
1.  Introduction
Photolysis of molecular chlorine (Cl2) generates chlorine radicals (Cl) that react rapidly with hydrocarbons, with 
implications for methane (CH4) and dimethyl sulfide (DMS) oxidation, and ozone (O3) and secondary organic 
aerosol (SOA) formation in the troposphere (Chen et  al.,  2018; Hossaini et  al.,  2016; Qiu et  al.,  2019; Riva 
et al., 2015; Simpson et al., 2015; Wang et al., 2019; Wang & Ruiz, 2017). However, the abundance of trop-
ospheric Cl2 available for daytime photolysis is poorly known, largely due to a lack of observational data and 
limited understanding of Cl2 formation mechanisms. Substantial levels of daytime Cl2 have been sporadically ob-
served in coastal polluted regions (up to 1 ppb; Finley & Saltzman, 2008; Peng, Wang, Wang et al., 2021), inland 
polluted regions (up to 450 ppt; Liu et al., 2017; Peng, Wang, Xia et al., 2021), and over coastal Arctic snowpack 
(up to 400 ppt; Liao et al., 2014; McNamara et al., 2019). Other studies have also reported Cl2* (Cl2 + HOCl) and 
nighttime Cl2 (e.g., Finley & Saltzman, 2006, 2008; Keene et al., 2007; Lawler et al., 2009, 2011; Lee et al., 2010; 
Pszenny et al., 1993, 2004; Riedel et al., 2012, 2013; Spicer et al., 1998). Large Cl2 sources are required to sus-
tain high levels of daytime Cl2 due to its rapid photolysis, which is a challenge for modeling studies using the 
traditional Cl2 formation mechanisms (Qiu et al., 2019; Wang et al., 2019). In particular, using the up-to-date 
gas-phase and multiphase Cl2 formation mechanisms in the GEOS-Chem global chemical transport model, Wang 
et al. (2019) were not able to simulate daytime Cl2 mixing ratios >1 ppt during the WINTER aircraft campaign 
over the eastern United States, indicating a large daytime Cl2 source was missing in the model.

Abstract  Molecular chlorine (Cl2) affects atmospheric oxidative capacity by generating chlorine radicals 
upon photolysis, but it is poorly simulated in atmospheric chemistry models. In this study, we observed up 
to 40 ppt Cl2 around noon at a suburban site in East China, and used a box model with up-to-date chlorine 
chemistry and comprehensive observational constraints to investigate Cl2 formation mechanisms. The standard 
model run with traditional Cl2 formation mechanisms underestimates the observed Cl2 by almost one order of 
magnitude around noon. The daytime Cl2 missing source was estimated, accounting for on average (69 ± 5)% of 
daytime Cl2 production for the 1-week study period. It is likely caused by photochemistry within the aerosols, 
based on its correlation with observed environmental factors, such as sunlight intensity and aerosol abundances. 
With the daytime Cl2 missing source implemented into the model, the chlorine radical abundance increases by 
a factor of 4 in the afternoon, enhancing the oxidation of volatile organic compounds. A good understanding of 
daytime Cl2 formation mechanisms is critical while assessing the impacts of chlorine chemistry on air quality 
and climate.

Plain Language Summary  The photolysis of molecular chlorine gases generates chlorine atoms, 
which are strong detergent in the lower atmosphere. Chlorine atoms react rapidly with hydrocarbon species in 
the atmosphere, affecting air quality and climate. High levels of molecular chlorine gases during daytime has 
been reported recently in China, but it remains unclear how they are formed. In this study, we used a box model 
to simulate molecular chlorine formation at a suburban site in East China. We propose aerosol photochemistry 
could be important for molecular chlorine formation during daytime.
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Production of Cl2 occurs via both gas-phase reactions and multiphase reactions on aerosols in the atmosphere. 
The gas-phase Cl2 formation pathways, including reaction of ClONO2 with Cl (Equation R1), self-reaction of 
ClO (Equation R2), and reaction of ClOO with Cl (Equation R3), are very slow and negligible in tropospheric 
Cl2 production (Hossaini et al., 2016; Wang et al., 2019). In comparison, the multiphase Cl2 formation pathways, 
including uptake of hypochlorous acid (HOCl), chlorine nitrate (ClONO2), nitryl chloride (ClNO2), and hydroxyl 
radicals (OH) by chloride-containing aerosols (Equations  R4–R7), are generally thought to be the dominant 
sources of Cl2 in the troposphere (Simpson et al., 2015; Vogt et al., 1996; Wang et al., 2019).

ClONO2 + Cl → Cl2 + NO3� (R1)

ClO + ClO → Cl2 + O2� (R2)

ClOO + Cl → Cl2 + O2� (R3)

HOCl + Cl
−
+ H

+
→ Cl2 + H2O� (R4)

ClONO2 + Cl
−
→ Cl2 + NO

−

3� (R5)

ClNO2 + Cl
−
+ H

+
→ Cl2 + HONO� (R6)

OH + Cl
−

surface
→ 0.5 Cl2 + OH

−� (R7)

Cl2 + h𝜈𝜈 → 2Cl� (R8)

Reaction of HOCl with chloride (Cl−) on acidic aerosols (Equation R4) has been proposed to be an important 
source of Cl2 in the marine boundary layer (Lawler et al., 2011; Pechtl & von Glasow, 2007). HOCl is mainly pro-
duced from reaction of ClO with HO2. Pratte and Rossi (2006) measured an uptake coefficient of (0.4–1.8) × 10−3 
for HOCl (γHOCl) onto acidic (pH ≈ −1) natural sea salt aerosols in their flow tube experiments, but they were 
not able to determine the γHOCl onto acidic NaCl aerosols due to detection limit issues. An upper limit of γHO-

Cl < 2 × 10−4 onto acidic (pH ≈ −1) NaCl aerosols was recommended by the IUPAC Task Group on Atmospheric 
Chemical Kinetic Data Evaluation (Ammann et al., 2013). Based on ground-based observations of HOCl and Cl2 
in the remote marine boundary layer, Lawler et al. (2011) calculated a γHOCl of 1.7 × 10−3 to best explain the Cl2 
observations.

Uptake of ClONO2 by aerosols (Equation R5) is especially important for Cl2 production in the high NO2 environ-
ments (McNamara et al., 2019; Wang & Pratt, 2017), as ClONO2 is mainly produced from reaction of ClO with 
NO2. The uptake coefficient of ClONO2 (γClONO2) on the 0.1 M aqueous NaCl droplets (∼200 μm, pH ≈ 6) was de-
termined in laboratory experiments at 274.6 K to be (2.44 ± 0.23) × 10−2, very close to that ((2.41 ± 0.20) × 10−2) 
on pure water droplets (Deiber et al., 2004). The γClONO2 is not dependent on temperature, as indicated by the water 
droplet experiments (Deiber et al., 2004), and the impact of aerosol acidity on γClONO2 is currently unknown. 
Release of Cl2 was observed during uptake of ClONO2 on NaCl droplets (Deiber et al., 2004), consistent with 
other experiments conducted on solid NaCl (Finlayson-Pitts et al., 1989; Gebel & Finlayson-Pitts, 2001). HOCl 
was proposed as a product of ClONO2 hydrolysis, but was not observed for both pure water and NaCl droplets, 
likely due to its high solubility (Deiber et al., 2004). The Henry’s law constant of HOCl is about four orders of 
magnitude higher than that of Cl2 (Sander, 2015).

Production of Cl2 from aerosol uptake of ClNO2 (Equation R6) occurs mainly at night, when N2O5 reacts with 
chloride on aerosols to produce ClNO2 (Osthoff et al., 2008; Thornton et al., 2010). In previous laboratory exper-
iments (Roberts et al., 2008), production of Cl2 was observed when ClNO2 was passed over a deliquesced mixture 
of NaCl and oxalic acid (pH ≈ 1.8, [Cl−] ≈ 0.05 M), and the ClNO2 uptake coefficient (γClNO2) was determined to 
be (6 ± 2) × 10−3. In comparison, γClNO2 on pure water or NaCl solution at neutral pH was measured in another 
study to be only (0.3–4.8) × 10−6, three orders of magnitude lower (Behnke et al., 1997), suggesting the reac-
tion of ClNO2 and Cl− is acid-catalyzed (Equation R6). Roberts et al. (2008) suggested a rate coefficient for the 
ClNO2 + Cl− reaction (kClNO2+Cl−) at pH of 1.8 to be ≥107 M−1 s−1. With such a large rate coefficient, nighttime 
Cl2 observations during the WINTER aircraft campaign were significantly overestimated by the GEOS-Chem 
model (Wang et al., 2019). Furthermore, Haskin et al. (2019) used a box model to calculate the field-derived 
γClNO2 during the WINTER aircraft campaign to be only (2.3 ± 1.8) × 10−5 and a corresponding kClNO2+Cl− of only 
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5.7 × 104 M−1 s−1. Their low field-derived γClNO2 and kClNO2+Cl− suggest that the acid-catalyzed ClNO2 + Cl− reac-
tion is volume-limited, with a reacto-diffusive length scale on the order of 15 μm (Haskin et al., 2019).

