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To gain more insight into the potential sources of daytime Cl2, we examined the 143 

relationship between P(Cl2) and various measured parameters (Fig. S5) that might be involved 144 

in the Cl2 photochemical production. We found a good correlation between P(Cl2) and the 145 

product of the solar actinic flux and the aerosol surface area density (R2=0.71) (Fig. S5), and 146 

the correlation was further improved with consideration of O3 (R
2=0.91) (Fig. 1C) or nitrate in 147 

aerosol (R2=0.90) (Fig. 1D). The high correlation between the product of O3 abundance and 148 

surface area density and P(Cl2) is not necessarily the result of a causal relationship between O3 149 

and Cl2, but likely highlights their photochemical co-production. In other words, we suggest 150 

that this is a consequence of the chemistry rather than the cause of the Cl2 production. 151 

Instead, these observations suggest that photochemistry on the particle surfaces is the 152 

important driver of the high Cl2. The strong correlation between P(Cl2) and the product of 153 

nitrate and aerosol surface area density suggests that photolysis of nitrate-laden particles may 154 

be involved in the chloride activation to produce Cl2 at our site. The Cl2 production via chloride 155 

activation also requires particulate chloride. Interestingly, the average chloride (Cl-) 156 

concentrations were comparable in the oceanic air with low Cl2 (0.56 μg/m3 in PM2.5 and 2.47 157 

μg/m3 in PM10) and the continental air mass (0.50 μg/m3 in PM2.5, 2.38 μg/m3 in PM10). The 158 

average Cl/Na mass ratio in the oceanic air was 1.48 in PM2.5 and 1.63 in PM10 compared to 159 

1.10 in PM2.5 and 1.33 in PM10 in continental air, indicating that Cl was less abundant in 160 

polluted air than in the clean air, in comparison to their average ratio of 1.8 in seawater 29. 161 

These results suggest that Cl- was not the limiting factor, and the Cl2 production was mainly 162 

controlled by nitrate availability and other factors.  163 

 164 

 165 

Fig. 1. Ambient observations at Hok Tsui, Hong Kong, from 31 August to 9 October 2018. 166 

The diurnal profiles of Cl2 and O3 (A) in the air mass from the South China Sea (31 August - 4 167 

September). The dashed line represents the detection limit of the CIMS instrument; (B) in the 168 

air mass from the continental region (5 September - 9 October). The blue line is the 10-min 169 

average of Cl2, and the blue shade represents the 25 percentile and 75 percentile values. The 170 
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red line is the 10-min average of O3. The inserts in (A) and (B) show the back trajectory of the 171 

oceanic and continental air mass, respectively, during the measurement period. (C) The scatter 172 

plot of the production rate of Cl2 (PCl2) and the product of the solar actinic flux (W/m2), the 173 

aerosol surface area density (um2/cm3), and O3 mixing ratio (ppb) from 08:00 to 18:00 in the 174 

continental air mass. (D) The scatter plot of the production rate of Cl2 (PCl2) and the product of 175 

the solar actinic flux, the aerosol surface area density, and nitrate concentration in PM10 (ug/m3) 176 

from 08:00 to 18:00 in the continental air mass. The PCl2 equals the photolysis rate of Cl2 (JCl2 177 

× measured Cl2 concentration) as Cl2 was near a photo stationary state. JCl2 was calculated from 178 

the TUV model (http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV) under clear sky 179 

conditions and then scaled to the solar radiation derived JNO2 (see Methods section 3). 180 

 181 

Laboratory investigations of Cl2 production  182 

To explore the photochemistry leading to Cl2 production, a series of experiments were 183 

undertaken by illuminating nitrate and chloride-containing solutions and ambient aerosols in 184 

the presence of gaseous O3 with a high-pressure xenon lamp (Fig. S6). The experimental setup 185 

and detailed information (designs, lamp, and chemicals) are given in Methods section 5 (and 186 

Fig. S7). The average relative humidity (RH) during the field measurements was 81%, which 187 

was above the deliquescence point of NaCl (75%), and thus a very large fraction of sea-salt 188 

aerosols should have been wet during our field study. We, therefore, investigated Cl2 189 

production over or in solutions.  190 

No Cl2 was observed in the blank experiments, which were run with an empty chamber 191 

or with a quartz petri dish containing deionized water or chloride placed in the chamber, in the 192 

dark or when illuminated by the xenon lamp. We also did not detect Cl2 when the zero air 193 

containing various O3 mixing ratios (150, 250, and 500 ppbv) flowed over the illuminated 194 

chloride solution (1 M) with the pH ranging from 3.3 to 6.8. One example is shown in Fig. S8. 195 

The result shows that O3 photolysis alone does not produce any detectable amount of Cl2 in our 196 

experiment, as observed previously 26. We note that the rate constant for O3 to generate O(1D) 197 

(1.31×10-5 s-1) in our experiment was two orders of magnitude lower than that in previous study 198 
26, which used a more intense UV light source.  199 

Interestingly, we observed significant Cl2 production when acidic solutions (pH <3.3) 200 

containing both chloride and nitrate were illuminated. Irradiation of the solution, with an initial 201 

pH of 1.9, led to a continuous increase of gaseous Cl2, and up to 3.5 ppbv was observed after 202 

500 minutes of illumination (Fig. 2A). There was no increase in the Cl2 signals when the zero 203 

air containing differing O3 mixing ratios (150, 250, and 500 ppbv) flowed over the illuminated 204 

chloride-nitrate solutions with a pH of 1.9 to 2.9. One example is shown in Fig. S8. When we 205 

placed an AM1.5 optical filter in front of the xenon lamp, which only allows the light with the 206 

wavelength > 360nm to pass through, there were a sharp decrease in the Cl2 (and HONO) 207 

signals (shown at t = 540 min), whereas using a 300-800nm optical filter (allowing the 300-208 

800nm light to pass through) only slightly decreased the Cl2 (and HONO) production (shown 209 
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at t=520 min). This result reveals large Cl2 production occurring at the wavelength of <360 nm 210 

despite its concurrent significant photolytic loss.  211 

Based on the above results, we propose that the hydroxyl radical (OH) from the nitrate 212 

photolysis and subsequent oxidation of chloride in solution was primarily responsible for the 213 

observed high rate of Cl2 production (R12-R14, R4, R5).  214 

NO3
- + hv (<350 nm) → O- + NO2 (aq) (R1, yield~0.01)       (R12) 215 

→ NO2
- + O(3P) (aq) (R2, yield~0.001)      (R13) 216 

O- + H+ → OH (aq)               (R14) 217 

It has been known that nitrate absorbs light in the actinic range of 290-350nm and 218 

dissociates via two pathways (R12 and R13) with a quantum yield of 0.01 and 0.001, 219 

respectively 30-33.O- (produced from R12) reacts with water to form the hydroxyl radical (OH) 220 

