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Abstract We use observations from the 2015 Wintertime Investigation of Transport, Emissions, and
Reactivity (WINTER) aircraft campaign to constrain the proposed mechanism of Cl2 production from
ClNO2 reaction in acidic particles. To reproduce Cl2 concentrations observed during WINTER with a
chemical box model that includes ClNO2 reactive uptake to form Cl2, the model required the ClNO2 reaction
probability, γ (ClNO2), to range from 6 × 10−6 to 7 × 10−5, with a mean value of 2.3 × 10−5 (±1.8 × 10−5).
These field‐determined γ (ClNO2) are more than an order of magnitude lower than those determined in
previous laboratory experiments on acidic surfaces, even when calculated particle pH is ≤2. We hypothesize
this is because thick salt films in the laboratory enhanced the reactive uptake ClNO2 compared to that
which would occur in submicron aerosol particles. Using the reacto‐diffusive length‐scale framework, we
show that the field and laboratory observations can be reconciled if the net aqueous‐phase reaction rate
constant for ClNO2 (aq) + Cl‐(aq) in acidic particles is on the order of 104 s−1. We show that wet particle
diameter and particulate chloride mass together explain 90% of the observed variance in the box
model‐derived γ (ClNO2), implying that the availability of chloride and particle volume limit the efficiency of
the reaction. Despite a much lower conversion of ClNO2 into Cl2, this mechanism can still be responsible for
the nocturnal formation of 10–20 pptv of Cl2 in polluted regions, yielding an atmospherically relevant
concentration of Cl atoms the following morning.

1. Introduction

The largest source of inorganic chlorine gases (Cly = HCl + ClNO2 + HOCl + 2Cl2) to the troposphere is
from the volatilization of particle chloride (pCl‐) from sea salt aerosols (SSA; Graedel & Keene, 1995;
Finlayson‐Pitts et al., 1989). In polluted regions, reactions of nitrogen oxides (NOx = NO2+ NO) and vola-
tile organic compounds (VOCs) can enhance the liberation of chloride from particles. This chlorine acti-
vation impacts air quality by increasing oxidant sources through the formation of Cl‐atom precursors
such as nitryl chloride (ClNO2) and molecular chlorine (Cl2), which rapidly photolyze during the day
(Saiz‐Lopez & von Glasow, 2012; Schmidt et al., 2016; Sherwen et al., 2016; Simpson et al., 2015; von
Glasow et al., 2004).

Cl atoms are highly reactive toward ozone (O3) and VOCs, and have rate coefficients orders of magnitude
larger than the hydroxyl radical (OH) for reactions with most alkanes. Although concentrations of Cl atoms
in the troposphere are orders of magnitude lower than that of OH, their high reaction rates with O3 and
VOCs make Cl atoms an atmospherically important oxidizer. Several recent observational studies have
concluded that in summertime coastal urban areas, reactions with Cl atoms dominated the early morning
oxidation of alkanes before ∼10 a.m., surpassing OH reactions and that 15–25% of the total daily alkane
oxidation was driven by Cl atoms (Bannan et al., 2015; Riedel et al., 2012). On a global scale, Wang et al.
(2018) estimated that Cl atoms were responsible for 1% of the global oxidation of methane, and 20% of
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ethane, among other alkanes. Ultimately, because of the importance of Cl atoms to the overall oxidant bud-
get in the lower troposphere, sources of Cl atoms are important to constrain.

ClNO2 production has recently represented a major focus of research into tropospheric Cl‐atom sources.
Over the course of an entire day, photolysis of ClNO2 could account for 45% of the integrated Cl atom pro-
duction in polluted offshore regions of the United States (Riedel et al., 2012, 2014), where [ClNO2] can reach
~1 ppbv. Some studies in rural northern China, where the direct emission of photolytic chlorine containing
compounds from coal‐fired power plants is larger, the contribution of ClNO2 to the total Cl‐atom budget can
be smaller, ranging from 16–21% (Liu et al., 2017; Liu et al., 2018), though this may not be the case for
other regions.

Prior to the discovery of ClNO2 production in the troposphere, past work on tropospheric Cl‐atom sources
often focused on BrCl or Cl2, which are produced frommultiphase chemistry or emitted directly from indus-
trial processes (Faxon et al., 2015; Finley & Saltzman, 2006; Keene et al., 2007; Lawler et al., 2011; Lee,
Lopez‐Hilfiker, Schroder, et al., 2018; Liao et al., 2014; Pszenny et al., 1993; Pszenny et al., 2004; Riedel
et al., 2012; Spicer et al., 1998; Tanaka et al., 2000;). In situ production of tropospheric Cl2 has been proposed
to occur via several mechanisms, including the daytime reaction of OH on chlorine‐containing particle sur-
faces (Knipping et al., 2000; Laskin et al., 2012), snowpack chemistry (Custard et al., 2017; Pratt et al., 2013),
and reactive uptake of hypochlorous acid (HOCl) and chlorine nitrate (ClONO2) on SSA (Vogt et al., 1996).
Reported tropospheric mixing ratios of Cl2 tend to be <100 pptv, and typically on the order of 10 pptv (Faxon
et al., 2015; Finley & Saltzman, 2006; Keene et al., 2007; Lawler et al., 2011; Pszenny ey al., 1993; Pszenny
et al., 2004; Riedel et al., 2012; Spicer et al., 1998;).

Cl· þ O3→ClOþ O2 (R1)

ClOþHO2→HOClþ O2 (R2)

ClOþ NO2 þM→ClONO2 þM (R3)

ClOþ NO→Cl· þ NO2 (R4)

ClONO2 þH2O lð Þ→HOClþHNO3 (R5)

ClONO2 þ Cl− aqð Þ þ Hþ aqð Þ→ Cl2 þHNO3 (R6)

HOClþ Cl− aqð Þ þ Hþ aqð Þ → Cl2 þH2O (R7)

Cl2 þ hν→2Cl· (R8)

Cl atoms can react with O3 to form chlorine monoxide (ClO) via R1, which can subsequently react with the
hydroperoxyl radical (HO2) or nitrogen dioxide (NO2) to form HOCl or ClONO2, respectively ((R2) and
(R3)). Because Cl atoms are highly reactive with VOCs, more so than with O3, and the loss of ClO to nitric
oxide (NO) via (R4) can dominate ClO's fate in polluted regions (Riedel et al., 2012), the availability of ClO
can be a limiting step in the formation of HOCl and ClONO2. If formed, ClONO2 can undergo conversion to
HOCl (R5), and either HOCl or ClONO2 can form Cl2 via acid‐catalyzed multiphase chemistry ((R6) and
(R7)). Or HOCl and ClONO2 can undergo photolysis, which would recycle the single Cl‐atom, instead of lib-
erating a second Cl‐atom from the particle (Pechtl & von Glasow, 2007; Vogt et al., 1996). In total, these reac-
tions can form an autocatalytic cycle liberating reactive Cl atoms from the particle phase. In polluted
continental outflow, Riedel et al. (2012) found that these reactions only enhanced Cl2 in the early morning
hours, initiated by the photolysis of ClNO2, when the NO/NO2 ratio was low enough that (R4) did not sup-
press the formation of HOCl and ClONO2, which otherwise lead to the production of a few parts per trillion
volume of Cl2 at night.