Uptake of OH radicals by aerosols (Equation R7) can also release Cl2 into the atmosphere (Knipping & Dab-
dub, 2002). Several experimental studies have observed Cl2 production when O3 and deliquesced sea salt or NaCl 
particles were irradiated at 254 nm (Knipping et al., 2000; Laskin et al., 2006; Oum et al., 1998). The photolytic 
Cl2 source was proposed to be initiated by uptake of O3-generated OH radicals onto the particle surface, followed 
by formation and self-reaction of the surface complexes 𝐴𝐴 (OH⋯Cl

-
)surface at the gas-liquid interface (Knipping & 

Dabdub, 2002; Knipping et al., 2000; Laskin et al., 2006). To best fit the experimental data, a parameterization 
of the OH uptake coefficient (γOH) was proposed as γOH = 0.04[Cl−], where [Cl−] is the aqueous chloride con-
centration in mol/l (Knipping & Dabdub, 2002). This OH interfacial mechanism was estimated to account for 
40% and 20% of Cl radical production in the remote and polluted marine boundary layer, respectively (Knipping 
& Dabdub, 2002). However, modeling studies suggested this photolytic source was not large enough to explain 
daytime Cl2 observations in the polluted rural environment (Qiu et al., 2019) and during the WINTER aircraft 
campaign (Wang et al., 2019).

Other proposed Cl2 formation mechanisms, which are especially efficient during daytime, include the photo-
chemistry within aerosols containing both iron(III) and chloride (Equations R9–R14; Lim et al., 2006; Wittmer, 
Bleicher, Ofner, & Zetzsch, 2015; Wittmer, Bleicher, & Zetzsch, 2015), uptake of O3 by aerosols (Equation R15; 
Faxon et al., 2018; Qiu et al., 2019), and titanium dioxide (TiO2; construction materials) photocatalysis on urban 
surfaces (Li et al., 2020). These Cl2 sources are not well understood, and are generally not considered in atmos-
pheric chemistry models. Recently, Qiu et al. (2019) implemented fast O3 uptake (γO3 = 1 × 10−3 during daytime) 
mechanism into their CMAQ regional model, with uptake of O3 accounting for more than 80% of Cl2 production, 
so that they were able to simulate ∼100 ppt of noontime Cl2 observed at the Wangdu site in North China. Uptake 
of N2O5 by aerosols, followed by reactions involving NO2

+ and Cl−, could be an important Cl2 source at night 
(Xia et al., 2020). In addition, Cl2 can be emitted from anthropogenic activities directly (e.g., industrial processes, 
power generation, and waste water treatment; Riedel et al., 2012, 2013; Yi et al., 2021) and ground snowpack in 
polar regions (Liao et al., 2014; Wang & Pratt, 2017).

FeCl2+ + h𝜈𝜈 → Fe2+ + Cl(aq)� (R9)

FeCl+
2
+ h𝜈𝜈 → FeCl+ + Cl(aq)� (R10)

Cl(aq) + Cl− ⇌Cl−
2� (R11)

Cl(aq) + Cl−
2
⇌Cl− + Cl2� (R12)

Cl
−

2
+ Cl

−

2
→ Cl

−

3
+ Cl

−� (R13)

Cl
−

3
⇌Cl2 + Cl

−� (R14)

O3 + 2Cl
−

H2O

→ Cl2 + 2 OH
−
+ O2

� (R15)

Hitherto, very few modeling studies have been conducted to simulate daytime Cl2 formation and compare with 
Cl2 observations in the field (Qiu et al., 2019; Wang et al., 2019; Wang & Pratt, 2017). Recent modeling studies 
showed that the traditional Cl2 formation mechanisms (Equations R1–R7) were not able to reproduce high levels 
of daytime Cl2 observed in eastern United States (Wang et al., 2019) and North China Plain (Qiu et al., 2019), 
suggesting an underestimate of chlorine chemistry impacts on atmospheric oxidative capacity. In this study, we 
investigate daytime Cl2 formation mechanisms that contribute to the elevated levels of Cl2 (>10 ppt around noon) 
observed at a suburban site in East China (Section 3.1). We simulated chlorine chemistry using a box model 
(Section 3.2), and calculated the daytime Cl2 missing source that cannot be explained by traditional Cl2 formation 
mechanisms. Furthermore, the correlation between this daytime Cl2 missing source and different environmental 
factors were analyzed, and potential causes were discussed (Section 3.3). The impacts of this daytime Cl2 missing 
source on atmospheric oxidative capacity were also discussed (Section 3.4).
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2.  Methods and Data
2.1.  Measurements Conducted at the Nanjing Suburban Site

During 13–20 April 2018, we conducted measurements of trace gases, aerosols, and meteorological parameters at 
the Xianlin Campus of Nanjing University (32.12°N, 118.95°E), which is located in a suburban area about 20 km 
northeast of downtown Nanjing, China (Figures 1a–1c; Ding et al., 2019; Xia et al., 2020). The main land cover 
types were teaching and residential buildings, vegetation, and sparse roads within 1–2 km of our sampling sites. 
Significant local emissions of nitrogen oxides (NOx) and chlorine species were not expected. At about 15 km 
northwest of the sampling sites, there were chemical and steel facilities (Xia et al., 2020; Zhou et al., 2017) that 
could emit NOx, sulfur dioxide (SO2), carbon monoxide (CO), volatile organic compounds (VOCs), and aerosol 
particles into the atmosphere. The wind speed measured at 9 m at the SORPES station was rather low during the 
study period (83% of period below 3 m s−1, on average 2.6 ± 1.4 m s−1 during daytime and 2.0 ± 1.0 m s−1 during 
nighttime; Figure 1d). The wind was mainly (77%) from the east while downtown Nanjing and industrial regions 
were in the west (Figure 1d).

The measurements of Cl2, ClNO2, dinitrogen pentoxide (N2O5), O3, nitrogen dioxide (NO2), nitric oxide (NO), 
and some VOCs species (by gas chromatography; Wu et al., 2020) were made at the fifth floor (∼15 m elevation) 
of building of School of Atmospheric Sciences (SAS) at the Xianlin Campus (sampling site 1, Figure 1c). In 
particular, Cl2 and ClNO2 were measured with the PolyU iodide-adduct quadrupole chemical ionization mass 
spectrometer (Q-CIMS, THS Instruments, Marietta, GA, USA), with detection limits of 5 and 2 ppt and uncer-
tainties of 15% and 19%, respectively (Xia et al., 2020). The daytime Cl2 dataset has not been analyzed in Xia 
et al. (2020). The isotopic signals of ClNO2 and Cl2 are shown in Figure S9 in Supporting Information S1. The 
isotopic ratio (m/z 210 vs. m/z 208) of the ambient ClNO2 signals (0.315) is in good agreement with the natural 
abundance (0.32; Figure S9a in Supporting Information S1). However, there is discrepancy between the ambi-
ent Cl2 isotopic ratio (m/z 199 vs. m/z 197; 0.558) and the natural abundance (0.64; Figure S9c in Supporting 
Information  S1), indicating there could be unknown interference of the Cl2 measurements. Our ambient Cl2 

Figure 1.  The sampling site information: (a) Location of Nanjing city in China. (b) Location of the sampling sites in 
Nanjing. (c) Location of sampling site 1 (School of Atmospheric Sciences) and sampling site 2 (SORPES station) in the 
Xianlin Campus of Nanjing University. (d) The wind rose (percentage distribution of wind speed and direction) measured at 
9 m at the SORPES station.
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isotopic ratio is close to that (0.58) observed in a previous field study at a rural site on the North China Plain (Liu 
et al., 2017). The observed Cl2 is unlikely a result of HOCl, ClONO2, and ClNO2 conversion in the sampling inlet. 
The HOCl mixing ratio calculated from the model is <2 ppt. With the upper limit of conversion fraction (15%) in 
a previous study (Liao et al., 2014), it will contribute <0.3 ppt of Cl2 through inlet conversion. If the observed Cl2 
signals were caused by HOCl or ClONO2 inlet conversion, one would expect a noontime peak of Cl2 as HOCl and 
ClONO2 are mainly produced during daytime, but observed Cl2 showed a nighttime peak (Figure 2). From our 
sampling inlet wall loss test, Cl2 formation from ClNO2 conversion in the inlet is negligible (Xia et al., 2020). If 
the observed Cl2 signals were caused by ClNO2 inlet conversion, one would expect nighttime Cl2 to be ∼20 times 
higher than Cl2 around noon as ClNO2 is on average 1,000 ± 845 ppt at night and only 52 ± 46 ppt around noon, 
but the diel variation of Cl2 is not that large (<3 times; Figure 2).

