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Abstract Nitryl chloride (ClNO2) plays an important role in the budget and distribution of tropospheric
oxidants, halogens, and reactive nitrogen species. ClNO2 is formed from the heterogeneous uptake and
reaction of dinitrogen pentoxide (N2O5) on chloride-containing aerosol, with a production yield, ϕ(ClNO2),
defined as the moles of ClNO2 produced relative to N2O5 lost. The ϕ(ClNO2) has been increasingly
incorporated into 3-D chemical models where it is parameterized based on laboratory-derived kinetics and
currently accepted aqueous-phase formation mechanism. This parameterization models ϕ(ClNO2) as a
function of the aerosol chloride to water molar ratio. Box model simulations of night flights during the 2015
Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) aircraft campaign derived 3,425
individual ϕ(ClNO2) values with a median of 0.138 and range of 0.003 to 1. Comparison of the box model
median to those predicted by two other field-based ϕ(ClNO2) derivation methods agreed within a factor of
1.3, within the uncertainties of each method. In contrast, the box model median was 75–84% lower than
predictions from the laboratory-based parameterization (i.e., [parameterization � box model]/
parameterization). An evaluation of factors influencing this difference reveals a positive dependence of
ϕ(ClNO2) on aerosol water, opposite to the currently parameterized trend. Additional factors may include
aqueous-phase competition reactions for the nitronium ion intermediate and/or direct ClNO2 loss
mechanisms. Further laboratory studies of ClNO2 formation and the impacts of aerosol water, sulfate,
organics, and ClNO2 aqueous-phase reactions are required to elucidate and quantify these processes on
ambient aerosol, critical for the development of a robust ϕ(ClNO2) parameterization.

1. Introduction

Atmospheric reactions of nitryl chloride (ClNO2) contribute to tropospheric halogen activation and impact
the distribution of oxidants and reactive nitrogen species in polluted regions (Simpson et al., 2015, and refer-
ences therein). ClNO2 can be formed in up to a 1:1 stoichiometric ratio with soluble nitrate (particulate nitrate,
pNO3

�, or nitric acid, HNO3) from the heterogeneous uptake (defined as γ) and subsequent reaction of dini-
trogen pentoxide (N2O5) ((R1)–(R5)). ClNO2 will photolyze at sunrise (R6) but can build up at night in the
residual layer (RL) where the ozone (O3) oxidation of NOx (NO + NO2) emissions forms persistent levels of
N2O5 (e.g., Brown et al., 2007; Riedel et al., 2013). The production of ClNO2 from NOx and O3 is therefore
expected to be most efficient under wintertime conditions where longer nights and cold temperatures sta-
bilize and favor the formation of N2O5 in its equilibriumwith the nitrate radical (NO3) (R3) andminimize direct
loss reactions of NO3 with biogenic volatile organic compounds (VOCs).
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NOþ O3→NO2 þ O2 (R1)

NO2 þ O3→NO3 þ O2 (R2)

NO3 þ NO2↔N2O5 (R3)

N2O5 gð Þ→γ N2O5ð Þ
2� 1� φ ClNO2ð Þð Þ�HNO3 (R4)

N2O5 gð Þ→γ N2O5ð Þ;Cl� pð Þ
φ ClNO2ð Þ� ClNO2 þ HNO3ð Þ (R5)

ClNO2 þ hυ→Cl•þ NO2 (R6)