Using tropospheric observations of Cl2 and HOCl, Lawler et al. (2011) estimated a reaction probability for
HOCl, γ (HOCl) of 1.7 × 10−3 to best explain observed Cl2 levels and the rate of evening conversion of
HOCl to Cl2 in a pristine marine environment. This field‐derived γ (HOCl) value is an order of magnitude
above those inferred from laboratory experiments using acidified SSA by Pratte and Rossi (2006). γ (HOCl)
values from Lawler et al. (2011) imply nearly complete conversion of HOCl into Cl2 over a night at typical tro-
pospheric temperatures and aerosol surface area density, while those from Pratte and Rossi (2006) imply 5 to
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10% conversion. Ultimately, these studies suggest that conversion of HOCl to Cl2 could be significant in the
atmosphere but highlight the differences in field and laboratory estimates of such uptake processes.

Riedel et al. (2012) hypothesized that the fate of ClONO2 on aerosol particles was particularly important in
polluted regions, since even a slow conversion of ClONO2 to HOCl via (R5) and subsequent conversion to
Cl2 via (R7), could lead to production of ~40 pptv of Cl2 at night, even if ClONO2 production was slowed
by NO during the preceding day. Breton et al., (2018) reported ClONO2 measurements in the troposphere
with concentrations peaking at night and being sustained around 15 pptv at a semirural site northwest of
Beijing. Although laboratory constraints on the heterogeneous reaction of ClONO2 with HCl to form Cl2
exist under stratospheric conditions (e.g., Hanson & Ravishankara, 1994), few laboratory measurements at
typical tropospheric temperatures exist. These studies suggest a wide range in the efficiency of uptake on par-
ticles or surfaces containing NaCl with γ (ClONO2) estimates ranging from 4.6 × 10−3 to 0.14, though all
agree that the yield of Cl2 is 100% (Burkholder et al., 2015).

Another mechanism for in situ Cl2 production was proposed in Roberts et al. (2008), where the nocturnal
production of ClNO2 from dinitrogen pentoxide (N2O5) uptake leads to Cl2 via reaction on acidic aerosols
(R9) following a mechanism analogous to the formation of Br2 from BrNO2 on Br− containing substrates.

Cl− aqð Þ þ N2O5 gð Þ þ Hþ aqð Þ ⟶
γN2O5

ϕ ClNO2 gð Þ þ 2−ϕð Þ HNO3 gð Þ (R9a)

Cl− aqð Þ þ ClNO2 gð Þ þ Hþ aqð Þ⟶
γClNO2

Cl2 gð Þ þHONO aqð Þ (R9b)

In a series of experiments, they showed that the uptake of ClNO2 proceeded with 60–100% efficiency result-
ing in ~1 ppbv of Cl2 for ~1–1.5 ppbv of ClNO2 reacted, when ClNO2 was passed over a film of deliquesced
oxalic acid and NaCl (pH ~1.8). On a variety of acidic surfaces with pH ≤ 2, they estimated γ (ClNO2) values
of 6 × 10−3 (± 2 × 10−3) with [Cl−] as low as 0.05 M, while on less acidic surfaces, they found that ClNO2 was
relatively unreactive with γ (ClNO2) = 0.3 × 10−6 to 5 × 10−6 (Roberts et al., 2008, 2009). Additional studies
have investigated the uptake of ClNO2 without observing specific products or controlling pH, and have
shown that γ (ClNO2) on pure water is <10−5 and on the order of 10−6 on low‐concentration halide surfaces,
with no temperatures dependence between 177 and 291 K (Behnke et al., 1997; Burkholder et al., 2015;
Frenzel et al., 1998; George et al., 1995; Schweitzer et al., 1998).

Given that ClNO2 has routinely been observed in the troposphere exceeding 1 ppbv (Osthoff et al., 2008;
Thornton et al., 2010; Mielke et al., 2011, 2013; Phillips et al., 2012; Riedel et al., 2012, 2013; Tham et al.,
2014; Bannan et al., 2015; Faxon et al., 2015; Wang et al., 2017; Haskins et al., 2018; Yun et al., 2018), this
production channel (R9) suggests significant Cl2 production, on the order of 1 ppbv. Since, concentrations
of ClNO2 can be an order of magnitude larger than HOCl concentrations in polluted regions, and the litera-
ture values for γ (ClNO2) on acidic aerosol are larger than γ (HOCl), production of Cl2 from ClNO2 uptake is
potentially far greater than from HOCl. Therefore, this mechanism of Cl2 production would be essential to
include in models to simulate tropospheric production of Cl atoms and the oxidative capacity of
the atmosphere.

Despite the implication that ClNO2 uptake could contribute up to 1 ppbv of Cl2, the only recent measure-
ments observing tropospheric Cl2 exceeding ~150 pptv in the troposphere were attributed to large, direct
emissions of Cl2 from coal‐fired power plants in China, occurring in the daytime, when ClNO2 chemistry
is not prominent (Liu et al., 2017; Liu et al., 2018). All other recent measurements of Cl2 in the troposphere
have shown concentrations on the order of 10–20 pptv, with maxima at night, even with simultaneous
ClNO2 observations >1 ppbv (Finley & Saltzman, 2006; Haskins et al., 2018; Lawler et al., 2011; Riedel
et al., 2012;). Although the pioneering measurements of Keene et al. (1993) and Spicer et al. (1998) showed
Cl2* (Cl2* = Cl2 + HOCl) in excess of 120 pptv peaking at night, those high concentrations of Cl2* are
thought to be driven more by HOCl than Cl2 at night (Pszenny et al., 1993). Furthermore, Wang et al.
(2018) significantly overestimated nighttime aircraft observations of Cl2 during the 2015 Wintertime
Investigation of Transportation, Emissions, and Reactivity (WINTER) campaign, using the global chemistry
model, GEOS‐Chem, when including Cl2 production from ClNO2 uptake on acidic aerosols. Therefore,
observations suggest that Cl2 production from heterogeneous ClNO2 reaction on acidic particles either
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occurs with a lower efficiency in the atmosphere than was measured in the laboratory, that Cl2 production
from ClNO2 in the atmosphere is limited by a lack of aerosol having both sufficient acidity and pCl‐, or no
observations reported to date have been made in areas where this chemistry is relevant.