Other measurements were made at the SORPES station (Ding et al., 2019) on a small hill (∼40 m elevation; 
sampling site 2, Figure 1c) about 250 m northeast of the sampling site 1, including nitrous acid (HONO), am-
monia (NH3), SO2, CO, aerosol chemical composition and size distribution, temperature (T), relative humidity 
(RH), wind speed and direction, NO2 photolysis frequency (jNO2), and other VOCs species (by proton transfer 
reaction-mass spectrometry; Xu et al., 2021). The O3 mixing ratios measured at the sampling site 1 and sampling 
site 2 match very well with each other (Figure S13 in Supporting Information S1). The measurements of VOCs 
by gas chromatography (GC 580, PE; Wu et al., 2020) and proton transfer reaction-mass spectrometry (PTR-MS, 
Ionicon Analytik; Innsbruck, Austria; Xu et al., 2021) cover major alkanes (e.g., ethane and propane), alkenes 
(e.g., ethylene and propylene), aromatics (e.g., benzene and toluene), aldehydes (e.g., formaldehyde and acetalde-
hyde), alcohols (e.g., methanol and ethanol), and organic acids (e.g., formic acid and acetic acid) that react with 
Cl radicals (see Supporting Information). The average values of the measured VOCs species are shown in Table 
S1 in Supporting Information S1. More details about the measurement station and instruments could be found 
from Ding et al. (2016, 2019) and Xia et al. (2020).

2.2.  Box Modeling

The box model used in this study is the Framework for 0D Atmospheric Modeling (F0AM) version 4.0.2 (Wolfe 
et al., 2016; https://github.com/AirChem/F0AM). The Master Chemical Mechanism (MCM) version 3.3.1 was 

Figure 2.  Modeled and observed chlorine species abundances at the Nanjing (China) suburban site from April 13 to 20, 2018. The modeled (a) Cl, (b) ClO, (c) HOCl, 
(d) ClONO2, and (f) Cl2 mixing ratios in both the standard model run (RUNstd) and the prescribed-source run (RUNps) are shown. Each case day simulation starts at 
05:00 a.m. The (f) observed Cl2 (±15% uncertainties) and (e) observed ClNO2 and E-AIM modeled HCl (HCl/Cl− thermodynamic equilibrium) are also shown. The 
NO2 photolysis frequency is shown in yellow shading and the nighttime periods are shown in gray shading.
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used to simulate gas-phase chemistry (http://mcm.leeds.ac.uk/MCM/). The gas-phase chlorine chemistry follows 
Xue et al. (2015) and Wang et al. (2019), with Cl reacting with a comprehensive list of VOCs added to the F0AM 
box model (Tables S2 and S3 in Supporting Information S1). Heterogeneous Cl2 formation mechanisms from 
uptake of ClONO2, ClNO2, HOCl, and OH by aerosols (Equations R4–R7) were implemented into the model 
(Table 1), following the first-order loss approach (Ammann et al., 2013):

𝑑𝑑[𝑋𝑋]

𝑑𝑑𝑑𝑑

= −
𝑐𝑐𝑐𝑐

4
𝑆𝑆[𝑋𝑋]� (E1)

where X represents HOCl, ClONO2, ClNO2, or OH; c is the mean thermal velocity of X (unit: cm s−1), S is the 
aerosol surface area concentration (unit: cm2 cm−3), and 𝐴𝐴 𝐴𝐴 (unitless) is the reactive uptake coefficient of X. 𝐴𝐴 𝐴𝐴ClONO2 
was taken as 2.4 × 10−2, following Deiber et al. (2004). 𝐴𝐴 𝐴𝐴OH was parameterized as 𝐴𝐴 𝐴𝐴OH = 0.04[Cl−], following 
Knipping and Dabdub  (2002). 𝐴𝐴 𝐴𝐴HOCl and 𝐴𝐴 𝐴𝐴ClNO2 were calculated explicitly by considering gas diffusion, mass 
accommodation, and chemical reactions in the aerosols (Equations E2–E6), following Wang et al. (2019) and 
Haskin et al. (2019).

1

𝛾𝛾Y

=
1

𝛾𝛾d

+
1

𝛼𝛼b

+
1

Γb

� (E2)

𝛾𝛾d =
4𝐷𝐷g

𝑐𝑐𝑐𝑐

� (E3)

ID Reactions Reactive uptake coefficient (𝐴𝐴 𝐴𝐴 ) References

TD1 𝐴𝐴 ClONO2 + Cl
−
→ Cl2 + NO

−

3
𝐴𝐴 𝐴𝐴ClONO2  = 2.4 × 10−2 Deiber et al. (2004)

TD2 𝐴𝐴 HOCl + Cl
−
+ H+

→ Cl2 + H2O

𝐴𝐴

1

𝛾𝛾HOCl

=
1

𝛾𝛾d

+
1

𝛼𝛼b

+
1

Γb

;

Γb = 4𝐻𝐻HOCl𝑅𝑅𝑅𝑅

√

𝐷𝐷𝑙𝑙𝑘𝑘HOCl [Cl
−] [H+]𝑓𝑓r∕𝑐𝑐

𝑓𝑓r = coth (r∕𝑙𝑙r ) − 𝑙𝑙r∕r;

𝑙𝑙r =
√

𝐷𝐷l𝑘𝑘HOCl [Cl
−] [H+]

𝑘𝑘HOCl = 1.5 × 10
4
M−2 s−1;

𝐷𝐷𝑙𝑙 = 2 × 10
−5

cm2 s−1;

𝛼𝛼b = 0.8

Wang et al. (2019)

TD3 𝐴𝐴 ClNO2 + Cl
−
+ H+

→ Cl2 + HONO

𝐴𝐴

1

𝛾𝛾ClNO2

=
1

𝛾𝛾d

+
1

𝛼𝛼b

+
1

Γb

;

Γb = 4𝐻𝐻ClNO2𝑅𝑅𝑅𝑅

√

𝐷𝐷l𝑘𝑘ClNO2 [Cl
−]𝑓𝑓r∕𝑐𝑐;

𝑓𝑓r = coth (r∕𝑙𝑙r ) − 𝑙𝑙r∕r;

𝑙𝑙r =
√

𝐷𝐷l𝑘𝑘ClNO2 [Cl
−]

𝑘𝑘ClNO2 = 5.7 × 10
4
M−1 s−1;

𝐷𝐷l = 1 × 10
−5

cm2 s−1;

𝛼𝛼𝑏𝑏 = 0.01

Wang et al. (2019); Haskin 
et al. (2019)

TD4 𝐴𝐴 OH + Cl
−
→ 0.5Cl2 + OH

−
𝐴𝐴 𝐴𝐴OH  = 0.04[𝐴𝐴 Cl

− ] Knipping and Dabdub (2002)

SEN5
𝐴𝐴 O3 + 2Cl

−
H2O

→ Cl2 + 2 OH
−
+ O2

γO3 = 1 × 10−5–1 × 10−3 Faxon et al. (2018)

Note. Reactions TD1, TD2, TD3, and TD4 are included in the standard model run (RUNstd), whereas reaction SEN5 is included in a sensitivity run (RUNO3).