Ambient ClNO2 was first observed off the coast of Texas in 2006 (Osthoff et al., 2008). It has since been
measured from ship-, ground-, and aircraft-based platforms in both continental and coastal/marine envir-
onments throughout North America (Edwards et al., 2013; Faxon et al., 2015; Kercher et al., 2009; Kim et al.,
2014; Mielke et al., 2011, 2016; Osthoff et al., 2008; Riedel et al., 2012, 2013; Thornton et al., 2010; Wild
et al., 2016; Young et al., 2012), Europe and the United Kingdom (Bannan et al., 2015, 2017; Phillips
et al., 2012, 2016; Reyes-Villegas et al., 2018), and Asia (Liu et al., 2017; Tham et al., 2018, 2016, 2014;
X. Wang, Wang, Xue, et al., 2017; T. Wang et al., 2016; Z. Wang, Wang, Tham, et al., 2017; H. Wang
et al., 2018; X. Wang et al., 2014; Yun et al., 2018). Reported mixing ratios range from a few parts per
trillion (pptv) to a maximum of 4,700 pptv (1-min average), measured in December 2013 in Southern China
(T. Wang et al., 2016). While the absolute production of ClNO2 will depend on the rate of N2O5 formation
(R1)–(R3), the uptake efficiency of N2O5 (γ(N2O5)) (R4), and the presence of aerosol phase chloride (expected
to vary with geographical differences in chlorine emission sources) (R5), the yield of ClNO2 relative to reacted
N2O5 (ϕ(ClNO2)), is defined as a value between 0 and 1 and is thought to depend only on aerosol-phase
chloride and water. A parameterization for ϕ(ClNO2) based on these expected dependences has been
derived in previous laboratory-based studies (Behnke et al., 1997; Bertram & Thornton, 2009; Roberts et al.,
2009; Ryder et al., 2015), the details of which are discussed further below. This parameterized ClNO2

production yield has been increasingly incorporated into 3-D chemical transport models in order to simulate
ClNO2 formation and evaluate its tropospheric implications (e.g., Sarwar et al., 2014; Sherwen et al., 2017).
Photodissociation of ClNO2 upon sunrise will release NO2 and atomic chlorine that can lead to O3

formation during the morning hours, while HNO3, in contrast, primarily acts as a net NOx sink in the lower
atmosphere. Following this trend, a previous study with the Community Multiscale Air Quality (CMAQ)
Model found up to 10% increases in 8-hr-averaged tropospheric O3 in January over the United States
when including a nonzero value for ϕ(ClNO2) in the model chemical mechanism (Sarwar et al., 2014).
The branching between HNO3 and ClNO2 (i.e., ϕ(ClNO2)) is therefore important to parameterize accurately
and evaluate against field-derived results, as it has direct implications for the predicted distributions of
tropospheric oxidants and NOx.

Relatively few studies, and none from aircraft, have reported field-derived ClNO2 yields (ϕ(ClNO2)), which

require simultaneous observations of ClNO2 and additional measurements such as N2O5 and/or total (parti-

cle + gas-phase) nitrate. Existing ground-based determinations of ϕ(ClNO2) have shown no strong seasonal
or geographical dependences, and have values that vary within the entire possible range of 0 to 1 (Mielke
et al., 2016; Osthoff et al., 2008; Phillips et al., 2016; Riedel et al., 2013; Tham et al., 2016, 2018; Thornton
et al., 2010; Wagner et al., 2013, 2012; X. Wang, Wang, Xue, et al., 2017; H. Wang et al., 2018; Young et al.,
2013; Yun et al., 2018). In addition, these field-derived ClNO2 yields are lower than those predicted by the
laboratory-derived parameterization, which are based on aerosol chloride and water concentrations alone.
This disagreement is found in every study that has made the comparison (Riedel et al., 2013; Ryder et al.,
2015; Tham et al., 2018; Thornton et al., 2010; Wagner et al., 2013; Z. Wang, Wang, Tham, et al., 2017;

X. Wang, Wang, Xue, et al., 2017), which suggests that the current mechanistic understanding of ClNO2

production may be complicated by the presence of additional aerosol-phase components or an undefined

loss process that consumes ClNO2 (e.g., Roberts et al., 2008). As ClNO2 formation continues to be incorporated
into 3-D models (e.g., Sherwen et al., 2017), further investigation into the source(s) of these field-model

discrepancies is required to better understand and improve the predictive capabilities of ClNO2 formation
in the wintertime RL.
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Here we present the first aircraft determinations of ϕ(ClNO2), derived from a box model analysis of data
from the Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) campaign, conducted
over the eastern United States during 3 February to 13 March 2015. Box model ϕ(ClNO2) results are com-
pared to other observation-based derivation methods, including the ratio of ClNO2 to total soluble nitrate,
and the laboratory-based parameterization, in order to evaluate similarities and differences between meth-
ods used in previous studies. The large WINTER data set, regional coverage of WINTER flights, and multiple
measurements of gas-phase species and aerosol composition additionally allow for discussion and evalua-
tion of factors not captured by the current laboratory-based ϕ(ClNO2) parameterization. These results can
help direct future laboratory studies aimed at developing a robust ϕ(ClNO2) parameterization for ambient
aerosol, and in combination with our earlier work on γ(N2O5) parameterizations (McDuffie et al., 2018),
can help improve model predictions of ClNO2 formation from N2O5 heterogeneous uptake and its impact
on tropospheric chemistry.