Recent studies have shown that submicron aerosols across the globe are acidic, with pH ranging from−0.5 to
3, suggesting that the conditions for efficient ClNO2 uptake and Cl2 production are often satisfied, at least in
submicron aerosols (Guo et al., 2015; Guo et al., 2016; Guo et al., 2017). However, a large majority of the
chloride mass is expected in the supermicron (>1 μm) range (Keene et al., 1999). This supermicron SSA is
more likely to be present in less acidic particles and is less likely to be internally mixed than acidic submicron
aerosols. Indeed, a few studies determined that the uptake of ClNO2 was unlikely as a source of their
observed Cl2 since thermodynamic calculations showed the aerosols sampled had pH > 2, which was not
acidic enough to catalyze efficient ClNO2 uptake (Mielke et al., 2011; Riedel et al., 2012, 2013). However,
Guo et al. (2016) showed that submicron particles offshore from New York City during WINTER were pre-
dicted to have pH ≤ 2. Furthermore, Haskins et al. (2018) showed that both predicted and observed submi-
cron pCl‐ was sufficient to promote chloride activation chemistry. Elevated concentrations of gas‐phase HCl
and ClNO2 in the marine boundary layer indicated internally mixed chloride was activated via heteroge-
neous chemistry, with submicron aerosols present that contained chloride and had low calculated pH at
the time of aircraft sampling. Therefore, the condition of coexisting aerosol acidity and available pCl‐ neces-
sary to catalyze ClNO2 uptake does appear exist in the troposphere, and the WINTER campaign provides an
opportunity to evaluate laboratory parameterizations of Cl2 formation from ClNO2 uptake.

In this work, we use WINTER observations of Cl2, ClNO2, HOCl, N2O5, HNO3, O3, NO2, pCl
‐, among others

in a box model to derive an upper limit to the reaction probability of ClNO2, γ (ClNO2), needed to explain the
Cl2 concentrations observed in specific plumes where the two are highly correlated. We use a reacto‐
diffusive length framework (Hansen et al., 1994) to reconcile differences between these field‐derived reac-
tion probabilities on ambient aerosol with those derived in the laboratory using macroscopic salt films.
Observed correlations between the box model‐derived γ (ClNO2) and parameters such as relative humidity,
aerosol pH, aerosol diameter, and pCl‐ concentrations are evaluated, and we present a simple empirical para-
meterization of Cl2 production from ClNO2 reactive uptake based on these observed relationships.

2. Methods
2.1. WINTER Campaign and Observations

The WINTER campaign took place in February and March 2015 using the NSF/NCAR C‐130 aircraft. This
campaign sampled a broad suite of chemical compounds in 13 flights over the eastern United States during
both day and night above marine, rural, and highly populated areas. Observations of halogen trace gases,
reactive nitrogen oxides, O3, aerosol composition, and aerosol size distributions were made, some with dupli-
cate techniques. A summary of the instrument accuracy, detection limit, measurement frequency, and opera-
tional technique references for the observations used in this work from theWINTER campaign and additional
instrument details are given in the supporting information. All observations presented in this work are 10‐s
averages of the data collected at 1–2 Hz to improve the signal to noise ratio while maintaining temporal reso-
lution. More information on theWINTER campaign and instrumentation can be found in papers published as
a special collection (Guo et al., 2016; Salmon et al., 2017; Fibiger et al., 2018; Jaeglé et al., 2018; Haskins et al.,
2018; Kenagy et al., 2018; Lee, Lopez‐Hilfiker, Schroder, et al., 2018; Lee, Lopez‐Hilfiker, Veres, et al., 2018;
McDuffie, Fibiger, Dubé, Lopez Hilfiker, et al., 2018; McDuffie, Fibiger, Dubé, Lopez‐Hilfiker, et al., 2018;
Ren et al., 2018; Salmon et al., 2018; Schroder et al., 2018; Sullivan et al., 2019).

The Ultra High Sensitivity Aerosol Spectrometer (UHSAS) was used to measure dry submicron particle sur-
face area density during WINTER. Wet aerosol surface area (cm2/cm3) and volume (cm3/cm3) densities are
calculated by summing the product of the dry surface area or volume density by relative humidity dependent,
hygroscopic growth factors for particles <1 μm in diameter. Surface and volume growth factors were obtained
using the E‐AIMmodel, assuming pure ammonium nitrate submicron particles and no solid formation. This
calculation does not consider the impact of aerosol organics on hygroscopic growth, and a comparison
between the two approaches for calculating diameter growth factors during WINTER is presented in
Figure S1 of McDuffie, Fibiger, Dubé, Lopez‐Hilfiker, et al. (2018). For some plumes of interest, the

10.1029/2019JD030627Journal of Geophysical Research: Atmospheres

HASKINS ET AL. 8854



UHSASwas not functioning. So a linear model was used to predict the wet aerosol surface area concentration
using a parameterization based on the Aerosol Mass Spectrometer (AMS) total submicron mass
concentration, derived from collocated measurements when both instruments were sampling. Details on
this calculation and the aerosol growth factors can be found in the supporting information. The plumes
where aerosol surface area concentration is estimated using this parameterization are denoted in all figures
and tables with an asterisk.

To investigate the nocturnal uptake of ClNO2 and subsequent production of Cl2, we examine three nighttime
flights that sampled the polluted marine boundary layer downwind of New York City. Figure 1 shows a time
series of the concentrations of Cl2 and ClNO2 from each of these flights and an inlaid map of the flight track,
highlighting 18 plumes we examine here. These plumes do not include those where ClNO2 and Cl2 are cor-
related due to plane altitude changes, or observations that occurred before sunset or after sunrise when
photolytic loss of Cl2 and ClNO2 are important. More information on plumes where these compounds
appear correlated in time, but are not included due to these factors, can be found in the supporting informa-
tion. General trends in Cl2, ClNO2, HOCl, and HCl concentrations observed throughout the WINTER cam-
paign can be found in Haskins et al. (2018), and trends in these halogen species observed within power‐plant
plumes during WINTER can be found in Lee, Lopez‐Hilfiker, Schroder, et al. (2018).

As shown in Figure 2, Cl2 was positively correlated with ClNO2 (r
2 = 0.88), and with HOCl to a lesser degree

(r2 = 0.52), implying Cl2, like ClNO2, is formed by nocturnal heterogeneous chemistry, rather than direct