Table 1 
Heterogeneous Cl2 Formation Mechanisms Added in the F0AM Box Model
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𝑐𝑐 =

√

8𝑅𝑅SI𝑇𝑇

𝜋𝜋𝜋𝜋Y

� (E4)

𝐷𝐷g =
3
√

𝑅𝑅
SI
𝑇𝑇 (1∕𝑀𝑀Y +

1∕𝑀𝑀
air)∕2𝜋𝜋

8𝜌𝜌air𝜎𝜎
2

� (E5)

Γb,HOCl = 4𝐻𝐻HOCl𝑅𝑅𝑅𝑅

√

𝐷𝐷l𝑘𝑘HOCl [Cl
-
] [H+]𝑓𝑓r∕𝑐𝑐� (E6i)

Γb,ClNO2 = 4𝐻𝐻ClNO2𝑅𝑅𝑅𝑅

√

𝐷𝐷l𝑘𝑘ClNO2 [Cl
-
]𝑓𝑓r∕𝑐𝑐� (E6ii)

where Y represents HOCl or ClNO2; 𝐴𝐴 𝐴𝐴d , 𝐴𝐴 𝐴𝐴b (0.8 for HOCl and 0.01 for ClNO2; Wang et al., 2019), and 𝐴𝐴 Γb are 
gas-phase diffusion coefficients, mass accommodation coefficients and bulk reaction coefficients for HOCl or 
ClNO2, respectively; Dg is the gas phase diffusion coefficient of HOCl or ClNO2, calculated as a function of air 
temperature (T) and air density (ρair); c is the average thermal velocity of HOCl or ClNO2; r is the aerosol particle 
radius measured; MHOCl (52.5 g mol−1), MClNO2 (81.5 g mol−1), and Mair (29 g mol−1) are the molar mass of HOCl, 
ClNO2, and air, respectively; RSI (8.31 J K−1 mol−1) is the universal gas constant; HHOCl (650 M atm−1) and HClNO2 
(0.024 M atm−1) are the Henry’s law constants of HOCl and ClNO2, respectively (Sander, 2015); Dl is the liquid 
phase diffusion coefficient for HOCl (2 × 10−5 cm2 s−1) or ClNO2 (1 × 10−5 cm2 s−1; Wang et al., 2019); kHOCl 
(1.5 × 104 M−2 s−1; Wang et al., 2019) and kClNO2 (5.7 × 104 M−1 s−1; Haskin et al., 2019) are the reaction rate 
coefficients for HOCl and ClNO2 with Cl−, respectively; fr (=coth(r/lr) − lr/r) is the spherical correction to mass 
transfer that compares the reacto-diffusive length scale lr (𝐴𝐴

√

𝐷𝐷l𝑘𝑘HOCl [Cl
-
] [H+] for HOCl and 𝐴𝐴

√

𝐷𝐷l𝑘𝑘ClNO2 [Cl
-
] for 

ClNO2) with aerosol particle radius. The aerosol liquid water content and acidity were obtained from the E-AIM 
thermodynamics model (Models IV and III; www.aim.env.uea.ac.uk/aim/aim.php). The E-AIM model IV is only 
applicable when relative humidity is above 60%, covering 53% of the study period. The E-AIM model III (at 
298.15 K) was used for the rest period, with an average air temperature of 293 ± 5 K. HCl/Cl− acid displacement 
thermodynamics was also considered with the E-AIM model. The distributions of γHOCl and γClNO2 at different 
particle size are shown in Figure S11 in Supporting Information S1.

The integration time for each model step is 10 min. Physical processes, such as dilution, advection, and deposi-
tion were not explicitly accounted for in the box model in this study. Instead, a first-order physical loss process 
with a lifetime of 24 hr for all species was included in the model to represent dilution/advection/deposition, fol-
lowing previous F0AM box modeling studies (e.g., Baier et al., 2017; Kim et al., 2013; Lee et al., 2021; Wolfe 
et al., 2014, 2016). The inclusion of this 24-hr-lifetime physical loss process in the model has negligible influence 
on the modeled daytime Cl2 mixing ratios and missing sources (Table S4 in Supporting Information S1), mainly 
because the daytime chlorine chemistry is typically fast (e.g., ∼10 min for Cl2 lifetime around noon) and we 
have a lot of observational constraints in the model, including for example, O3, NOx, ClNO2, N2O5, HONO, and 
VOCs. The “HYBRID” method within F0AM (Wolfe et al., 2016), based on TUV v5.2 solar spectra, was used 
to calculate the photolysis frequencies for all the species. The modeled jNO2 was compared to the observed jNO2 
to get the correction factor (jcorr = observed/modeled) every 10 min. Then jcorr was applied to all the species to 
correct for photolysis frequencies. Note that this is a rough approach to allow the model to consider influence of 
attenuated radiation (e.g., by clouds and aerosols) on photolysis rates and does not account for spectral depend-
ence. The absorption cross sections and quantum yields for NO2 and Cl2 are shown in Figure S10 in Supporting 
Information S1, with unity quantum yields for both species at the 300–400 nm wavelength. Observations of NO2, 
NO, O3, CO, ClNO2, HCl (E-AIM predicted), HONO, N2O5, and a series of VOC species measured by PTR-MS 
(Table S1 in Supporting Information S1; C5H8, BENZENE, TOLUENE, STYRENE, HCHO, CH3CHO, CH3OH, 
C2H5OH, HCOOH, CH3COOH, BENZAL, CRESOL, MEK, DMS, HEXANAL, and PHENOL) were used to 
constrain the model every 10 min. CH4, H2, and other VOC species measured by GC-MS (Table S1 in Supporting 
Information S1; C2H4, C2H6, C3H6, C3H8, NC4H10, IC4H10, NC5H12, IC5H12, NC6H14, EBENZ, MXYL, OXYL, 
and PXYL) were fixed in the model with values listed in Table S1 in Supporting Information S1.

The standard model simulations (RUNstd) include uptake of ClONO2, ClNO2, HOCl, and OH by aerosols (Table 1, 
TD1–TD4). Each case day, that is, (a) April 13 05:00–April 14 05:00, (b) April 14 05:00–April 15 05:00, (c) 
April 15 05:00–April 16 05:00, (d) April 16 05:00–April 17 05:00, (e) April 17 05:00–April 18 05:00, (f) April 
18 05:00–April 19 05:00, and (g) April 19 05:00–April 20 05:00, was simulated separately, starting at 05:00 a.m. 
in order to better capture the daytime variability of Cl2. For each case day, we spun up the model for 48 hr, upon 
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which chlorine species and HOx come into steady state (Figures S1–S4 in Supporting Information S1). The model 
results on the third model day were used for analysis. The modeled Cl2 concentrations at 05:00 a.m. on the third 
model day were constrained by observations (Figure 2; Suporting Information).

In addition, we found the model underestimates daytime Cl2 observations in RUNstd, and then estimated the 
daytime Cl2 missing source (Punknown) that is needed to explain observations. The nighttime Cl2 source has been 
discussed in Xia et al. (2020) and is small (on the order of 0.0001–0.001 ppt s−1) compared to that during day-
time (on the order of 0.01 ppt s−1; Figure 3b), and thus is not repeated here. For the calculation of Punknown, we 
first ran the standard model with the observed Cl2 and ClNO2 as well as HCl predicted from the E-AIM model 
as constraints, and obtained the “best estimates” of Cl, ClO, ClOO, OClO, Cl2O2, HOCl, and ClONO2. Then we 
ran the model again but with these best estimated chlorine species as constraints, along with the observed ClNO2 
and E-AIM predicted HCl, to obtain the theoretical Cl2. Then Punknown was estimated as: Punknown = jCl2 (observed 
Cl2 −  theoretical Cl2), assuming photochemical steady state of Cl2 during daytime and its main loss through 
photolysis. jCl2 is the photolysis frequency of Cl2 corrected based on observed jNO2 with the factor jcorr. In order 
to evaluate the impacts of the daytime Cl2 missing source (Punknown) on the chlorine cycle and to compare it with 
the traditional daytime Cl2 formation mechanisms in the same model scenario, we added Punknown to the standard 
model in the prescribed-source simulations (RUNps). As shown in Figure 2f, the model is able to reproduce day-
time Cl2 observations in RUNps, supporting the reasonable assumption made in calculating Punknown.