2. Methods
2.1. Measurement Campaign and Box Model

Chemical measurements, including ClNO2, were collected aboard the National Center for Atmospheric
Research/National Science Foundation (NCAR/NSF) C-130 aircraft as part of the WINTER campaign during
February–March 2015 (Fibiger et al., 2018; Guo et al., 2016; Kenagy et al., 2018; Lee et al., 2018; McDuffie
et al., 2018; Schroder et al., 2018). A series of 13 research flights (RFs) sampled both continental and marine
environments as shown in Figure 1a, with 9 flights that included some nighttime hours. A box model, pre-
viously described by McDuffie et al. (2018), was used to simultaneously derive the production rate constant
of ClNO2 (kClNO2 [s

�1] = k5) and the total heterogeneous loss rate constant of N2O5 (kN2O5 [s
�1] = k4 + k5) to

calculate ϕ(ClNO2) following the k5
k4þk5

term in equation (1). Assuming that ClNO2 is exclusively formed from

reaction on aerosol particles and that it has no nighttime losses, this definition is equivalent to the rightmost
term of (1) where ϕ(ClNO2) is defined as the moles of ClNO2 formed relative to the integrated moles of N2O5

lost to aerosol uptake.

φ ClNO2ð Þ ¼ kClNO2

kN2O5

¼ k5
k4 þ k5

¼ ClNO2½ �
∫tSunset k4 þ k5ð Þ N2O5½ � dt (1)

Extensive model details are presented in McDuffie et al. (2018) and are only briefly described here and in sec-
tions S1 and S2 of the supporting information. The 14-reaction chemical mechanism was initialized at 1.3 hrs
prior to sunset (as determined in McDuffie et al., 2018) and integrated forward in time to simulate the noc-
turnal evolution of an air parcel from the onset of nocturnal chemistry (near sunset), until the time of aircraft
measurement. All simulations assumed constant temperature and relative humidity (RH). Initial concentra-
tions of O3 and NO2 were first derived by iteratively fitting the model output to reproduce 10-s-averaged
observations of O3 and NO2. Holding these initial concentrations constant, kN2O5 and kClNO2 were then
adjusted to simultaneously reproduce 10-s-averaged observations of N2O5 and ClNO2. Finally, values of
ϕ(ClNO2) (values of γ(N2O5) discussed in McDuffie et al., 2018) were calculated from the derived kN2O5 and
kClNO2 products using the middle term of (1). This entire process was repeated for all points in each RF during
times when the aircraft was within the RL (defined by flight based on aircraft vertical profiles of potential tem-
perature) and the solar zenith angle (SZA) was>90°. The data were averaged over 10 s to reduce variability in
the data products, while maintaining the spatial resolution of ~ 1 km. Minor model updates from McDuffie
et al. (2018) are detailed in section S1 and minimally (<3%) impact both γ(N2O5) and ϕ(ClNO2) results.

Chemical measurements are briefly described here with a complete list of chemical measurements presented
in Table 1 of McDuffie et al. (2018). DuringWINTER, multiple instruments reported 1-Hzmeasurements of NO2