Figure 1. Time series of ClNO2 and Cl2 from Research Flight 3 on 7 February 2015 (a, b), Research Flight 6 on 23 February 2015 (c, d), and Research Flight 8 on 1
March 2015 (e, f) with inlaid flight tracks off the coast of New York City, highlighting the 18 plumes (numbered for reference) used in the box model analysis
presented in this work. Enhancements in Cl2 and ClNO2 not highlighted are those where all measurements necessary for the boxmodel analysis were not available,
were during daytime, in‐cloud, or where correlations are caused by plane altitude changes. In all figures, asterisks denote plumes where wet aerosol surface area
was estimated using the Aerosol Mass Spectrometer total mass. See text for details.
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emission. Although these plumes are downwind of several significant anthropogenic sources of Cl2, as
reported to the Environmental Protection Agency, these specific plumes of Cl2 do not show a pattern of
direct emission from a point source, which Riedel et al. (2012) demonstrates is distinguishable in a time
series from a pattern of in situ formation, since plumes influenced by direct emission of Cl2 are not
expected to show correlation with ClNO2. Inlet and inner instrument conversion of HOCl or ClNO2 to Cl2
is unlikely, as Lee, Lopez‐Hilfiker, Veres, et al., et al. (2018) showed that conversion of directly injected,
isotopically labeled N2O5 to ClNO2 yielded only of 1 pptv ClNO2 per 100 pptv of N2O5 during WINTER.
The assumption that all Cl2 plumes are from in situ production via ClNO2 uptake alone, rather than
uptake of HOCl or instrument artifacts will be discussed below in section 3.2, but would tend to bias our
estimates of γ (ClNO2) high relative to the true value. While we cannot rule out that the simultaneous
uptake of ClNO2 andHOCl in these plumes is contributing to the elevated Cl2 concentrations, observations in
Figure 2 suggest that the production and loss of Cl2 is more highly correlated with ClNO2 than with HOCl.

2.2. Aerosol Thermodynamics and Multiphase Chemical Box Model

The aerosol thermodynamics model ISORROPIA II was used to calculate submicron particle pH and liquid
water content during WINTER as described in Haskins et al. (2018) and Guo et al. (2016). Previous evalua-
tions of the gas‐particle partitioning of chlorine and nitrate predicted by ISORROPIA II against theWINTER
data set provide confidence in the ISORROPIA II prediction of bulk average pH and liquid water content
used in this work for submicron particles (Guo et al., 2016; Haskins et al., 2018; Shah et al., 2018). Given
the low temperatures observed during WINTER, partitioning of HNO3 into particles was high, thereby driv-
ing submicron particle pH low for much of the campaign (Guo et al., 2016). In all plumes where Cl2 and
ClNO2 were simultaneously elevated, calculated submicron particle pHwas <2, so comparison of this chem-
istry at higher pH is not possible with this data set.

A simple zero‐dimensional box model was developed to simulate the nocturnal chemical evolution of an air
parcel at constant temperature, pressure, and relative humidity. Table 1 summarizes the reactions included
in this model and their rate coefficient expressions. The model was run from 5 p.m. local time, considered
the onset of N2O5 production, for 16.5 hr until 9:30 a.m. local time on the following day, for each of the iden-
tified plumes. Assuming loss due only to N2O5 formation (i.e., no deposition or dilution), the initial concen-
trations of O3 and NO2 at sunset were iteratively adjusted until their modeled loss matched the observations
of NO2 and O3 at the time the C‐130 aircraft intercepted the plume within measurement uncertainty, similar
to previous studies of nocturnal reactive nitrogen chemistry (Brown et al., 2003; Thornton et al., 2010;
Mielke et al., 2011; Wagner et al., 2013; Phillips et al., 2016; McDuffie, Fibiger, Dubé, Lopez‐Hilfiker,
et al., 2018; Tham et al., 2018). The amount of reacted O3 and NO2 sets a maximum amount of N2O5

Figure 2. Scatterplots of measured Cl2 as a function of (a) ClNO2 and (b) HOCl within each plume using 10‐s averages colored by plume number with markers
indicating flight number.
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formed during the time since sunset. The reaction probability of N2O5, γ(N2O5) is then adjusted until the
modeled concentrations matched the observation of N2O5 for the wet aerosol surface area observed at the
time of intercept. The yield of ClNO2, φ (ClNO2), from R9a is then adjusted until modeled concentrations
of ClNO2 match observations, after which, the total nitrate deposition velocity is adjusted until the initial
concentration of total nitrate (TNO3 = HNO3 + pNO3

−(Dp<4.1μm)) matches its concentration at the
point of observation. Finally, γ (ClNO2) is iteratively adjusted with extremely small changes in φ (ClNO2)
(e.g., typically < 0.01) until Cl2 and ClNO2 concentrations predicted by the model match the observations
within 5% of [Cl2]. Figure 3 shows a collection of all 18 of the box model runs performed and the
WINTER observations at the time since the previous 5pm local.

The inferred values for γ (ClNO2) reported here are not strongly dependent upon γ(N2O5), ϕ (ClNO2), or the
deposition velocity of TNO3, used to match the observed concentrations of ClNO2, N2O5, and

TNO3, nor are
they sensitive to other loss mechanisms of nitrate radical (NO3) that are not included in this simple model
(see Section 3.2). By using the observed concentration of [ClNO2] at a given time since sunset, the inferred
γ (ClNO2) does not change as γ(N2O5) or ϕ (ClNO2) are adjusted so long as the model accurately reproduces
the observed [ClNO2]. The values used for γ(N2O5) and φ (ClNO2) in analysis are generally constrained in
that they must range between 0 and 1 and should agree with independent estimates from other field‐based
studies (Bannan et al., 2015, Faxon et al., 2015; Mielke et al., 2011, 2013; McDuffie, Fibiger, Dubé, Lopez‐
Hilfiker, et al., 2018; McDuffie, Fibiger, Dubé, Lopez Hilfiker, et al., 2018; Osthoff et al., 2008; Phillips
et al., 2012; Riedel et al., 2012, 2013; Tham et al., 2014, Thornton et al., 2010). The range of values for
γ(N2O5) and φ (ClNO2) used in our boxmodel are 0.002–0.02 and 0.2–0.6, respectively, and are in good agree-
ment with the study of these quantities during the WINTER campaign by McDuffie, Fibiger, Dubé, Lopez‐
Hilfiker, et al. (2018), McDuffie, Fibiger, Dubé, Lopez Hilfiker, et al. (2018). Values for γ (ClNO2) obtained by
our box model analysis are mainly a function of aerosol surface area, temperature, concentrations of ClNO2

and Cl2, time since sunset, and dilution, the sensitivities to all of which are discussed below in section 3.2.

3. 3. Results and Discussion

To match the observed Cl2 concentrations from ClNO2 uptake in all plumes, γ (ClNO2) ranging from 6 ×
10−6 to 7 × 10−5, with a mean value of 2.3 × 10−5 (±1.8 × 10−5) were required. Table 2 gives a summary
of the derived values for γ (ClNO2) for each of the plumes analyzed using the box model, a list of correspond-
ing observations, and the correlation coefficient for each observation with the modeled γ (ClNO2). Despite
the ambient environment satisfying all the conditions at which Roberts et al. (2008) found conversion of
ClNO2 to Cl2 to be 60–100% efficient, the values derived from the box model approach (γ (ClNO2) 2.3 ×
10−5 ± 1.8 × 10−5) are at least 2 orders of magnitude below that reported on acidic laboratory films (γ
(ClNO2) = 6 × 10−3 ± 2 × 10−3).