A series of sensitivity model simulations were performed (Table S4 in Supporting Information S1). We increased 
HOCl mixing ratios by two orders of magnitude in the standard model (RUN100HOCl) to test the sensitivity of Cl2 
production from aerosol uptake of HOCl. We used γClNO2 = 6 × 10−3 in the standard model (RUNgammaClNO2) to test 
the sensitivity of Cl2 production from aerosol uptake of ClNO2. In another sensitivity model simulation, we added 
aerosol uptake of O3 in the standard model (RUNO3) to test the potential impacts of O3, with three different uptake 
coefficient γO3: 1 × 10−5 (deliquesced NH4Cl aerosols in the presence of SOA), 1 × 10−4 (intermediate case run), 

Figure 3.  The production and loss rates of Cl2 in (a) RUNstd and (b) RUNps. Each case day simulation starts at 05:00 a.m. PClONO2+pCl, PClNO2+pCl, POH+pCl, PHOCl+pCl, 
and Pgas refer to Cl2 production rates from uptake of ClONO2, ClNO2, OH, HOCl by aerosols, and gas-phase reactions, respectively. Punknown refers to the prescribed 
(missing) daytime Cl2 source. LCl2 + hv and LCl2 + OH refer to Cl2 loss rate due to photolysis and OH oxidation, respectively. The gray shading represents nighttime periods.
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and 1 × 10−3 (deliquesced NH4Cl aerosols), based on Faxon et al. (2018; Section 3.3.4). In addition, we conduct a 
set of sensitivity simulations (RUNstd_NOx and RUNps_NOx) by using the family conservation of NOx within F0AM 
that holds NOx constant (based on observed NOx = NO2 + NO) while allowing NO2 and NO to evolve freely 
within the 10-min time step. We conduct another set of sensitivity simulations (RUNstd_VOCs and RUNps_VOCs) by 
scaling the GC-MS VOCs (C2H4, C2H6, C3H6, C3H8, NC4H10, IC4H10, NC5H12, IC5H12, NC6H14, EBENZ, MXYL, 
OXYL, and PXYL) with the 10-min CO mixing ratio pattern. We conduct another set of sensitivity simulations 
(RUNstd_nodil and RUNps_nodil) by not considering the dilution/advection/deposition effects. The comparison of 
different model setup is shown in Table S4 in Supporting Information S1.

3.  Results and Discussion
3.1.  Cl2 Observations

During the 1-week study period, Cl2 generally dropped upon sunrise due to photolysis and accumulated at 
night (Figure 2f). The average observed Cl2 mixing ratio was 13 ± 9 ppt (1σ) around noon (10:00–15:00) and 
33 ± 20 ppt from midnight to sunrise (00:00–05:00), respectively. The first 2 days experienced weaker (p < 0.05) 
sunlight intensity (average jNO2: 0.0026 ± 0.0015 s−1 around noon) compared to the last 3 days (average jNO2: 
0.0068 ± 0.0005 s−1 around noon). Despite stronger photolysis, Cl2 was three times higher (p < 0.05) during the 
last 3 days (on average 20 ± 8 ppt around noon), compared to the first 2 days (on average 5 ± 2 ppt around noon), 
indicating higher Cl2 production rate at stronger sunlight intensity. High levels of Cl2, peaking at ∼100 ppt around 
noon and dropping to ∼40 ppt at midnight, have previously been observed at a rural site in the North China Plain, 
indicating strong daytime production of Cl2 (Liu et al., 2017). In addition, high levels of daytime Cl2 were also 
observed in coastal polluted regions (up to 1 ppb; Finley & Saltzman, 2008; Peng, Wang, Wang et al., 2021) and 
over coastal Arctic snowpack (up to 400 ppt; Liao et al., 2014). The exact chemical mechanisms contributing to 
large Cl2 production during daytime are still unclear.

3.2.  Modeling Cl2 With Traditional Mechanisms

3.2.1.  Modeled Versus Observed Cl2

Cl2 is significantly underestimated in the standard model run (RUNstd; Figure 2f), which is driven by traditional 
Cl2 production mechanisms including uptake of ClONO2, ClNO2, HOCl, and OH by aerosols (Equations R4–
R7) and gas-phase reactions ClONO2 + Cl, ClO + ClO, and ClOO + Cl (Equations R1–R3). In particular, the 
modeled Cl2 is on average only 11% and 24% of observed Cl2 around noon (10:00–15:00) and from midnight 
to sunrise (00:00–05:00), respectively, during the 1-week study period. The low Cl2 around noon (1 ± 2 ppt) in 
RUNstd is consistent with previous GEOS-Chem modeling study showing model’s inability to simulate daytime 
Cl2 mixing ratio >1 ppt during the WINTER aircraft campaign over the eastern United States (Wang et al., 2019), 
suggesting an underestimate of daytime Cl2 production in the model.

In RUNstd, over the 1-week study period, most (86%) of the Cl2 is produced during daytime (05:40–18:40; Fig-
ure 3a). During daytime, uptake of ClONO2 by aerosols (PClONO2+pCl) represents the biggest (80%) Cl2 source, fol-
lowed by uptake of ClNO2 (PClNO2+pCl = 10%) and OH (POH + pCl = 10%) by aerosols; uptake of HOCl by aerosols 
(PHOCl + pCl) and gas-phase mechanisms (Pgas) contribute <1% of Cl2 formation. During nighttime (18:40–05:40), 
on the other hand, uptake of ClNO2 by aerosols becomes the dominant (97%) Cl2 source, followed by uptake of 
OH (2%) and ClONO2 by aerosols (1%).

3.2.2.  Sensitivities of Traditional Cl2 Formation Mechanisms

In this section we will discuss the uncertainties of traditional Cl2 formation mechanisms, including uptake of 
ClONO2, ClNO2, HOCl, and OH by aerosols, and examine whether these uncertainties can reconcile the discrep-
ancy between the observed and modeled Cl2 in the standard model run (RUNstd).

3.2.2.1.  Uptake of ClONO2 by Aerosols

The modeled ClONO2, produced solely from reaction of ClO with NO2, is <7 ppt in RUNstd (Figure 2d). ClONO2 
could have been underestimated in RUNstd, due to the underestimate of Cl2 and subsequent underestimates of 
Cl and ClO, resulting in an underestimate of Cl2 production rate from aerosol uptake of ClONO2. The modeled 
ClONO2 increases up to 22 ppt in the model run where daytime Cl2 is well simulated (RUNps; Figure 2d). Note 
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that the modeled ClONO2 peaked during daytime in both RUNstd and RUNps. In comparison, in a previous field 
campaign at a semi-rural site in Beijing, the observed raw ClONO2 signals peaked at night and reached minimum 
around noon (Le Breton et al., 2018). They hypothesized that ClO was rapidly converted to HOCl rather than 
ClONO2 in extremely high OH and HO2 mixing ratios. Unfortunately, ClONO2 was not monitored in this study. 
Field measurements of ClONO2 in the future will be useful to better constrain the Cl2 formation mechanisms.

Even in the model run where daytime Cl2 is well simulated (RUNps), the uptake of ClONO2 by aerosols can only 
explain 29% of daytime Cl2 production, as shown later in Section 3.3 and Figure 3b. The γClONO2 used in the model 
is 2.4 × 10−2, following previous experimental results [(2.44 ± 0.23) × 10−2 on 0.1 M aqueous NaCl droplets and 
(2.41 ± 0.20) × 10−2 on pure water droplets] from Deiber et al. (2004). With γClONO2 = 2.4 × 10−2 in the model, 
the dominant sink of ClONO2 is uptake by aerosols (Figure 4), meaning even an increase of γClONO2 (by unknown 
reasons) will not lead to an increase of Cl2 production (or ClONO2 removal) as the ClO + NO2 reaction will set 
the ClONO2 production limit. In a sensitivity simulation (RUNstd_NOx) using the family conservation of NOx with-
in F0AM, the modeled Cl2 around noon is on average about 30% lower than that in RUNstd (Table S4), because 
the model (RUNstd_NOx) underestimates daytime NO2 observations (or overestimates NO observations) on average 
by 1.6 ppb (FigureS5) and thus results in lower ClONO2.

3.2.2.2.  Uptake of ClNO2 by Aerosols

The observed ClNO2 was used as constraints in the model (Figure 2e). The calculated γClNO2 in this study (Sec-
tion 2.2) is on average (9 ± 5) × 10−6, within the range of 6 × 10−6–7 × 10−5 derived from the WINTER aircraft 
campaign (Haskin et al., 2019). This is three orders of magnitude lower than that (6 × 10−3 over a deliquesced 
mixture of NaCl and oxalic acid with pH ≈ 1.8 and [Cl−] ≈ 0.05 M) obtained from Roberts et al. (2008), because 
the acid-catalyzed ClNO2 + Cl− reaction is volume-limited with a reacto-diffusive length scale of 15 μm (Haskin 
et al., 2019). We perform a sensitivity run by using γClNO2 = 6 × 10−3 (RUNgammaClNO2). In RUNgammaClNO2, the 
model still frequently underestimates observed Cl2 during daytime and it significantly overestimates observed 

Figure 4.  The production and loss rates of ClONO2 in (a) RUNstd and (b) RUNps. Each case day simulation starts at 05:00 a.m. PClO+NO2 refers to ClONO2 production 
rate from ClO+NO2 reaction. LClONO2+hv, LClONO2+Cl, LClONO2+OH, and LClONO2+Cl refer to ClONO2 loss rate due to photolysis, Cl oxidation, OH oxidation, and aerosol 
uptake, respectively. The gray shading represents nighttime periods.
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Cl2 at night with modeled Cl2 reaching unrealistically high levels (>10 ppb; Figure 5). In this study, the observed 
ClNO2 is much lower around noon (52 ± 46 ppt on average) than at night (1,000 ± 845 ppt on average), and the 
strong Cl2 photolysis sink does not occur at night. Thus, it is unlikely for aerosol uptake of ClNO2 to be an impor-
tant daytime Cl2 source, because otherwise it will produce even more Cl2 at night, contradicting the fact that most 
Cl2 is produced during daytime rather than nighttime (Figure 3).