(R14). This process can be accelerated by the acidity of the solution 30. The produced OH can 221 

further oxidize Cl- to produce Cl2 in the liquid phase (R4-R5), according to previously known 222 

aqueous chemistry 26,34, and a portion of the Cl2 is released to the gas phase. Our observation 223 

of HONO and NO2 production (see Fig. 2A, 2B) supports that R12 and R13 were taking place 224 

in our experiment and is consistent with the previous studies showing the production of HONO 225 

and NO2 from illuminated nitrate solutions 35. To confirm the role of aqueous OH radical in 226 

the Cl2 production, we added 10µl 0.1M Tert-Butyl Alcohol 36 (TBA, an OH radical scavenger 227 

with a rate constant of 3.8-7.6 × 108 M−1 s−1) in the lit solution (Fig. 2B). There was a sharp 228 

decrease of the Cl2 signal lasting for 20 minutes before returning to the previous level. To make 229 

sure that this change was not caused by operation (i.e., opening the chamber), we added 10ul 230 

DI water into the chamber, and the Cl2 signal bounced back in a few seconds. This result 231 

confirmed that the aqueous OH radical played a significant role in the Cl2 production in the 232 

chamber.  233 

We found that the Cl2 production was strongly dependent on the acidity of the solution 234 

(Fig. 2C and Fig. S9). The production rate sharply dropped to near zero when the pH increased 235 

from 2.9 to 3.3. It is expected that increasing pH would decrease the OH radical production via 236 

R14 and decrease the reaction rate of the Cl2 output via R5 27. In addition, when the pH 237 

increases (H+ decreasing), nitrite ions (NO2
-) would produce less HONO in the aqueous phase, 238 

which in turn produces less aqueous OH radical (via R15) and then Cl2. Interestingly, there 239 

seems a critical pH (~3.3) above which little Cl2 is produced. This can be explained by 240 

suppression of OH by NO2
- above this pH value of 3.3. The dissociation constant (pKa) of 241 

HONO at 298K is 3.3 37,38, i.e., above pH=3.3, NO2
- is the predominant species in solution. We 242 

found that NO2
- can efficiently suppress OH concentration. When we added a very small 243 

amount of NO2
- (10ul 0.01M) in the lit solution, the concentration of Cl2 decreased significantly 244 

(Fig. 2B), revealing that NO2
- is an OH scavenger. Figure 2B shows that it took twice as long 245 

for the Cl2 signal to return to the previous level, compared to the case of TBA, suggesting that 246 

NO2
- is a more efficient OH scavenger than TBA.  In summary, based on our experimental 247 

results, we hypothesize that the photolysis of nitrate has two different effects on Cl2 production. 248 

One is to promote Cl2 production by increasing OH (R4-R5), and the other is to inhibit Cl2 249 
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formation via nitrite. Increasing solution pH allows more NO2
- to stay in the solution and 250 

reduces Cl2 production.  251 

NO2
- + H+ ⇌ HONO (aq) → HONO (g)           (R15) 252 

To further investigate the daytime Cl2 formation under ambient conditions, four aerosols 253 

samples collected (for 24-hour duration each) at the same site on 11-13 October 2020 were 254 

irradiated in the dynamic chamber. As shown in Fig. 3A and Table. S2, Cl2 mixing ratios of up 255 

to 600 ppt were observed after illumination two of the aerosol particle-loaded filters (filter 01 256 

and 02) containing high concentrations of Cl- and NO3
-. Interestingly, the produced Cl2 were 257 

below the detection limit in the other two filters (filter 03 and 04) loaded with particles that 258 

contain low concentrations of Cl- and NO3
-. In filter 01, the high level of Cl2 was observed 259 

along with HONO, suggesting the potential role of particulate nitrate photolysis in their 260 

productions. Similar to the experiment performed on the Cl- and NO3
- solution, the Cl2 levels 261 

decreased with the use of AM1.5 optical filter, indicating the wavelengths <360nm were very 262 

important for Cl2 (and HONO) production, and no increase in Cl2 was observed when we 263 

flowed the zero air containing 250 ppbv O3 (Fig. 3A). These results suggest that photolysis of 264 

particulate nitrate could produce a considerable amount of Cl2 in the daytime. The photolysis 265 

of nitrate induces an “OH burst” localized on/in an aerosol particle that activates Cl radicals 266 

leading to the production of Cl2 in the condensed phase. This Cl2 produced in the condensed 267 

phase outgases into the gas phase and impacts the gaseous oxidation capacity (see below). This 268 

is an interesting coupling between condensed phase oxidation capacity and its gaseous 269 

counterpart.  The presence of condensed particles allows for the accumulation of high 270 

concentrations of chemicals in them and enables this phenomenon. Interestingly, “OH burst” 271 

has also been recently recognized under different conditions than those reported here, i.e., 272 

during the formation of cloud droplets 39 and are therefore potentially ubiquitous. The Cl 273 

activation and subsequent Cl2 production would occur on aerosols where high concentrations 274 

of OH are produced, in the current case by the nitrate photolysis, in the presence of chloride 275 

anions.  276 

We next attempt to extrapolate the laboratory results to account for the observed 277 

atmospheric daytime Cl2. The field observations suggest that the Cl2 production likely occurs 278 

on the aerosol surface. Our experiments on liquid solution indeed showed increasing Cl2 279 

production rates with available surface areas of the solution (Fig. S9). The pH for most aerosol 280 

samples (>90%) in the 2018 field campaign was in the range of 1-3, with an average value of 281 

1.5 (Fig. S10), which was estimated from the E-AIM model (see Methods section 2). The 282 

laboratory-determined Cl2 production rates on liquid solutions at pH of 2.0~3.0 (similar to that 283 

of ambient aerosol) and 1mol/L nitrate were 22-114 pptv/s (shown at t = 520min in Fig. 2). 284 

The surface area density of the solution in the chamber air is 5.13×105 um2/cm3 (see Methods 285 

section 5), which gives a Cl2 production rate of 43 to 214 mol/m2. For the continental air mass 286 

and during the period of 10:00-15:00, the average surface area density of ambient aerosols was 287 