There are several possible reasons for themuch slower conversion of ClNO2 to Cl2 in acidic ambient particles
compared to that found in the laboratory. One possibility is that ClNO2 is taken up into particles as quickly

Table 1
Reactions and Rate Constants Included in 0‐D Box Model

Reaction
no. Reaction

Rate coefficient expression

Reference(cm3·molecules−1·s−1)

R10 NO2 þ O3 ⟶
k10

NO3
· þ O2 k10 = 1.2e−13 exp(−2,450/T) Sander et al. (2003)

R11f
NO3

· þ NO2 ⇌
k11f

k11r
N2O5

k11f = (k0/k∞)*F/(k0 + k∞) DeMore et al. (1997)
R11r k11r = k11f/[2.7e−27 exp(11,000/T)] Sander et al. (2006)

R9a Cl− aqð Þ þ N2O5 þ H2O ⟶
k9a

γN2O5

Φ ClNO2 þ 2−Φð ÞHNO3 k9a = (γN2O5 ωN2O5 SA)/4 Model derived

R9b Cl− aqð Þ þ ClNO2 þ H2O ⟶
k9b

γ ClNO2ð Þ
Cl2 þ HONO k9b = (γClNO2 ωClNO2 SA)/4 Model derived

Note: SA is defined as wet aerosol surface area concentration (m2/m3), ω as mean thermal velocity (m/s), φ as the yield of a reaction, and γ as the reaction prob-
ability of a reaction. Values of k0, k∞, and F can be found in the given reference.
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as described in Roberts et al. (2008), but that the yield of reaction is significantly lower in atmospheric
particles that contain reactants other than chloride. Our simulations inherently assume that the yield of
(R9b) is unity, but competition of (R9b) with others that consume Cl− (aq), like the formation of ClNO2,
HCl, HOCl, or BrCl, would lower the yield of the reaction to form Cl2 (Fickert et al., 1998; Frenzel et al.,
1998). Our observations ultimately constrain the product of the γ (ClNO2) and φ (Cl2) from reaction (R9b).
Figure 4 shows the range of γ (ClNO2) that would be consistent with observations of ClNO2 and Cl2 by
assuming different φ (Cl2)< 1. In the median, if ClNO2 uptake occurs as efficiently as found in Roberts
et al. (2008), the observations require a yield of reaction (R9b) of 0.001, indicating only a small fraction of
the absorbed ClNO2 results in production of Cl2. Such a low φ (Cl2) with high γ (ClNO2) implies a large
flux of pCl‐ into different products. However, in four of the 18 plumes (plume #2, 3, 10, and 16), requiring
such high uptake of ClNO2 would simultaneously require a nonphysically large yield of ClNO2 (i.e., φ
(ClNO2) > 1) in (R9a) to match the observed [ClNO2]. Thus, our results imply that reactive uptake of

Figure 3. WINTER observations at the time of intercept (points) and the box model predictions (lines) for the concentra-
tions of (a) O3, (b) NO2, (c) N2O5, (d)

TNO3, (e) ClNO2, and (f) Cl2 and for each analyzed plume, noted with the referenced
plume number.
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ClNO2 as efficient as was observed in the laboratory cannot simulta-
neously explain all observations of ClNO2 and Cl2 during the WINTER
campaign without invoking a major gap in our understanding of reactive
chlorine chemistry.

A second possibility is that sufficient acidity to promote the reaction is not
often collocated with available pCl−. However, the ISORROPIA II calcu-
lations used in this work and examined in detail in Haskins et al.,
(2018), show that for the WINTER flights examined here submicron par-
ticles were predicted to have both pH ≤ 2 and significant pCl‐ and thus do
not support this explanation. These ISORROPIA II calculations only
examine bulk submicron aerosol pH under an assumption of internal mix-
ing. Therefore, it is possible that particle pH is size dependent with submi-
cron aerosols having lower pH, and supermicron aerosols having a higher
concentration of pCl− and a higher pH, perhaps higher than the pH ≤ 2
threshold observed by Roberts et al. (2008), which would not be captured
by this prediction of particle pH. This could imply that the formation of
Cl2 was occurring efficiently only on a fraction of the particles instead of
inefficiently on all of them, as we find.

If we assume that production of Cl2 takes place on only a fraction of the
coarse mode aerosol population (Dp > 1–3μm) where most of the mass
of chloride is expected and further assume that these particles are acidic

enough to promote the formation of Cl2, the required γ (ClNO2) are on the order of 1 × 10−4, which is not
large enough to explain the discrepancy with laboratory results. We argue that internally mixed pCl‐ in fact
must exist in the submicron mode, as assuming that pCl− only exists in the coarse mode implies both the
production of ClNO2 and subsequent uptake to form Cl2 only occurs in the coarse mode. Under this situa-
tion, we require unrealistic physical values for γ(N2O5) and φ (ClNO2) in all plumes (e.g., φ (ClNO2) > 1,
γ(N2O5) > 0.1) to reproduce the full suite of observations. Furthermore, HCl was observed in elevated con-
centrations during these three flights (Haskins et al., 2018), which is primarily formed via acid displacement
at pH 1–3. In addition, the HNO3 partitioning is highly sensitive to pH and the observed partitioning is con-
sistent with the same thermodynamic models that predict pH [Guo et al., 2016; Haskins et al., 2018]. Thus,
we conclude that the plumes examined in this work do simultaneously contain pCl− and acidity sufficient to
promote the reaction as observed in Roberts et al. (2008).

We have inherently assumed uptake occurs on all aerosols at the same rate, when it is possible that reactive
uptake occurs with varying efficiency on particles of different sizes (e.g., submicron vs. super‐micron parti-
cles), composition, and mixing state. However, without quantitative, size‐resolved aerosol composition mea-
surements across the size distribution, it is not possible to assess these issues beyond the sensitivity
simulations presented in section 3.2, as our results represent an aerosol population‐averaged value.

Given that a potential lack of colocated particle acidity and pCl‐ seems unlikely to explain the discrepancy
between field and laboratory derived γ (ClNO2), we examined the relationship between the derived values
for γ (ClNO2) and other potential predictor variables, including pH, pCl‐mass concentration and Cl−molar-
ity, liquid water content, and volume‐weighted mean wet particle diameter (wet Dp). We used a forward and
backward linear stepwise regressionmodel to add or remove the variables listed in Table 2, and weighted the
observations that had estimated surface area densities from the AMS mass concentrations at half that of
other observations due to larger uncertainties in the corresponding γ (ClNO2). Parameters were added or
removed from the model by determining if a p value for an F test of the change in the sum of squared error
for the model was significant or not at the 95% level.