3.2.2.3.  Uptake of HOCl by Aerosols

The modeled HOCl is low (<1 ppt) in RUNstd (Figure 2c), mainly due to high levels of NO2 and NO that remove 
ClO available for HOCl formation at our site. However, there could exist unknown photolytic HOCl sources, for 
example, initiated from oxidation of aerosol Cl− via organic photosensitization (Jammoul et al., 2009; Lawler 
et al., 2011), that are missing in the model, as indicated from previous modeling studies that underestimated 
HOCl observations in the marine boundary layer (Lawler et al., 2011) and during the WINTER aircraft campaign 
over eastern US (Wang et al., 2019). Unfortunately, HOCl was not quantified in our study because its isotopic 
signals were not monitored by the CIMS and it was not calibrated (Xia et al., 2020). In comparison, Priestley 
et al. (2018) measured daytime HOCl mixing ratios to be <4 ppt in an urban environment in northern Europe 
where daytime Cl2 mixing ratio was <10 ppt. The calculated γHOCl is on average (7 ± 12) × 10−4 in this study, in 
agreement with previous studies (4–18 × 10−4; Lawler et al., 2011; Pratte & Rossi, 2006). As a sensitivity run, 
we increased HOCl mixing ratio by two orders of magnitude (upper limit; Simpson et al., 2015) in the standard 
model (RUN100HOCl). The model still significantly underestimated observed Cl2 in RUN100HOCl (Figure 5), with 
only 2 ± 2 ppt on average around noon, compared to 13 ± 9 ppt observed, suggesting aerosol uptake of HOCl is 
probably not the main daytime Cl2 formation mechanism at our site.

3.2.2.4.  Uptake of OH by Aerosols

The modeled daily maximum OH reaches (2–7) × 106 molecules cm−3 around noon in RUNstd, in agreement with 
previous observations made in the urban environment in China and around the world ((2–15) × 106 molecules 
cm−3; Lu et al., 2019). The γOH (=0.04[Cl−]) was calculated following Knipping and Dabdub (2002), with an 
average [Cl−] of 0.4 ± 0.3 M. The Cl2 production rate from aerosol uptake of OH (1 × 10−4 ppt s−1 on average) in 
RUNstd is two orders of magnitude lower than the observed Cl2 removal rate (1 × 10−2 ppt s−1 on average) during 
daytime. That means, in order to reconcile the discrepancy between observed and modeled Cl2 in RUNstd, the 
modeled OH concentrations need to be two orders of magnitude higher, which is not realistic.

Figure 5.  Observed Cl2 (±15% uncertainties) and modeled Cl2 mixing ratios in the sensitivity run with 100 times of HOCl in RUNstd (RUN100HOCl) and fixed 
γClNO2 = 6 × 10−3 (RUNgammaClNO2). Each case day simulation starts at 05:00 a.m. The gray shading represents nighttime periods.
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3.3.  Daytime Cl2 Missing Source and Potential Causes

3.3.1.  Daytime Cl2 Missing Source

We estimated the daytime Cl2 missing source (Punknown) that is needed to reconcile the difference between mod-
eled Cl2 in RUNstd and observations (Section 2.2). Then we implemented this missing source into the model 
(RUNps), so that we can compare it with traditional mechanisms in the same model scenario. The modeled Cl2 
matches observed Cl2 better in RUNps than RUNstd (Figure 2), especially around noon (on average 13 ± 8 ppt; 
not significantly different (p > 0.05) from observations), supporting the reasonable estimate of Punknown. The nor-
malized mean bias of Cl2 (𝐴𝐴 𝐴𝐴𝑀𝑀𝑀𝑀 =

∑

𝑛𝑛

𝑖𝑖=1(𝑀𝑀𝑖𝑖
−𝑂𝑂

𝑖𝑖)
∑

𝑛𝑛

𝑖𝑖=1
𝑂𝑂
𝑖𝑖

× 100% , where Mi and Oi are modeled value and observed value, 
respectively), is 3% during daytime and −38% during nighttime in RUNps, compared to −57% during daytime 
and −75% during nighttime in RUNstd. The improved model performance of daytime Cl2 in RUNps, compared to 
RUNstd, has led to improved model performance of nighttime Cl2. The nighttime Cl2 source, as discussed in Xia 
et al. (2020) and thus not repeated here, is small (on the order of 0.0001–0.001 ppt s−1) compared to the daytime 
Cl2 source (on the order of 0.01 ppt s−1; Figure 3b). In RUNps, over the 1-week study period, 98% of Cl2 is pro-
duced during daytime, with Punknown constituting 68% of daytime Cl2 production (Figure 3b). For each case day, 
Punknown accounts for 69%, 70%, 79%, 66%, 72%, 65%, and 65% of daytime Cl2 production on April 13, 14, 15, 
16, 17, 18, and 19, respectively; the average Punknown for the seven case days is (69 ± 5)%. The uptake of ClONO2 
by aerosols (PClONO2+pCl) accounts for 29% of daytime Cl2 production, while uptake of ClNO2 (PClNO2+pCl), OH 
(POH + pCl), and HOCl (PHOCl + pCl) by aerosols and gas-phase mechanisms (Pgas) constitute <3% of daytime Cl2 
production, in RUNps during the 1-week study period.

The daytime Cl2 missing source may be related to many environmental factors and it is difficult to isolate 
each of them in this study. By comparing the correlations between Punknown and individual environmental fac-
tors, including jNO2 (R2 = 0.66), aerosol surface area concentration (SA; R2 = 0.28), PM2.5 mass concentration 
(R2 = 0.13), chloride molar concentration [Cl−] in PM2.5 (R2 = 0.001), aerosol acidity ([H+] concentration in 
PM2.5; R2 = 0.002), SO2 (R2 = 0.23), CO (R2 = 0.02), and O3 mixing ratios (R2 = 0.13), we found that Punknown 
shows the strongest correlation with jNO2 (Figure S7 in Supporting Information S1). Furthermore, the correlations 
between Punknown and different environmental factors multiplied by jNO2 are shown in Figure 6. Compared to the 
correlation of Punknown versus jNO2 (R2 = 0.66), the correlations of Punknown versus jNO2 × SA (R2 = 0.84), Punknown 
versus jNO2 × PM2.5 (R2 = 0.78), Punknown versus jNO2 × SO2 (R2 = 0.70), and Punknown versus jNO2 × CO (R2 = 0.74) 
all improve, suggesting other factors in addition to sunlight intensity also affect Punknown. Below we discuss the 
potential mechanisms that may explain Punknown, including the Fe3+-induced photolytic Cl2 formation mechanism, 
bulk aerosol OH(aq) oxidation mechanism, and uptake of O3 by aerosols.

3.3.2.  Iron(III)-Induced Photolytic Cl2 Formation Mechanism

The Fe3+-induced photolytic Cl2 formation mechanism (Equations R9–R14) proposed by previous laboratory 
studies (Lim et al., 2006; Wittmer, Bleicher, Ofner, & Zetzsch, 2015; Wittmer, Bleicher, & Zetzsch, 2015) may 
serve as a daytime Cl2 source not considered in the standard model. When Fe3+ and Cl− are both present in 
aerosols, photolysis of FeCl2+ and FeCl2

+ generates aqueous-phase Cl(aq) radicals (Equations R9–R10), which 
react rapidly with Cl− to form Cl2

− radicals (Equation R11). Cl2
− reacts with Cl(aq) (Equation R12) or another 

Cl2
− (Equations R13 and R14) to produce Cl2. The initial step, photolysis of FeCl2+ and FeCl2

+, is light depend-
ent, consistent with the positive correlation between Punknown and jNO2 (R2 = 0.66; Figure 6a). Better correlation is 
found between Punknown and jNO2 × PM2.5 (R2 = 0.78, Figures 6c) and jNO2 × SA (R2 = 0.84, Figure 6b), supporting 
Fe3+-induced Cl2 formation within the aerosols. Weaker correlation is found between Punknown and jNO2 × [Cl−] 
(R2 = 0.27, Figure 6d), suggesting the daytime Cl2 missing source does not necessarily increase with chloride 
concentration (Figure S7d in Supporting Information S1). Interestingly, for the four clear-sky case days (April 15 
and April 17–19) with very similar average daytime jNO2 (0.0045–0.0049 s−1), average daytime Punknown remains 
relatively unchanged at particle chloride concentration ([Cl−]) of 0.2–0.4 M but decreases when [Cl−] rises to 
0.6 M (Figure S8d in Supporting Information S1), consistent with experimental results from Lim et al. (2006). 
This is due to a shift from FeCl2+ (higher Cl(aq) quantum yield) to FeCl2

+ (lower Cl(aq) quantum yield) at high [Cl−] 
(Lim et al., 2006; Nadtochenko & Kiwi, 1998).