653 um2/cm3 after taking into account aerosol hygroscopicity when assuming the particles to 288 

be spherical, and the nitrate concentration in the aerosol liquid phase estimated by the E-AIM 289 

model was 3.9 mol/L. This gives an estimated Cl2 production of 0.11-0.57 pptv/s, which could 290 

explain 13-68% of the observed average Cl2 production rate (~0.84 ppt/s) in the ambient air. 291 
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In addition to the airborne aerosol, the Cl2 production may occur on the aerosols deposited on 292 

the ground, which could provide additional production that would help to reconcile the lab and 293 

field observed Cl2 productions.  294 

Our study demonstrates that Cl2 can be produced from photolysis of aerosol containing 295 

nitrate, chloride, and high acidity. Such a production mechanism may occur in many parts of 296 

the world impacted by anthropogenic pollution. Despite a significant reduction in the emissions 297 

of acid precursors like sulfur dioxide (SO2) and nitrogen oxides (NOx), highly acidic aerosols 298 

are still present in some areas/seasons in Asia, North America, and Europe 40, and nitrate 299 

aerosols are also abundant in world’s urban and industrial regions 41,42. Previous studies have 300 

also indicated the ubiquity of aerosol chloride in continental as well as maritime environments 301 
3,29,43. We, therefore, anticipate that the Cl2 production operates in many places or times 302 

where/when sufficiently high levels of acidity, nitrate, and chloride co-exist. We also note that 303 

elevated nitrate and the other acidic aerosol (sulfate) have been observed during the Arctic haze 304 

events 44,45 and suggested in the Antarctic’s stratospheric clouds 46,47. It would be of great 305 

interest to investigate whether the nitrate photolysis mechanism would contribute to the 306 

liberation of inert chlorine in the polar atmosphere, in addition to the widely accepted 307 

heterogeneous production of Cl2 of HOCl and ClONO2 with HCl (i.e., R10 and R11).  308 

  309 
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 310 

Fig. 2. Experimental results on solutions in the dynamic chamber. (A) Time series of 1-311 

min average mixing ratios of Cl2, HONO, and NOx. The liquid solution samples (pH=1.9) were 312 

illuminated at t=0. The solid red line shows the time at which 300-800 nm filter was used, the 313 

red dashed line indicates the time at which AM1.5 filter was used, and the red point line 314 

indicates the time at which the xenon lamp was turned off. The left inset: scatter plot of the raw 315 

CIMS signal of Cl2 at mass 199 atomic mass unit (amu) (I35Cl37Cl-; I37Cl35Cl-)) versus 197 amu 316 

(I35Cl35Cl-) with 1-min average from t=-60 to t=580min. The right inset: the scanned mass 317 

spectra from 196 amu to 200 amu at t = 387min. The continuous increase of Cl2 may be due to 318 

the higher concentration of ions and acidity in the solution due to the evaporation of water from 319 

the solution. (B) Time series of 1-min average Cl2, NO, and NO2. The liquid solution samples 320 

(pH=2.0) were illuminated at t=0. The solid black line shows the time at which 10ul OH 321 

scavenger, TBA, was added, the black dashed line indicates the time at which 10ul DI water 322 

was added, the black point line indicates the time at which 10ul nitrite was added, and the red 323 

point line indicates the time at which the xenon lamp was turned off. (C) The production rate 324 

of Cl2 as a function of initial solution pH (pH= 1.9;2.0;2.3;2.9;3.3;3.9;6.8) at the illumination 325 

time of 500min. The error bars in plot (C) represent the estimated uncertainty in Cl2 and pH 326 

measurement. Experimental conditions: 75−83% RH, 298 K in air and one 4 ml liquid solution 327 

containing 1M NaCl + 1M NaNO3.  328 
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Impact on atmospheric chemistry and implications 329 

We assess the effects of the observed Cl2 on VOC oxidation using a photochemical box 330 

model with up-to-date VOC-Cl chemistry 6 (also see Methods section 3) by constraining the 331 

model with the measured Cl2 abundance and other relevant observations for 4 -14 September 332 

2018. The average values and the diurnal profiles of the input data indicate moderately polluted 333 

conditions for this period, with an average peak mixing ratio of O3 of ~80 ppb and Cl2 of 300 334 

ppt and NOx and VOCs levels characteristic of the polluted rural environment (Supplementary 335 

Table. S1, and Fig. S4). The model predicted that Cl atoms reached a maximum concentration 336 

of ~2.5×105 cm-3 at noon (Fig. S11A), with Cl2 photolysis being the dominant source (~85%) 337 

(Fig. 3B). The peak Cl production rate at our site (~4×107 cm-3s-1, Fig. 3B) is more than five to 338 

six times of that from the photolysis of BrCl and Cl2 in winter 6 or from the photolysis of Cl2 339 

(predominantly) and ClNO2 in summer in a rural area of northern China 18, and is two orders 340 

of magnitude larger than that from the photolysis of Cl2 and ClNO2 in late autumn and early 341 

winter at a ground site near the City of Manchester, UK 19.  342 

The Cl atoms accounted for 59% of daily integrated oxidation of non-methane alkanes, 343 

16% of aromatics, 13% of aldehydes, and 9% of dialkenes (Fig. S12). The reactions of Cl atoms 344 

with VOCs produce RO2 radicals, which are recycled to form HO2 and OH radicals, thereby 345 

collectively increasing the average mixing ratios of OH, HO2, RO2 radicals by ~4%, ~17%, 346 

and ~27%, respectively (Fig. S11). The enhanced HO2 and RO2 by Cl-VOC reaction increased 347 

the in-situ net total ozone (Ox, O3+NO2) production rates by 17% (or 1.6 ppb/h) and its daily 348 

integrated production by 16% (or 38 ppb/day) (Fig. S11), despite destroying ozone by Cl atoms 349 

at the same time (Fig. 3B). With a high-resolution time of flight mass spectrometer (HR-ToF-350 

CIMS), we also observed elevated concentrations of organochlorides (e.g., 1-chloro-3-methyl-351 

3-butanone, CMBO) with a similar diurnal profile to Cl2, a possible indication of significant 352 

oxidation of VOCs by chlorine atoms (Fig. S13). These results demonstrate the substantial 353 

impact of Cl2 on daytime oxidation chemistry at our moderately polluted site.  354 

In summary, a limited number of prior studies have indicated the presence and important 355 

role of daytime Cl2 in the photochemistry of the lower troposphere in polluted regions. 356 

However, the exact source or production mechanism remained uncertain, which has hindered 357 

the reproduction of the daytime Cl2 in current state-of-the-art global and regional chemistry 358 

transport models. Our field and laboratory results reveal that photolysis of nitrate in the acidic 359 

chloride laden aerosol can be a large Cl2 source in the daytime. The co-existence of ubiquitous 360 

anthropogenic and natural chloride sources and nitrate-containing acidic aerosol in many parts 361 

of the polluted troposphere implies the broad presence of this Cl daytime source. Our recent 362 

study in northern China also shows that nitrate photolysis could activate chloride and bromide 363 

in coal-burning aerosol, which exerted a large impact on winter oxidation chemistry 6. These 364 

findings have indicated a previously unrecognized role of the reactive nitrogen cycle in reactive 365 

halogen and HOx chemistry, which have important implications on atmospheric oxidation and 366 

production of secondary air pollutants. We call for more investigations of the roles of halogen 367 

chemistry in the polluted troposphere and suggest some research that would place Cl2 (and 368 

other halogens) production and atmospheric impact on a firmer footing. They include detailed 369 

laboratory measurements of the photolysis of nitrate ion in aerosol as a function of acidity, 370 
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complete characterization of the aerosol particles to identify the origin of chloride in them, 371 

robust ways to determine rates of photolysis in and on aerosol particles, and parameterization 372 

of Cl2 production to assess the broader impact of reactive chlorine chemistry in regional and 373 

global models. 374 

 375 

 376 

Fig. 3. (A) Experimental results on ambient aerosols in the dynamic chamber. Time series of 377 