We found a rather simple result that wet Dp, and submicron pCl‐ mass concentration, could explain 90% of
the observed variance in the model derived γ (ClNO2), within the 99% confidence level. In order to make the
ISORROPIA II predicted chlorine partitioning consistent with measurements, Haskins et al., 2018 assumed
a small fraction of refractory sea salt was present in particles with Dp < 1 μm, amounting to ~3% of UNH
(University of New Hampshire) filter chloride in the median during WINTER. Therefore, the pCl‐

Figure 4. The range of WINTER constraints on the product of φCl2 and
γClNO2 in all plumes. WINTER = Wintertime Investigation of Transport,
Emissions, and Reactivity.
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measurement used in this work is the sum of the AMS nonrefractory chloride for dry Dp < 1 μm and 3% of
the UNH filter chloride for dryDp < 4.1 μm. Values of AMS pCl‐ lower than the detection limit (0.024 μg/m3)
were set to ½ of the detection limit. The variations in the AMS nonrefractory chloride alone are enough to
make pCl− a significant predictor variable, while adding some refractory chloride from sea salt does
statistically significantly improve the fit. Dp and pCl‐ are not expected to be independent variables, but
using them together provided a statistically significant change in the linear model's ability to predict the
required γ (ClNO2). The stepwise linear regression function that provided the best fit was γ (ClNO2) =
6.67 × 10−5 Dp + 2.22 × 10−4 pCl‐ − 1.0 × 10−5 where Dp is in μm and pCl− is in microgram per cubic
meter, and should be considered valid only over the range of Dp < 0.6 μm and pCl− <0.2 μg/m3. It should
be noted that the values of Dp and pCl− used to calculate this empirical parameterization are not direct
measurements of these values in the atmosphere but rely on estimates of aerosol growth factors and an
equilibrium partitioning based estimate of refractory chloride contributions to submicron pCl−. The
validity of this empirical parameterization beyond conditions sampled during the WINTER campaign
remains to be determined.

Figure 5 shows the variance of γ (ClNO2) with wet Dp and pCl−, and the multilinear fit estimated using
the forward and backward linear stepwise regression model. The dependence on pCl− availability of γ
(ClNO2) is reasonable as several processes compete to volatilize pCl− into the gas phase in acidic aerosols.
As such, the colocation of sufficient acidity to promote the reaction and available chloride may generally
limit the production of Cl2 from this mechanism, even if particles are not completely depleted in chloride.
The trend in increasing γ (ClNO2) with wet Dp is an indicator of a potentially volume‐limited aqueous
phase reaction, where the reaction rate in the particle phase is slow compared to diffusion, which has
the form of equation ((1)):

1
γ
¼ 1

α
þ 3ω
4HRTRpk

I
aq

(1)

where α is the mass accommodation coefficient, ω is mean thermal speed (m/s), H is the Henry's law con-
stant (M/atm), R is the gas constant (L·atm·mol−1·K−1), T is temperature (K), Rp is particle radius (m),
and kaq

I is the first‐order reaction rate (s−1).

Several trends of note were observed in the other predictor variables listed in Table 2. Like the positive cor-
relation with pCl−, a positive correlation was found with HCl. HCl can serve as a reservoir of pCl− via rever-
sible equilibrium partitioning, such that in the presence of high HCl and higher pH, pCl− could be
replenished if this process could be competitive with the equilibrium partitioning of chloride to the gas phase
under such acidic conditions. No statistically significant correlation was found with submicron aerosol pH,
or liquid water content, presumably because the bulk calculated pH < 2 in all plumes and because particles
were likely at least partially deliquesced in the humid marine boundary layer, such that acidity or presence
of an aqueous phase was not a limiting factor in Cl2 production..

A slight negative correlation, though not statistically significant, was found between γ (ClNO2) and both sub-
micron particle nitrate (pNO3

−) and organic content (pOA), (both known to suppress absolute ClNO2

Figure 5. Scatter plots on a log scale of (a) the box model‐derived γ (ClNO2) and wet Dp and (b) the box model‐derived γ (ClNO2) and measured pCl‐ (AMS + 3%
filter), which are used in (c) the multilinear fit (x axis) of the box model‐derived γ (ClNO2) (y axis), assuming the yield of Cl2 is 1.
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formation via N2O5 uptake suppression) and likely to impact ClNO2 uptake directly or indirectly (Bertram &
Thornton, 2009; McDuffie, Fibiger, Dubé, Lopez‐Hilfiker, et al., 2018; McDuffie, Fibiger, Dubé, Lopez
Hilfiker, et al., 2018; Ryder et al., 2015). There was a distinct negative correlation between the required γ
(ClNO2) and the time after sunset at which the observations were made. It is possible this is due to a sam-
pling bias in our measurements as the four plumes with the highest γ (ClNO2) are those intercepted earliest
in the night, where surface area was estimated with the total AMS mass and uncertainty is high. However,
we cannot rule out that it could arise from a mechanism that either promotes uptake early in the evening,
such as near source emissions, or a mechanism that suppresses uptake later in the night, such as chloride
availability after particle processing.

Given the above finding that volume‐weighted wet Dp is a strong predictor of the γ (ClNO2), we hypothesize
that the ClNO2 reacto‐diffusive length (ℓ), a measure of the characteristic distance an accommodated mole-
cule must travel before reaction (Hanson et al., 1994), is larger than themeanDp of sufficiently acidic aerosol
particles sampled during WINTER. This hypothesis provides an explanation of the much lower γ (ClNO2)
derived from ambient measurements compared to those measured in the laboratory. In small atmospheric
particles, ClNO2 could be accommodated but diffuse out before reacting with pCl‐ to form Cl2, thereby lead-
ing to a lower net γ (ClNO2) in smaller aerosol particles than on the thicker laboratory films, which had aqu-
eous volumes with effective thicknesses greater than hundreds of microns (Roberts et al., 2009).

To test this hypothesis, we estimate ℓ by extracting an observationally derived estimate for kaq
I using equa-

tion (1) and the box model derived values for γ (ClNO2), and subsequently solving for ℓ in equation (2) by
assuming a liquid diffusion coefficient (Dl) of 1 × 10‐5 cm2/s (Cussler, 2009; Poling et al., 2001).

ℓ ¼ Dl

kIaq

 !1=2

(2)

Using the observed wet particle radius, Rp, temperature, a Henry's law constant of 4.6 × 10−2 M/atm (Frenzel
et al., 1998), and assuming that α ≫ γ (ClNO2), over all plumes, we require a mean kaq

I of 3.7 × 104 s−1 ±
3.5−104 s−1 and ℓ of 0.2 ± 0.05 μm to match the box model‐derived values of γ (ClNO2).