Neither aerosol Fe nor Fe3+ concentrations were measured in this study. But high aerosol Fe concentrations 
(∼1  μg  m−3) have been observed in Nanjing (Wang et  al.,  2017) and other urban areas in East China (Zhu 
et al., 2020), mainly due to fossil fuel combustion and biomass burning emissions (Furutani et al., 2011; Zhu 
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et al., 2020). Previous modeling studies also suggested East China as a hotspot of anthropogenic Fe emissions 
(Alexander et al., 2009; Luo et al., 2008). Better correlation with Punknown is found when jNO2 is multiplied by SO2 
(R2 = 0.70, Figure 6f) or CO (R2 = 0.74, Figure 6g), indicators of coal combustion and biomass burning activ-
ities (potential Fe sources), again supporting Fe3+-induced Cl2 formation within the aerosols. Both the soluble 
Fe concentration and soluble Fe fraction showed a positive correlation with PM2.5 concentration in East China 
in a previous study (Zhu et al., 2020). The soluble fraction of Fe in aerosols (PM2.5) was observed to be 3%–5% 
in four urban sites in East China in December 2017 (Zhu et al., 2020). The fraction of Fe3+ in soluble Fe (Fe3+/
(Fe3+ + Fe2+)) for aerosols collected in the continental outflow of East China was observed to be about 67% 
(Moffet et al., 2012). The average daytime PM2.5 Cl− concentration is 0.4 ± 0.4 μg m−3 during the study period. 
As a result, the aerosol Cl−/Fe3+ ratio is estimated to range from 17–28 mol mol−1 during the study period (at 
average aerosol pH of 2.3 ± 0.8), consistent with previous experimental conditions under which Fe3+-induced 
photolytic Cl2 production occurred (Cl−/Fe3+: 13–101 mol mol−1, aerosol pH: 1.9–4.2; Wittmer, Bleicher, Ofner, 
& Zetzsch, 2015). A quantitative expression of Cl2 production rate using sunlight intensity, aerosol abundance, 
and Fe3+ and Cl− concentrations is not available in previous laboratory studies, such that we are not able to quan-
tify the Fe3+-induced photolytic Cl2 production in this study, and future investigation is needed. Nevertheless, the 
dependence of Punknown on jNO2, PM2.5, and aerosol surface area concentrations suggests aerosol photochemistry 
(possibly involving iron) could play an important role in daytime Cl2 production at our suburban site in East 
China.

3.3.3.  Bulk Aerosol OH(aq) Oxidation Mechanism

Another aerosol photochemistry related daytime Cl2 formation pathway is through reaction of OH(aq) with Cl− in 
the bulk aerosols (Equation R16) and subsequent formation of Cl(aq) radicals (Equations R17 and R18) and Cl2 
(Equations R11–R14), as proposed by Oum et al. (1998). However, model simulations suggested this bulk aerosol 

Figure 6.  Correlations between daytime Punknown (10-min averages) and (a) jNO2 and (b)–(h) other different environmental factors multiplied by jNO2 for the seven case 
days. The environment factors include (a) jNO2 (s−1), (b) aerosol surface area concentration (SA, μm2 cm−3), (c) PM2.5 mass concentration (μg m−3), (d) chloride molar 
concentration (Cl−) in PM2.5 (mol l−1), (e) aerosol acidity (H+ concentration in PM2.5; mol l−1), (f) SO2 (ppb), (g) CO (ppb), and (h) O3 (ppb) mixing ratios. The least 
squares regression line (y = ax + b) for all the 10-min data is shown for each plot, with corresponding regression coefficient R2.
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OH(aq) oxidation mechanism underestimates Cl2 production by more than three orders of magnitude in labora-
tory experiments when O3 photolysis is the only aerosol OH(aq) source (Knipping & Dabdub, 2002; Knipping 
et al., 2000). Therefore, a gas-aerosol interface OH oxidation mechanism involving the formation of a relatively 
stable complex 𝐴𝐴 (OH⋯Cl

-
)surface (Equation R7) was proposed to explain experimental Cl2 production (Knipping 

& Dabdub, 2002; Knipping et al., 2000). In fact, this gas-aerosol interface OH oxidation mechanism (Reaction 
TD4 in Table 1) has been implemented in our box model (RUNstd) but it is not able to explain the high daytime 
Cl2 observed in the field (Figure 2), consistent with recent modeling studies (Qiu et al., 2019; Wang et al., 2019).

OH(aq) + Cl− ⇌ClOH−� (R16)

ClOH−
+ H

+
⇌ClOH2(aq)� (R17)

ClOH2(aq) → Cl(aq) + H2O� (R18)

There could exist other OH(aq) sources within aerosols that initiate Cl2 production, including the photo-Fenton re-
actions (Fe2+/Cu+ + H2O2), as well as the photolysis of aerosol nitrate, nitrite, Fe3+-hydroxy complexes (FeOH2+, 
Fe(OH)2

+), hydrogen peroxide (H2O2), organic peroxides (ROOH), and “colored” dissolved organic matter, as 
reviewed by Tilgner and Herrmann (2018). Whether these sources can supply a large amount of OH(aq) for Cl2 
formation is currently unknown and necessitates future investigation. It should be noted that Punknown does not 
show good correlation with jNO2 × [H+] (R2 = 0.08, Figure 6e) or [H+] (R2 = 0.002, Figure S7e in Supporting 
Information S1), indicating the daytime Cl2 missing source in this study does not depend on aerosol acidity, which 
is needed in the OH(aq) oxidation mechanism (Equations R16–R18).

3.3.4.  Uptake of O3 by Aerosols

Uptake of O3 by aerosols has been proposed as a potential Cl2 formation pathway (Faxon et  al.,  2018; Qiu 
et al., 2019; Sadanaga et al., 2001), though good correlation between Punknown and O3 mixing ratio is not found 
in this study (R2 = 0.13, Figure S7h in Supporting Information S1). Production of Cl2 was observed in previous 
laboratory experiments when O3 was exposed to chloride-containing aerosols both in the presence of light (Faxon 
et al., 2018; Knipping et al., 2000; Laskin et al., 2006; Oum et al., 1998), with OH scavenger (cyclohexane; Faxon 
et al., 2018), and under dark conditions (Abbatt & Waschewsky, 1998; Faxon et al., 2018; Sadanaga et al., 2001). 
The uptake of O3 by deliquesced NaCl aerosols is very slow (γO3 < 1 × 10−4; Abbatt & Waschewsky, 1998). 
However, Sadanaga et al. (2001) found γO3 increased by several orders of magnitude when NaCl was mixed with 
FeCl3, reaching 3.6 × 10−2 and 3.4 × 10−2 when Fe/Na weight ratio was 1.0% and 0.5%, with a Cl2 yield of 0.48 
and 0.28, respectively. Their results suggested aerosol uptake of O3 and subsequent production of Cl2 could be 
catalyzed by trace metals (Fe3+). More recently, Faxon et al. (2018) measured γO3 to be 1 × 10−3 on deliquesced 
NH4Cl aerosols but only 1 × 10−5 in the presence of SOA in their chamber experiments.