1-min average Cl2 and HONO. Ambient samples (cropped size: 60mm × 60mm, Fig. S7C) 378 

were illuminated at t=0. The grey area indicates the period which the xenon lamp was turned 379 

off, the solid black line shows the time at which the AM1.5 filter was used, the black dashed 380 

line indicates the time at which the AM1.5 filter was removed, and the solid red line indicates 381 

the time at which 250 ppbv O3 was added. The right inset: ambient observations of O3 and JNO2 382 

during the ambient aerosol collection in October 2020. Experimental conditions: 75−83% RH 383 

and 298 K in air. (B) The model-calculated average diurnal profiles of sources and sinks of the 384 

Cl atom for period 4 -14 September 2018. Upper right inset: the daytime average contribution 385 

from different sources to Cl atom. Bottom right inset: the average daytime contribution from 386 

different sinks to Cl atom. 387 

  388 
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Methods  418 

Section 1, Field measurements  419 

Cl2, ClNO2, HONO, NO, NO2, O3, volatile organic compounds (VOCs), oxygenated volatile 420 

organic compounds (OVOCs), aerosol compositions (including/e.g., Na+, NH4
+, SO4

2-, NO3
-, Cl-), 421 

solar radiations, and other meteorological parameters were measured from 31 August to 09 422 

October of 2018 at the Hong Kong Environmental Protection Department’s Cape D’Aguilar Super 423 

Site which is situated at the southeast corner of Hong Kong Island (Fig. S1). We introduce in detail 424 

Cl2 and other species measured by a chemical ionization mass spectrometer (CIMS). Information 425 

on other measurements is summarized in Table. S3.  426 

Reactive chlorine species (including Cl2, ClNO2, and HOCl) and HONO were measured by a 427 

quadrupole CIMS (Q-CIMS). A detailed description of the CIMS and ion chemistry has been 428 

described in our previous studies 6,16. Briefly, Iodide (I-) was used as a reagent ion. Cl2 was 429 

monitored at 197 amu (I35Cl35Cl-) and 199 amu (I35Cl37Cl-), ClNO2 at 208 amu (I35ClNO2
-) and 430 

210 amu (I37ClNO2
-), HOCl at 179 amu (IHO35Cl-) and 181 amu (IHO37Cl-), and HONO at 174 431 

amu. In this study, we used the data of Cl2, ClNO2, and HONO from CIMS measurement. The 432 

HOCl signals suffered from spectral interference, as indicated by the weak correlation between the 433 

two isotopic masses, and thus were not used in further analysis.  434 

The instruments were housed in a one-story building. The inlet is a 3.5-m long PFA-Teflon 435 

tubing (1/2 in. outer diameter) with 1.5 m of it situated above the roof. We adopted the previous 436 

inlet design as described in our previous study 6. To further reduce the residence time (and thereby 437 

potential artifacts) in the inlet tubing, we used a blower with a flow rate of 500 LPM flow to draw 438 

the sample. As a result, the residence time of the sample air in the inlet tubing was below 0.1 s. To 439 

reduce the particle deposited on the inlet tubing, the tubing was flushed with DI water and then 440 

dried by drawing ambient air for 20 minutes every three days.  441 

The following on-site and post-measurement measures were undertaken to ensure accurate 442 

measurements of Cl2. They included (1) Instrument background determination. During the 443 

study, the CIMS background signals were determined about every two days by scrubbing ambient 444 

air with alkaline glass wool and charcoal 6. Many inorganic halogens are efficiently removed by 445 

this process. In the present study, the background for Cl2 was small and relatively stable at around 446 

5 pptv during the field campaign (Fig. S14B). The 2-σ detection limit was 9 pptv for Cl2 (at 197 447 

amu). (2) Regular calibration with a Cl2 standard. The calibration of Cl2 was conducted on-site 448 

every 2-4 days with a Cl2 permeation tube. The detailed calibration methods have been described 449 

in our previous study 6. The permeation rate of the Cl2 standard was determined before and after 450 

the campaign and was stable at around 210 ng/min, with a variation of less than 5% during the 451 

field campaign. The sensitivity of Cl2 was stable at 2.0 Hz/pptv with a standard deviation of 0.2 452 

Hz/pptv, as shown in Fig. S14D. The Cl2 sensitivity was invariant at RH of 20-80% (Fig. S14E). 453 

The measurement uncertainty for Cl2, calculated from the variation of the sensitivity during the 454 
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campaign and the uncertainty of permeation tube source, was about 11%. (3) Examination of the 455 

isotopic ratio of the detected compounds. During the field study, we confirmed that the detected 456 

signal for Cl2 had no significant spectral interference. The two isotopic masses at 197 amu and 199 457 

amu were well resolved, as shown in Fig. S14A, and showed excellent correlation (R2=0.93) with 458 

a slope of 0.63 (Fig. S14C), which is similar to the theoretical value of 0.65. (4) Investigation of 459 

conversion on inlet surfaces. We conducted a series of tests to examine potential inlet 460 

interferences in the field and laboratory, which included: (i) potential inlet artifact tests of O3 and 461 

N2O5 heterogeneous reactions on-site by scrubbing the ambient air. Cl2 often coincided with high 462 

O3 concentrations in the field, and the previous lab 48 and field studies 16 indicate potential Cl2 463 

formation involving N2O5. During the field sampling period, when we turned off the bypass blower 464 

and injected concentrated O3 and N2O5 into the ambient air sample (resulting in 250 ppb of O3 and 465 

5 ppbv of N2O5 after mixing with the ambient air), we did not observe any increased Cl2 signals. 466 

This result indicates that the O3 and N2O5 did not produce detectable artifacts in our Cl2 467 

measurement. (ii), potential inlet artifact tests of HOCl reactions in the laboratory. A previous 468 

study reported that 15% of the HOCl was lost in their NaCl-coated inlet, with 2% converting to 469 

Cl2 
11. Our post-campaign tests confirmed that the observed Cl2 did not suffer from significant 470 

interference from HOCl in the sampling inlet. Briefly, we tested two types of Teflon tubing: one 471 

used in the campaign and a new tubing with the same length. HOCl was synthesized using a 472 

phosphate-buffered solution (pH = 6.8) of NaOCl (11-14% chlorine, Alfa Aesar) and AgNO3, 473 

analogous to the previous method 11,13. A 20 sccm dry N2 was flowed through the solution and 474 

then diluted into 6 SLPM humidified zero air. The concentration of HOCl was calculated from the 475 