With ℓ on the same order of magnitude as those observed wet Dp, and kaq
I competitive with the liquid phase

diffusion rate, these values imply that some fraction of accommodated ClNO2 diffuses out of aerosol particles
before reaction. This result explains why observationally constrained values of the γ (ClNO2) are orders of
magnitude lower than their estimated values on thick (~375 μm) laboratory films. Figure 6a shows the mini-
mum, median, and maximum values for γ (ClNO2) calculated from kaq

I as a function of wet Dp compared to
the boxmodel derived values of γ (ClNO2) at the observed wetDp. The boxmodel‐derived γ (ClNO2) exhibit a
similar trend with Dp as that expected from equation (2) for a volume‐limited process having ℓ on the order
of 0.2 μm. If ambient particles were more viscous than pure water, or contained organics slowing liquid
phase diffusion such that Dl was lower than the assumed value, the estimated ℓ would decrease promoting
a faster kaq

I. However, the presence of elevated ClNO2 concentrations, formed from reactive uptake of N2O5

to aerosol, indicates that the ambient aerosol population sampled within these plumes are not strongly
impacted by diffusion limiting conditions, like viscous organic coatings. The assumed α will not impact
the values presented here, since α would have to be on the order of 1 × 10−5, uncharacteristically low for
liquid aerosols containing salt, in order to significantly impact γ (ClNO2).

Our observationally constrained values for kaq
I of 3.7 × 104 s−1 ± 3.5 × 104 s−1 are orders of magnitude lower

than those reported in Roberts et al. (2008) (kaq
I = 1.6 × 107 s−1). To investigate if this difference arises from a

fundamentally slower reaction in ambient aerosols or because of lower chloride molarity in ambient aero-

sols, we use the derived kaq
I and measured [Cl−] to extract a second‐order rate coefficient, kIIaq≡

kIaq
Cl−½ �

� �
:

Notably, the experiments preformed in Roberts et al. (2008) were done at low chloride molarity to simulate
atmospheric particle concentrations ([Cl−] = 0.05 M), and are comparable to the range estimated from the
plumes examined here (0.03 M < [Cl−] < 0.35 M). However, as shown in Figure 6b as the slope of the linear

least squares regression line, we find a mediankIIaq of 5.7 × 104 M−1 s−1. This value is considerably lower than

that reported in Roberts et al. (2008), suggesting that the difference in chloride molarity is not enough to

explain the difference in implied reaction rates between the field measurements (kIIaq = 5.7 × 104 M−1 s−1)
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and laboratory experiments (kIIaq ~ 107 M−1 s−1). Given that the [Cl‐] used is an average over the aerosol size

distribution calculated from three separate instruments data (AMS pCl−, UNH pCl−, UHSAS particle
volume density), there is considerable uncertainty associated with this parameter, likely giving rise to
deviations from the linear least squares regression fit shown in Figure 6b, though these uncertainties are

unlikely to explain a 3 orders of magnitude difference in kIIaq . Ultimately, our results suggest the reaction

is fundamentally slower in small atmospheric particles (Dp ~ 1 μm) than inferred from thick (~375 μm)
laboratory films.

Hanson et al. (1994) derived the following expression to relate the effective uptake coefficient of a gas on
small drops (γe) relative to its uptake coefficient on thick (approximately hundreds of micrometers) labora-
tory films (γm) as follows:

1
γe

¼ 1
α
þ 1

γm coth Dp=ℓ
� �

−ℓ=Dp
� � (3)

where α is the mass accommodation coefficient. Assuming that α ≫ γ, equation (3) becomes:

γe≅ coth Dp=ℓ
� �

−ℓ=Dp
� �

γm (4)

In order to further test our hypothesis, we use equation (4), γmmeasured by Roberts et al. (2008), and the box
model‐derived values for γe with the measured Dp, to iteratively determine the implied ℓ and kaq

I for each of
the 18 plumes that would explain the difference in our model‐derived γ (ClNO2) and the laboratory mea-
sured γ (ClNO2). Using this method, we estimated amean ℓ on the order of 15 μm (compared to 0.2 μmusing
equation (2)) and values of kaq

I considerably slower than our previous calculation. We attribute the discre-
pancy between our twomethods of estimating ℓ to the uncertainty in the laboratory measured value, γm. The
hyperbolic cotangent function in equation (4) is nonlinear, so small changes in γm result in orders of

Figure 6. (a) The minimum, median, and maximum values for γ (ClNO2) calculated from the required kaq
I as a function

of wetDp (lines) compared to the box model‐derived values of γ (ClNO2) at the observed wetDp (points). (b) Scatter plot of
the first‐order rate coefficients needed to match the box model‐derived γ (ClNO2) versus the chloride molarity
determined from the concentration of pCl‐ (AMS+ 3% filter) and UHSHS particle volume concentrations. The slope of the
linear least squares fit (line), with plumes having estimated surface area (denoted with *) weighted at 50%, is the
corresponding second‐order rate coefficient.

10.1029/2019JD030627Journal of Geophysical Research: Atmospheres

HASKINS ET AL. 8863



magnitude changes in the estimated ℓ and kaq
I values. This result ultimately provides additional qualitative

support for our hypothesis that the difference between our observationally constrained value of γ (ClNO2)
and those reported from laboratory measurements in Roberts et al. (2008) arise because R9b is volume‐
limited.

3.1. Model Sensitivity

Here we consider to what degree the inputs or assumptions used in the model may have influenced the field‐
derived reactive uptake coefficients. Several of the input uncertainties would lead to an overestimation in the
box model‐derived γ (ClNO2) which is the opposite direction needed to explain the discrepancy between
those observed in the laboratory and in our observations. We do not consider the possibility of direct emis-
sion of Cl2 from anthropogenic point sources in any of the plumes analyzed here. While no plumes show
clear evidence of being influenced by anthropogenic point sources of Cl2, neglecting such a source would
lead us to overestimate the γ (ClNO2) needed to explain the observed Cl2. Similarly, if the onset of N2O5 pro-
duction were actually earlier than our assumed 5 p.m., we would also overestimate the γ (ClNO2). The γ
(ClNO2) had to be decreased by ~8% if the sunset time was moved back an hour to 4 p.m.

We also reran the model setting sunset forward an hour to 6 p.m. After accounting for the changes in the
initial concentrations of NO2 and O3 needed to match the observations at plume intercept, the yield of
ClNO2 from (R9a) had to be increased to match observations of ClNO2, after which the γ (ClNO2) had to
be increased to match Cl2 concentrations. For a typical plume, the γ (ClNO2) had to be increased by ~10%
if the sunset time was moved forward an hour, and for plume #1, γ (ClNO2) increased by ~40%, resulting
a maximum value of 9.5 × 10−5, which implied a ℓ of 0.09 μm and kaq

I of 1.2 × 105 s−1, still consistent with
the discrepancies between the field and laboratory studies resulting from a size‐limited uptake coefficient.
Moving the onset of N2O5 chemistry even later eventually leads to unrealistic values for γ(N2O5) and
ϕ (ClNO2).