As a sensitivity study, we added the O3 uptake mechanism into the standard model (RUNO3), with three dif-
ferent γO3: 1 × 10−5 (deliquesced NH4Cl aerosols in the presence of SOA), 1 × 10−4 (intermediate case run), 
and 1 × 10−3 (deliquesced NH4Cl aerosols), based on Faxon et al. (2018). Note that the particle sodium (Na+) 
concentrations were below detection limit and the particle ammonium (NH4

+) concentrations were on average 
5 ± 3 μg m−3 during the study period. With γO3 = 1 × 10−5, the model generally reproduces observed Cl2 during 
daytime, especially around noon (11 ± 8 ppt modeled vs. 13 ± 9 observed), but overestimates observed nighttime 
Cl2 by a factor of 6 on average (Figure 7) due to a lack of strong photolysis sink at night. With γO3 = 1 × 10−4 or 
1 × 10−3, the model significantly overestimate observed Cl2, reaching 100 ± 68 and 987 ± 660 ppt around noon, 
respectively (Figure 7). Recently, Qiu et al. (2019) used γO3 = 1 × 10−3 during daytime and γO3 = 1 × 10−5 during 
nighttime in the three-dimensional Community Multiscale Air Quality (CMAQ) model to investigate chlorine 
chemistry impacts on air quality in North China, but the rationale for choosing these vales was not given. The 
aerosol uptake of O3 accounts for more than 80% of Cl2 production in their model, which reproduces ∼100 ppt of 
noontime Cl2 observed at the Wangdu site in North China. However, the high γO3 used in their model are not ap-
plicable at our site, due to large overestimate of observed Cl2 (Figure 7). In addition, the correlation with Punknown 
gets weaker when SA is multiplied by O3 (comparing Figure S7b with Figure S12a in Supporting Information S1) 
or when jNO2 × SA is multiplied by O3 (comparing Figure 6b with Figure S12b in Supporting Information S1), 
suggesting the daytime Cl2 missing source is more likely to be caused by aerosol photochemistry rather than 
aerosol uptake of O3.
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3.3.5.  Anthropogenic Source of Cl2

Anthropogenic activities, such as coal combustion, water treatment (usage of chlorine-containing disinfectants), 
waste water treatment, waste incineration, and industrial processes, have been proposed as potential sources of 
Cl2 in the atmosphere, though their emission fluxes are not well known (Chang et al., 2002; Liu et al., 2018; 
Riedel et al., 2012, 2013; Tanaka et al., 2000; Yi et al., 2021). Riedel et al. (2012) observed up to 200 ppt Cl2 
at night when sampling the Los Angeles urban plume on a research vessel and proposed localized industrial 
emissions of reactive chlorine. Furthermore, Riedel et al. (2013) observed up to 320 ppt Cl2 at night from urban 
or power plant plumes on a tall tower in a polluted continental site in Weld County, Colorado and proposed di-
rect emissions from nearby power plants/cooling towers/waste disposal/incineration. Liu et al. (2017) and Peng, 
Wang, Xia et al. (2021) observed elevated levels of Cl2 (up to 450 ppt during daytime) in Wangdu (North China), 
where coal combustion for power plants and residential heating and cooking was widespread. However, none of 
these studies quantified the contribution of direct anthropogenic emission to the Cl2 budget and the difference 
between daytime and nighttime.

In this study, our sampling site was surrounded mainly by teaching and residential buildings, vegetation, and 
sparse roads within 1–2 km, and we do not expect significant local anthropogenic emission of Cl2 (a lifetime 
of ∼10 min at noon). The 9-m wind speed at the SORPES station was generally low (83% of the period below 
3 m s−1) during our 1-week study period and the wind direction was mainly (77% of the period) from the east 
(mainly vegetation cover) while downtown Nanjing was in the west (industrial and urban areas; Figure 1). In 
addition, the northwest wind that likely carried anthropogenic Cl2 mainly occurred on April 14 and April 15 (Fig-
ure S6 in Supporting Information S1) when both nighttime and daytime Cl2 mixing ratios were low (Figure 2), 
suggesting regional transport of direct anthropogenic emission of Cl2 to our site is likely not significant during 
our study period. If large anthropogenic Cl2 source arrived at our site during daytime especially around noon, one 
would expect an increase in particulate chloride concentration around noon as well, but this was not shown in the 
PM2.5 chloride mass concentration data (FigureS6). Therefore, direct anthropogenic Cl2 emission is likely not the 
main cause of the daytime Cl2 missing source in this study.

3.4.  Implication for Oxidation of VOCs

It is important to understand daytime Cl2 formation, in order to better simulate the abundance of Cl radicals, a 
strong oxidant for volatile organic compounds (VOCs) in the atmosphere (Xue et al., 2015). In RUNps, over the 
1-week study period, Cl2 photolysis represents the biggest Cl radical source (50%), followed by ClNO2 photolysis 
(46%) and reaction of ClO with NO (3%; Figure 8). Photolysis of ClNO2 and Cl2 is the biggest Cl radical source 
in the morning and in the afternoon, respectively (Figure  8). The daytime Cl mixing ratios are significantly 
higher in RUNps than RUNstd (Figure 2a), especially in the afternoon (on average a factor of 4 higher from noon 
to sunset). As a result, compared to RUNstd, the reactivities of ethane, propane, n-butane, i-butane, n-pentane, 
i-pentane, n-hexane, methanol, and ethanol in RUNps increase by 38%, 22%, 19%, 15%, 14%, 12%, 12%, 13%, 
and 7%, respectively. Air quality modeling studies considering only traditional Cl2 formation mechanisms could 
underestimate Cl radical abundances and the oxidation of VOCs and production of O3 and SOA (Qiu et al., 2019). 

Figure 7.  Observed Cl2 (±15% uncertainties) and modeled Cl2 mixing ratios in the sensitivity run considering uptake of O3 by aerosols (RUNO3) with three different 
γO3: 1 × 10−5, 1 × 10−4, and 1 × 10−3. Each case day simulation starts at 05:00 a.m. The gray shading represents nighttime periods.
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In addition, over the 1-week study period, the fraction of greenhouse gas CH4 oxidized by Cl increases from 
5% in RUNstd to 8% in RUNps. Due to the large kinetic isotope effect for reaction of CH4 with Cl (Saueressig 
et al., 1995), a small change in the fraction of CH4 oxidized by Cl can result in a large change in the carbon iso-
topes (δ13C) of CH4. Thus, it is critical to have a good constraint on tropospheric Cl abundances, in order to use 
δ13C of CH4 to investigate CH4 sources and sinks at the present day (Gromov et al., 2018; Strode et al., 2020) 
and in the past (e.g., Last Glacial Maximum; Bock et al., 2017; Ferretti et al., 2005; Hopcroft et al., 2018; Levine 
et al., 2011).

4.  Conclusions
In this study, we investigate Cl2 formation mechanisms at a suburban site in East China using a box model with 
detailed chlorine chemistry and comprehensive observational constraints. During the 1-week study period in 
April 2018, the observed Cl2 was on average 13 ± 9 ppt around noon and reached higher levels during days with 
stronger sunlight intensity. The standard model run with traditional Cl2 formation mechanisms, including uptake 
of ClONO2, ClNO2, HOCl, and OH by aerosols, can only reproduce on average 11% of the observed Cl2 around 
noon, consistent with the large underestimate of daytime Cl2 found in previous atmospheric chemical transport 
modeling studies (Qiu et al., 2019; Wang et al., 2019). The missing daytime Cl2 source was estimated, accounting 
for on average (69 ± 5)% of daytime Cl2 production for the seven case days. This missing daytime Cl2 source 
correlates well with sunlight intensity and aerosol abundance, suggesting photochemistry within aerosols (e.g., 
Fe3+-induced photochemistry or bulk OH(aq) oxidation) could play an important role in Cl2 formation at our site, 
but future investigation is needed to elucidate relevant chemical mechanisms and quantify their contributions. 
The fast aerosol uptake of O3, with an uptake coefficient of 1 × 10−3, as proposed by a recent modeling study 
to investigate Cl2 impacts on air quality in North China (Qiu et al., 2019), is not applicable at our site and the 
chlorine chemistry impacts on air quality should be revisited. With the missing daytime Cl2 source added in the 
model, the chlorine radical abundance increases by a factor of four in the afternoon, enhancing VOCs (especially 
alkane) oxidation. This study highlights the large discrepancy between observed and modeled daytime Cl2 with 
traditional Cl2 formation mechanisms and the need for improved understanding of daytime Cl2 formation through 
laboratory, modeling, and field studies. It is necessary to design laboratory experiments to quantify the Cl2 pro-
duction rate from for example, iron(III)-induced or OH(aq)-initiated aerosol photochemistry. The laboratory-based 
Cl2 production rate parameterization can be implemented into the box, regional, and global models to revisit 
reactive chlorine chemistry in the troposphere. More field measurements of Cl2 along with other reactive chlorine 
species (e.g., HOCl and ClONO2) in different environments are needed to evaluate the model performance.

Data Availability Statement
The data and chlorine chemistry mechanisms used in this study are available on the Zenodo platform (https://doi.
org/10.5281/zenodo.5269033). The F0AM box model is available at https://github.com/AirChem/F0AM.

Figure 8.  The production rates of Cl radicals form different pathways in RUNps. Each case day simulation starts at 05:00 a.m. The gray shading represents nighttime 
periods.
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