Cl2 formation by passing the HOCl standard through a NaCl-coated tubing. For the HOCl inlet 476 

conversion test, the synthesized HOCl mixed with 6 SLPM humidified zero air was first introduced 477 

to the CIMS without passing through the tubing. Then, the HOCl/air mixture passed through the 478 

tubing before entering the CIMS. The decrease in the HOCl signal and the increase in the Cl2 479 

signal induced by the tubing were monitored to determine the conversion of HOCl to Cl2 in the 480 

tubing. Under the RH condition similar to the field campaign, we found that 31% and 7% of the 481 

HOCl were lost, and 18% and 2% were converted to Cl2 in the used tubing and the new tubing, 482 

respectively. As the flow rate in the laboratory (6 SLPM) was much lower than the ambient sample 483 

flow rate (500 SLPM), we conclude that the conversion rate of HOCl to Cl2 during the field 484 

measurement should be much lower than 18%.  485 

 486 

Section 2, HYSPLIT and E-AIM models 487 

Three‐day (72 hours) backward trajectories were calculated for each hour using the Hybrid 488 

Single ‐ Particle Lagrangian Integrated Trajectory (HYSPLIT) model 489 

(https://www.ready.noaa.gov/HYSPLIT.php). The HYSPLIT was driven by 3‐hourly archive data 490 
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from NCEP's GDAS with a spatial resolution of 1 degree by 1 degree. The endpoint of the 491 

trajectories was 300 m above ground level at Hok Tsui, which is in the middle of the marine 492 

boundary layer. Air masses were then classified based on the source regions (ocean or continent). 493 

The H+ concentrations ([H+], in mol/L) in the aqueous phase of aerosols were calculated 494 

using the E-AIM model (E-AIM III)  online 495 

(http://www.aim.env.uea.ac.uk/aim/model3/model3a.php) 16,49. The inputs to the model are hourly 496 

measurements of ambient RH and molar concentrations (unit: mol/m3) of Cl-, NO3
-, SO4

2-, Na+, 497 

and NH4
+ in PM2.5, which were measured by an ion chromatography (MARGA, see SI) and gas-498 

phase ammonia. Aerosol pH was estimated as the negative logarithm of [H+] without further 499 

consideration of the activity coefficient of ions in the aqueous phase. 500 

 501 

Section 3, Chemical box model  502 

A zero-dimensional gas-phase chemical box model was used to calculate the budget for Cl 503 

atoms and to evaluate the observed Cl2 on atmospheric oxidation. The detailed information on the 504 

mechanisms and their related kinetics data of gas-phase reactions adopted in the model is given in 505 

the previous study 6. The measured values of Cl2, ClNO2, N2O5, HONO, O3, NO, NO2, SO2, CO, 506 

and temperature were averaged or interpolated every minute and constrained into the model. The 507 

measured VOCs and OVOCs (except for CH4 and HCHO) were interpolated every minute and 508 

constrained into the model. The mixing ratio of CH4 was kept at a constant value of 2000 ppbv 50. 509 

As the HCHO measurement data was not available in the 2018 field campaign, we used the HCHO 510 

measurement data obtained during September 2020 by off-line DNPH-Cartridge-HPLC (24h-511 

average, 3.3 ppb) and adjusted for its diurnal variation according to a typical HCHO profile in a 512 

non-urban environment 51. The input data for HCHO is shown in Fig. S4.  513 

The photolysis frequencies for Cl2, HONO, O3, and other species were calculated from the 514 

TUV model (http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV/) under clear sky 515 

condition and then scaled to JNO2, which was derived from the measured solar radiation and 516 

relationship with JNO2 for Guangzhou (~100km north of the present site) 52. The dry deposition 517 

process in the model was represented by a first-order loss reaction, using the same parameter 518 

described in the previous study 53. The boundary layer height was set at 200 m at nighttime and 519 

1500 m for daytime in the model. The wet deposition was ignored as no rainfall event occurred 520 

during the observation period. The model was run from 00:00 of 4 September to 00:00 of 14 521 

September, and the simulation for the first 24 h was repeated three times to stabilize the 522 

intermediate species. A summary of the input parameters in the model is shown in Table. S1, and 523 

the diurnal patterns of select input data are shown in Fig. S4. 524 

 525 

  526 

http://www.aim.env.uea.ac.uk/aim/model3/model3a.php
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Section 4, Estimation of Cl2 production from heterogeneous reactions of HOCl  527 

Cl2 can be produced from heterogeneous reactions of gaseous HOCl on a chloride-containing 528 

solution, with an uptake coefficient of HOCl up to 0.0002 21,54. We used the following equation 529 

(Eq.1) to estimate the Cl2 production rate from the HOCl heterogeneous reaction.  530 

The Cl2 production rate =
d[HOCl]

𝑑𝑡
=
1

4
𝑐𝐻𝑂𝐶𝑙𝛾𝑆𝑎[𝐻𝑂𝐶𝑙] (Eq.1) 531 

Where c is the mean molecular speed of HOCl, γ is the heterogeneous uptake coefficient of 532 

HOCl, [HOCl] is the model simulated concentration, and Sa is the aerosol surface area density.  533 

 534 

Section 5, Lab experiments  535 

5.1. The laboratory design  536 

A dynamic reaction chamber was used to measure the productions of Cl2 by illuminating 537 

nitrate-NaCl solution and aerosol collected on filters. The overall experimental setup is shown in 538 

Fig. S7 and is described here. The chamber is made of TFE Teflon (1.875L, 25cm-length × 15cm-539 

width × 4cm-height) with a TFE Teflon-film window on the top. A quartz petri dish (inner diameter: 540 

35mm, internal height: 7mm) held 4-ml liquid solution or filter samples. The surface area density 541 

of the chamber was determined as the physical surface area of the solution in the petri dish divided 542 

by the chamber’s volume and was 513,127 um2/cm3. Zero air (2.9 LPM) with adjustable humidity 543 

(75-83%) flowed through the chamber. The experiments were conducted at room temperature (296 544 

K). A flow of O3 was diluted by zero air and then added into the chamber with the resulting O3 545 

mixing ratio in the chamber ranged from 0 to 500 ppb. The residence time of the zero air/O3 was 546 

0.625 minutes in the chamber. The outflow of zero air carrying the reaction products was 547 

monitored in real-time by the same iodide-CIMS instrument used in the field for Cl2 (amu 197, 548 

199) and HONO (amu 174) detection and by a chemiluminescent/photolytic converter for NO and 549 

NO2.  550 

To mimic the spectrum of the solar radiation, a high-pressure xenon lamp was used as the 551 

light source, and its spectral irradiance is shown in Fig. S6. It covers from 320nm to 1100nm and 552 

peaks at 450nm. Compared to the solar irradiance at a solar zenith angle of 48.2° (i.e., an air mass 553 

factor of 1.5 and standard ozone column abundance), the xenon lamp has a smaller flux in the 554 

range of 300 nm - 326 nm but a larger flux in the range of 326 nm - 420 nm. The photolysis rate 555 

constant for O3 to generate O1D (1.31×10-5 s-1) was similar to the daytime averaged rate constant 556 

of 1.78×10-5 s-1 (calculated from the TUV model under clear sky conditions) in the ambient air at 557 

our site (see following section 5.3), and the photolysis rate constant of Cl2 (JCl2) in our chamber 558 