Our 0‐D model does not include NO3 + VOC reactions, though these reactions would not significantly bias
the results herein. Biogenic emissions, which often constitute the largest loss of NO3, are greatly reduced in
winter due to total lack of isoprene emissions and the strong temperature dependence of monoterpene emis-
sions (Janson, 1993). Under WINTER conditions, McDuffie, Fibiger, Dubé, Lopez‐Hilfiker, et al. (2018) cal-
culated that the predicted equilibrium concentrations of NO3 were typically more than 100 times lower than
N2O5 and predicted only small fractional contributions of NO3 to the total loss of NO3 + N2O5. The box
model approach employed inMcDuffie, Fibiger, Dubé, Lopez‐Hilfiker, et al. (2018), similar to that presented
in our work, shows that despite the large number of uncertainties associated with direct NO3 loss, 10%
changes in total loss rates for NO3 had a small impact on the box model predicted values of γ(N2O5). We
expect the impact on the values of γ (ClNO2) to be even smaller than that on γ(N2O5), because while includ-
ing NO3+ VOC reactions may slow N2O5 and ClNO2 formation temporally, we only report instantaneous
values of γ (ClNO2), which are not dependent on the temporal evolution of N2O5 and ClNO2, but their abso-
lute concentrations, which we require the box model to reproduce at the time of intercept.

Another consideration is that Cl2 may be produced from HOCl or ClONO2 uptake, instead of from ClNO2

uptake alone as we currently assume. Using γ (HOCl) from Lawler et al., (2011) during the low accommoda-
tion case to produce Cl2, there is not enough HOCl present to explain the Cl2 concentrations in 6 of the 18
plumes observed. Thus, it is impossible to completely rule out the conversion of HOCl to Cl2 on surfaces, in
all plumes analyzed here, but if it was occurring, it would bias our box model‐derived γ (ClNO2) values high,
in which case, the true γ (ClNO2) would be even lower, thereby increasing the observed discrepancy between
the field and laboratory measurements. Measurements of ClONO2 were not available during WINTER, so
estimates of its contributions to observed Cl2 concentrations cannot be made. However, Breton et al.,
(2018) report 15 pptv of ClONO2 throughout the night in a polluted region of China. Under the conditions
observed during WINTER, the relevant uptake coefficients, 4.6 × 10−3 to 0.14 (Burkholder et al., 2015) of
ClONO2, would predict complete conversion of 15 pptv of ClONO2 into Cl2 within 15 min to 6 hr, and the
production of >40 pptv Cl2 if such concentrations of ClONO2 were sustained throughout the night, which
is significantly higher than WINTER observations. Such a rapid turnover of ClONO2 would imply a night-
time formation mechanism of ClONO2, of which we have no knowledge. Thus, we conclude that ClONO2

heterogeneous chemistry was not an important source of Cl2 during WINTER, and to the extent it was
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occurring, we would need to further slow ClNO2 conversion to Cl2, increasing the discrepancy between
laboratory and field.

Due to large flight‐by‐flight uncertainties in dilution rates, dilution was not included in the initial box model
analysis. Therefore, a sensitivity simulation was run where dilution was represented as an additional first‐
order loss process for all chemical species in the mechanism (Table 2). Following McDuffie, Fibiger,
Dubé, Lopez‐Hilfiker, et al. (2018), the dilution rate constant was set to a constant value of 3.1 × 10‐5 s−1

as calculated from NOy mixing ratio changes in a single air parcel measured at multiple times during
RF03. For all species except O3, concentrations in background air outside plumes was set to zero.
Background levels of O3 were calculated on a flight‐by‐flight basis as the intercept of the O3/NOy correlation
plot. Considering dilution increased γ (ClNO2) by only 5% in the median, requiring a maximum γ (ClNO2) of
6.8 × 10−5, which does not significantly change the results presented herein.

Uncertainty in the calculated aerosol growth factors can affect the available surface area for heterogeneous
chemistry. Instead of using a surface area concentration based on deliquesced particles, we reran the model
using the aerosol dry surface area. At most, γ (ClNO2) had to be increased by 30 to 60%. Even together with
the maximum uncertainty in the time for onset of N2O5 production and dilution used in the model, this was
not enough to significantly impact the results presented here. Therefore, we conclude that the uncertainties
in our model inputs are not enough to explain the discrepancy in the observationally constrained values and
laboratory measurements of γ (ClNO2) and that the strong correlations between model‐derived γ (ClNO2),
particle size, and pCl− suggest that this chemistry may be size and chloride limited in the atmosphere,
thereby serving to reduce the production efficiency of Cl2 compared to that inferred from laboratory studies
on macroscopic films.

4. 4. Conclusions

We have presented simultaneous observations of Cl2 and ClNO2 in 18 highly correlated plumes from the
WINTER campaign where in situ production of Cl2 is more likely than direct emission. Using a simple
zero‐dimensional box model to simulate the nocturnal chemical evolution of an air parcel, we derived values
for γ (ClNO2) required to explain observed Cl2 from ClNO2 uptake ranging from 6.5 × 10−6 to 6.7 × 10−5,
with a mean value of 2.3 × 10−5 (±1.8 × 105). These uptake coefficients are 2 orders of magnitude lower than
previous laboratory observations on acidic surfaces, despite independent indications that submicron particle
pH was less than 2 and pCl‐was nonzero, the conditions under which this reaction was seen to proceed with
60–100% efficiency (Roberts et al., 2008). Assuming ClNO2 uptake as efficient as observed in the laboratory,
but occurring with a very low yield of Cl2 (φ (Cl2) = 0.001), we were unable to match the observed [ClNO2]
and [Cl2] concentrations in 4 of the 18 plumes analyzed. We cannot rule out the simultaneous uptake of
HOCl or ClONO2 contributing to the observed Cl2 concentrations, though these would bias our derived
values for γ (ClNO2) high, the opposite direction needed for agreement with laboratory values.

We found a strong dependence of the observationally constrained values for γ (ClNO2) on both pCl− and
volume‐weighted wet Dp, indicating that the efficiency with which ClNO2 is converted to Cl2 is both depen-
dent on the availability of collocated pCl− and sufficient acidity to promote the reaction, and that γ (ClNO2)
is volume limited. We hypothesize the most plausible explanation for the discrepancy in our field‐derived γ
(ClNO2) and those measured in the laboratory stems from the different length scales in macroscopic films or
salt beds used in the laboratory compared to submicron particles. We estimate that the first‐order reaction
rate constant in the 18 plumes examined here is kaq

I of 3.7 × 104 s−1± 3.5 × 104 s−, which implies a

second‐order reaction rate constant ofkIIaq = 5.7 × 104 M−1 s−1 using the observationally constrained chloride

molarity.

Ultimately, our work suggests a need for direct laboratory studies of ClNO2 reactive uptake on acidic submi-
cron aerosol particles. It is possible that our inference of a size dependence is rather a result of some other
limitation not considered here, such as an equilibrium between particle chloride, nitrite, Cl2 and ClNO2.
A laboratory experiment using acidic submicron particles would directly test these hypotheses. At this time,
our observations suggest models use amuch lower γ (ClNO2) on the order of 2.3 × 10−5 (±1.8 × 105), to simu-
late Cl2 production on acidic aerosols from nocturnal reactive nitrogen chemistry.
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