(5.80×10-3 s-1, see below) was about four times larger than daytime averaged rate constant of 559 

1.20×10-3 s-1 (calculated from the TUV model under clear sky conditions) in ambient air at our site. 560 

To investigate the role of photon energies, two optical filters were used (one is a 300-800nm filter, 561 
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which let the light with a wavelength of 300-800nm to pass through, and the other, AM1.5 filter, 562 

which allows the light with the wavelength > 360nm to go through).  563 

To investigate the potential production of Cl2 in chloride and nitrate-containing solution, 564 

sodium chloride (NaCl, ACS, >99.8%) and sodium nitrate (NaNO3, Sigma-Aldrich, >99.0%) were 565 

used as the source of particulate chloride and nitrate, respectively. Both NaCl and NaNO3 were 566 

prepared as 1M/L, which was similar to the average concentration of aqueous phase chloride and 567 

nitrate in ambient aerosols in the field study, which was estimated from the E-AIM (see above). 568 

The pH was adjusted by adding sulfuric acid (H2SO4, Sigma-Aldrich, 95%-97%) and measured 569 

with a digital pH meter (HANNA instrument, HI253). In the experiments on the ambient filters, 570 

the aerosols of PM2.5 collected on quartz fiber filters with a high-volume sampler (Flow: about 890 571 

L/min, sampling period: 23.5 h, size: A4 page) were placed in the chamber. 572 

 573 

5.2. The CIMS measurements in the laboratory  574 

As was done in the field study, we conducted instrumental background checks, isotope 575 

analysis, and daily Cl2 calibration in the laboratory experiments. The background for Cl2 and 576 

HONO was stable. The sensitivity of Cl2 was stable at around 1.9 Hz/pptv with a standard deviation 577 

of 0.1 Hz/pptv. HONO was calibrated at the end of the lab experiment. The sensitivities for HONO 578 

during the laboratory studies were determined according to its sensitivity ratio relative to that for 579 

Cl2. The sensitivity for HONO was 3.0 Hz/pptv. The measurement uncertainty for Cl2, calculated 580 

from the propagation of relative standard deviation for one-minute average data and the variation 581 

of the sensitivity within one day based on the calibration from permeation tube source, was about 582 

5%. And measurement uncertainty for HONO, calculated from the propagation of both relative 583 

standard deviation for one-minute average data and the variation of the sensitivity, was about 15%. 584 

 585 

5.3. The determination of the photolysis rate and production rate of Cl2.  586 

The photolysis rate of Cl2 (JCl2) in the chamber was calculated using the following equation 587 

(Eq.2) 588 

 𝐽 = ∫ 𝑞(𝜆)𝜎(𝜆)𝐼(𝜆)𝑑𝜆 (Eq.2) 589 

Where q(λ) is the quantum yield at wavelength λ (nm), σ (λ) is the cross-section of Cl2 at 590 

wavelength λ, which is adopted from the recommended value by IUPAC (http://iupac.pole-591 

ether.fr/index.html). I(λ) is the flux of xenon lamp at wavelength λ and was calculated by 592 

converting the irradiation energy spectra of the lamp (Fig. S6) to photon flux based on Planck's 593 

equation. The same method was used to calculate the photolysis rate constant for O3 to generate 594 
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O1D. The q(λ) and σ(λ) was adopted from the recommended value from IUPAC under 298 K 595 

(http://iupac.pole-ether.fr/index.html).  596 

All laboratory experiments were carried out under the same light intensity with the same 597 

distance from the chamber (20cm). As shown in Fig. S7, almost the entire bottom area is 598 

illuminated by light. Under this configuration, the JCl2 was estimated to be 5.80×10-3 s-1 without 599 

the optical filter, which was around four times larger than the daytime averaged photolysis rate 600 

constant of 1.20×10-3 s-1 in the ambient air. In the calculation of JCl2 in the chamber, we did not 601 

consider light reflection at the Teflon window and in the chamber inner surface, as well as light 602 

loss during transmission. The calculated JCl2 was verified by another method, as shown at the end 603 

of this section. 604 

The production rate of Cl2 (PCl2) in the dynamic chamber was determined based on the mass 605 

balance. The PCl2 is equal to the sum of the photolysis loss rate of Cl2 and the advected loss of Cl2 606 

in the dynamic chamber using the following equation (Eq.3): 607 

𝑃𝐶𝑙2 = photolysis rate of Cl2 + advected loss of Cl2 (Eq.3) 608 

Thus, (𝐶𝑙2) (𝑝𝑝𝑡𝑣/𝑠) = [𝐶𝑙2] × 𝐽𝐶𝑙2 + [𝐶𝑙2] × 𝑄/𝑉 = [𝐶𝑙2] × (5.8× 10−3 𝑠−1 + 2.7× 10−2 𝑠−1) 609 

under the experimental condition. 610 

Where [𝐶𝑙2] is the measured Cl2 mixing ratio (pptv), JCl2 is the calculated photolysis rate (𝑠−1), Q 611 

is the flow rate of the zero air through the chamber (3 LPM), and V is the volume of the chamber 612 

(1.875L). Equation (3) assumes negligible Cl2 production from recombination of Cl atoms 613 

produced from Cl2 photolysis in the chamber, and this assumption is verified by the following 614 

experiments: we compared the Cl2 signals by the CIMS when 100 sccm a Cl2 standard was diluted 615 

by 2.9 SLPM zero air and further mixed with 100 sccm zero air or 100 sccm ozone-containing 616 

zero air (yielding 500 ppbv ozone in the chamber air). These experiments were conducted without 617 

the aerosol or liquid film in the chamber. There was no detectable change in the Cl2 signals in the 618 

two tests (i.e., with or without ozone). This result confirms little Cl2 production from Cl back 619 

reaction, as the Cl2 signal with ozone added would have scavenged of Cl atom. Under the condition 620 

of 3 SLPM flow (the condition of our experiments), advection was the predominant loss 621 

(accounting for 82%) of Cl2 produced in the chamber. 622 

To verify the calculated JCl2, we compared the Cl2 signals by the CIMS when the 100 sccm 623 

Cl2 standards diluted by 2.9 SLPM zero air (yielding 3.25 ppbv Cl2 in the chamber air) and then 624 

flowed through the chamber (without the condensed phase sample) with the lamp turned off and 625 

then on. The experimental results showed that there was a 16.5% drop in the Cl2 signals with the 626 

lamp on. Using the above equation for PCl2 (Eq.3), the JCl2 was determined at 5.3×10-3 s-1, which 627 

is very close to the calculated value (5.80×10-3 s-1) based on the lamp irradiance spectrum. Further, 628 
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the calculated extent of Cl atom recombination is roughly consistent with this assertion of a small 629 

loss of Cl atoms due to recombination. Based on these experiments and calculations, we suggest 630 

that the calculated JCl2 is reliable.  631 

  632 



   

 

21 

 

References  633 

1 Molina, M. J. & Rowland, F. S. Stratospheric sink for chlorofluoromethanes: chlorine atomc-634 

atalysed destruction of ozone. Nature 249, 810, doi:10.1038/249810a0 (1974). 635 

2 Molina, L. & Molina, M. Production of chlorine oxide (Cl2O2) from the self-reaction of the 636 

chlorine oxide (ClO) radical. Journal of Physical Chemistry 91, 433-436 (1987). 637 

3 Thornton, J. A. et al. A large atomic chlorine source inferred from mid-continental reactive 638 

nitrogen chemistry. Nature 464, 271, doi:10.1038/nature08905 (2010). 639 

4 Wang, T. et al. Observations of nitryl chloride and modeling its source and effect on ozone in the 640 

planetary boundary layer of southern China. Journal of Geophysical Research: Atmospheres 121, 641 

2476-2489, doi:10.1002/2015JD024556 (2016). 642 

5 Wang, D. S. & Ruiz, L. H. Secondary organic aerosol from chlorine-initiated oxidation of 643 

isoprene. Atmospheric Chemistry and Physics 17, 13491-13508, doi:10.5194/acp-17-13491-2017 644 

(2017). 645 

6 Peng, X. et al. An unexpected large continental source of reactive bromine and chlorine with 646 

significant impact on wintertime air quality. National Science Review, doi:10.1093/nsr/nwaa304 647 

(2020). 648 

7 Li, Q. et al. Potential Effect of Halogens on Atmospheric Oxidation and Air Quality in China. 649 

Journal of Geophysical Research: Atmospheres 125, doi:10.1029/2019JD032058 (2020). 650 

8 Heimann, M. How Stable Is the Methane Cycle? Science 327, 1211-1212, doi:10.2307/40544373 651 

(2010). 652 

9 Simpson, W. R., Brown, S. S., Saiz-Lopez, A., Thornton, J. A. & Glasow, R. V. Tropospheric 653 

halogen chemistry: sources, cycling, and impacts. Chemical Reviews 115, 4035-4062, 654 

doi:10.1021/cr5006638 (2015). 655 

10 Solomon, S., Garcia, R. R., Rowland, F. S. & Wuebbles, D. J. On the depletion of Antarctic 656 

ozone. Nature 321, 755-758, doi:10.1038/321755a0 (1986). 657 

11 Liao, J. et al. High levels of molecular chlorine in the Arctic atmosphere. Nature Geoscience 7, 658 

91, doi:10.1038/ngeo2046 (2014). 659 

12 Spicer, C. W. et al. Unexpectedly high concentrations of molecular chlorine in coastal air. Nature 660 

394, 353-356, doi:10.1038/28584 (1998). 661 

13 Lawler, M. J. et al. HOCl and Cl2 observations in marine air. Atmospheric Chemistry and Physics 662 

11, 7617-7628, doi:10.5194/acp-11-7617-2011 (2011). 663 

14 Riedel, T. P. et al. Nitryl Chloride and Molecular Chlorine in the Coastal Marine Boundary 664 

Layer. Environmental Science & Technology 46, 10463-10470, doi:10.1021/es204632r (2012). 665 

15 Riedel, T. P. et al. Chlorine activation within urban or power plant plumes: Vertically resolved 666 

ClNO2 and Cl2 measurements from a tall tower in a polluted continental setting. Journal of 667 

Geophysical Research: Atmospheres 118, 8702-8715, doi:10.1002/jgrd.50637 (2013). 668 

16 Xia, M. et al. Significant production of ClNO2 and possible source of Cl2 from N2O5 uptake at a 669 

suburban site in eastern China. Atmospheric Chemistry Physics 20, 6147-6158 (2020). 670 



   

 

22 

 

17 Impey, G. A., Shepson, P. B., Hastie, D. R., Barrie, L. A. & Anlauf, K. G. Measurements of 671 

photolyzable chlorine and bromine during the Polar Sunrise Experiment 1995. Journal of 672 

Geophysical Research: Atmospheres 102, 16005-16010, doi:10.1029/97JD00851 (1997). 673 

18 Liu, X. et al. High levels of daytime molecular chlorine and nitryl chloride at a rural site on the 674 

North China Plain. Environmental science & technology 51, 9588, doi:10.1021/acs.est.7b03039 675 

(2017). 676 

19 Priestley, M. et al. Observations of organic and inorganic chlorinated compounds and their 677 

contribution to chlorine radical concentrations in an urban environment in northern Europe during 678 

the wintertime. Atmospheric Chemistry Physics 18, 13481-13493 (2018). 679 

20 Le Breton, M. et al. Chlorine oxidation of VOCs at a semi-rural site in Beijing: significant 680 

chlorine liberation from ClNO2 and subsequent gas- and particle-phase Cl–VOC production. 681 

Atmospheric Chemistry Physics 18, 13013-13030, doi:10.5194/acp-18-13013-2018 (2018). 682 

21 Wang, X. et al. The role of chlorine in global tropospheric chemistry. Atmospheric Chemistry and 683 

Physics 19, 3981-4003, doi:10.5194/acp-19-3981-2019 (2019). 684 

22 Wang, T., Lam, K. S., Lee, A. S., Pang, S. & Tsui, W. Meteorological and chemical 685 

characteristics of the photochemical ozone episodes observed at Cape D’Aguilar in Hong Kong. 686 

Journal of applied Meteorology 37, 1167-1178 (1998). 687 

23 Wang, T., Dai, J., Lam, K. S., Nan Poon, C. & Brasseur, G. P. Twenty‐five years of lower 688 

tropospheric ozone observations in tropical East Asia: The influence of emissions and weather 689 

patterns. Geophysical Research Letters 46, 11463-11470 (2019). 690 

24 Dai, J. et al. The impact of sea-salt chloride on ozone through heterogeneous reaction with N2O5 691 

in a coastal region of south China. Atmospheric Environment 236, 117604 (2020). 692 

25 Tham, Y. J. et al. Presence of high nitryl chloride in Asian coastal environment and its impact on 693 

atmospheric photochemistry. Chinese Science Bulletin 59, 356-359 (2014). 694 

26 Oum, K. W., Lakin, M., DeHaan, D. O., Brauers, T. & Finlayson-Pitts, B. J. Formation of 695 

molecular chlorine from the photolysis of ozone and aqueous sea-salt particles. Science 279, 74-696 

76 (1998). 697 

27 Knipping, E. et al. Experiments and simulations of ion-enhanced interfacial chemistry on aqueous 698 

NaCl aerosols. Science 288, 301-306 (2000). 699 

28 Hoffmann, E. H., Tilgner, A., Wolke, R. & Herrmann, H. Enhanced Chlorine and Bromine Atom 700 

Activation by Hydrolysis of Halogen Nitrates from Marine Aerosols at Polluted Coastal Areas. 701 

Environmental Science & Technology 53, 771-778, doi:10.1021/acs.est.8b05165 (2019). 702 

29 Yang, X. et al. Abundance and origin of fine particulate chloride in continental China. Science of 703 

The Total Environment 624, 1041-1051, doi:10.1016/j.scitotenv.2017.12.205 (2018). 704 

30 Mack, J. & Bolton, J. R. Photochemistry of nitrite and nitrate in aqueous solution: a review. 705 

Journal of Photochemistry Photobiology A: Chemistry 128, 1-13 (1999). 706 

31 Benedict, K. B., McFall, A. S. & Anastasio, C. Quantum Yield of Nitrite from the Photolysis of 707 

Aqueous Nitrate above 300 nm. Environmental Science & Technology 51, 4387-4395, 708 

doi:10.1021/acs.est.6b06370 (2017). 709 



   

 

23 

 

32 Scharko, N. K., Berke, A. E. & Raff, J. D. Release of Nitrous Acid and Nitrogen Dioxide from 710 

Nitrate Photolysis in Acidic Aqueous Solutions. Environmental Science & Technology 48, 11991-711 

12001, doi:10.1021/es503088x (2014). 712 

33 Zellner, R., Exner, M. & Herrmann, H. Absolute OH quantum yields in the laser photolysis of 713 

nitrate, nitrite and dissolved H2O2 at 308 and 351 nm in the temperature range 278–353 K. 714 

Journal of Atmospheric Chemistry 10, 411-425, doi:10.1007/BF00115783 (1990). 715 

34 Abbatt, J. et al. Release of Gas-Phase Halogens by Photolytic Generation of OH in Frozen 716 

Halide−Nitrate Solutions: An Active Halogen Formation Mechanism? The Journal of Physical 717 

Chemistry A 114, 6527-6533, doi:10.1021/jp102072t (2010). 718 

35 Ye, C., Zhang, N., Gao, H. & Zhou, X. Photolysis of Particulate Nitrate as a Source of HONO 719 

and NOx. Environmental science & technology 51, 6849-6856 (2017). 720 

36 Zhao, J., Zhang, Y., Quan, X. & Chen, S. Enhanced oxidation of 4-chlorophenol using sulfate 721 

radicals generated from zero-valent iron and peroxydisulfate at ambient temperature. Separation 722 

Purification Technology 71, 302-307 (2010). 723 

37 Wall, K. & Harris, G. Uptake of nitrogen dioxide (NO2) on acidic aqueous humic acid (HA) 724 

solutions as a missing daytime nitrous acid (HONO) surface source. Journal of Atmospheric 725 

Chemistry 74, 283-321 (2017). 726 

38 Al-Obaidi, U. & Moodie, R. B. The nitrous acid-catalysed nitration of phenol. Journal of the 727 

Chemical Society, Perkin Transactions 2, 467-472 (1985). 728 

39 Paulson, S. E. et al. A light-driven burst of hydroxyl radicals dominates oxidation chemistry in 729 

newly activated cloud droplets. Science Advances 5, eaav7689, doi:10.1126/sciadv.aav7689 730 

(2019). 731 

40 Pye, H. O. et al. The acidity of atmospheric particles and clouds. Atmospheric Chemistry Physics 732 

20, 4809-4888 (2020). 733 

41 Fu, X. et al. Persistent heavy winter nitrate pollution driven by increased photochemical oxidants 734 

in northern China. Environmental science & technology 54, 3881-3889 (2020). 735 

42 Bian, H. et al. Investigation of global particulate nitrate from the AeroCom phase III experiment. 736 

Atmospheric Chemistry Physics 17, 12911-12940, doi:10.5194/acp-17-12911-2017 (2017). 737 

43 Fu, X. et al. Anthropogenic emissions of hydrogen chloride and fine particulate chloride in China. 738 

Environmental science & technology 52, 1644-1654, doi:10.1021/acs.est.7b05030 (2018). 739 

44 Willis, M. D., Leaitch, W. R. & Abbatt, J. P. D. Processes Controlling the Composition and 740 

Abundance of Arctic Aerosol. Reviews of Geophysics 56, 621-671, doi:10.1029/2018RG000602 741 

(2018). 742 

45 Sharma, S. et al. A Factor and Trends Analysis of Multidecadal Lower Tropospheric 743 

Observations of Arctic Aerosol Composition, Black Carbon, Ozone, and Mercury at Alert, 744 

Canada. Journal of Geophysical Research: Atmospheres 124, 14133-14161, 745 

doi:10.1029/2019JD030844 (2019). 746 

46 Carslaw, K. S., Peter, T. & Clegg, S. L. Modeling the composition of liquid stratospheric 747 

aerosols. Reviews of Geophysics 35, 125-154, doi:10.1029/97RG00078 (1997). 748 

47 Crutzen, P. J. & Arnold, F. Nitric acid cloud formation in the cold Antarctic stratosphere: a major 749 

cause for the springtime ‘ozone hole’. Nature 324, 651-655, doi:10.1038/324651a0 (1986). 750 



   

 

24 

 

48 Roberts, J. M., Osthoff, H. D., Brown, S. S. & Ravishankara, A. R. N2O5 Oxidizes Chloride to 751 

Cl2 in Acidic Atmospheric Aerosol. Science 321, 1059, doi:10.1126/science.1158777 (2008). 752 

49 Wexler, A. S. & Clegg, S. L. Atmospheric aerosol models for systems including the ions H+, 753 

NH4+, Na+, SO42−, NO3−, Cl−, Br−, and H2O. Journal of Geophysical Research: Atmospheres 754 

107, ACH 14-11-ACH 14-14 (2002). 755 

50 Tan, Z. et al. Radical chemistry at a rural site (Wangdu) in the North China Plain: observation 756 

and model calculations of OH, HO 2 and RO 2 radicals. Atmospheric Chemistry Physics 17, 663-757 

690 (2017). 758 

51 Wang, X., Wang, H. & Wang, S. Ambient formaldehyde and its contributing factor to ozone and 759 

OH radical in a rural area. Atmospheric Environment 44, 2074-2078 (2010). 760 

52 Trebs, I. et al. Relationship between the NO2 photolysis frequency and the solar global 761 

irradiance. Atmospheric Measurement Techniques 2, 725-739 (2009). 762 

53 Xue, L. et al. Development of a chlorine chemistry module for the Master Chemical Mechanism. 763 

Geoscientific model development 8, 3151-3162 (2015). 764 

54 Ammann, M. et al. Evaluated kinetic and photochemical data for atmospheric chemistry: Volume 765 

VI – heterogeneous reactions with liquid substrates. Atmospheric Chemistry and Physics 13, 766 

8045-8228, doi:10.5194/acp-13-8045-2013 (2013). 767 