and O3, including the National Oceanic and Atmospheric Administration (NOAA) cavity ring down
spectrometer (CRD) (Fuchs et al., 2009; Washenfelder et al., 2011), University of California Berkeley
Thermal Dissociation Laser Induced Fluorescence (TD-LIF) instrument (Day et al., 2002), and the NCAR
Chemiluminescence (CL) detector (Weinheimer et al., 1994). Measurement accuracies for all instruments were
better than 10% for NO2 and 5% for O3. N2O5 was measured at 1 Hz by both the NOAA CRD (Dubé et al., 2006;
Wagner et al., 2011) and the University of Washington (UW) Iodide Time-of-Flight Chemical Ionization Mass
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Spectrometer (I-ToF-CIMS; Lee et al., 2014). Both N2O5 measurements agreed to within their combined mea-
surement uncertainty of 32% on all but one flight (discussed further below). Specific instruments used for
WINTER simulations varied by flight, as given in the supporting information of McDuffie et al. (2018). ClNO2

was exclusively measured with the UW I-ToF-CIMS with an accuracy better than 30% and a lower limit of
detection (LOD) of 0.6 pptv. Aerosol components for particles <1 μm in diameter were measured by the
University of Colorado Boulder High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS,
hereafter referred to as AMS) (DeCarlo et al., 2006; Schroder et al., 2018) and the Georgia Institute of
Technology Particle Into Liquid Sampler-coupled to Ion Chromatography (PILS-IC, hereafter referred to as
PILS) (Guo et al., 2016). Detection limits (at 1 Hz) for the AMS were flight and compound dependent, typically
between 0.012 and 0.474 μg/sm3 (sm3 refers to m3 under standard conditions [1 atm and 273.15 K]), and
always<1.2 μg/sm3 with measurement accuracies (2σ) of 35% for sulfate, nitrate, and chloride. The PILS mea-
surements of these same compounds had accuracies of 20% with compound specific detection limits of 0.06,
0.12, 0.05 μg/sm3 for sulfate, chloride, and nitrate, respectively. In addition, PILS data, collected for ~90 s every
5 min, were interpolated to match the 10-s interval of the box model results. As discussed further in section 4,
particulate chloride wasmeasured by both the AMS and PILS, both of which are used in the analyses below. In
contrast to the PILS, the AMS does not efficiently sample refractory species such as NaCl (Hayes et al., 2013),
and the reported chloride values from the AMS are therefore expected to be lower than the PILS. Both mea-
surements, however, reported particulate chloride concentrations during WINTER that were lower than the
instrument detection limits (PILS: 0.12 μg/sm3, AMS: typically ≤0.03 μg/sm3 for 10-s-averaged data and up
to 0.05 μg/sm3 for data points with box model results). For completeness, data reported both above and
below the detection limits of each instrument are presented in the analyses below.

Aerosol water concentrations were derived as described previously in the supporting information of
McDuffie et al. (2018), with an accuracy of ~ 25%. Briefly, inorganic-associated aerosol water (<1-μm dia-
meter) was calculated using the ISORROPIA thermodynamic model (Fountoukis & Nenes, 2007) as

Figure 1. WINTER ϕ(ClNO2) box model results. (a) WINTER flight tracks colored by night (SZA > 90°) and daytime
(SZA < 90°) flights. (b) WINTER flight tracks colored by 3,425 box-model-derived values of ϕ(ClNO2). (c) Histogram of
WINTER ϕ(ClNO2) results. Both are defined in the text.
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described in Guo et al. (2016), while the organic-associated water was estimated using a constant hygrosco-
picity factor of 0.1 and organic mass measured by the AMS. Data were filtered to only include points with
ambient RH < 95% due to an increased uncertainty in the hygroscopic growth factor at high RH. Data were
not filtered for low ambient RH, though points with <40% RH may have an increased uncertainty greater
than 25% (Guo et al., 2016). The box model calculation of ϕ(ClNO2) is independent of particulate phase chlor-
ide and water and is, therefore, not subject to increased uncertainty associated with these low values. In con-
trast, the ϕ(ClNO2) parameterization (section 4) is sensitive to uncertainties in both particulate chloride
measurements and aerosol water calculations, which are addressed in section 4.2.

2.2. Box Model Limitations, Uncertainties, and Sensitivity Studies

Box model results for ϕ(ClNO2) are dependent on kN2O5 and therefore subject to many of the same model
limitations discussed previously in McDuffie et al. (2018). These include the assumption of constant RH and
temperature during the course of an air parcel trajectory, and uncertainties in NO3 reactivity (kNO3 ) (e.g.,
VOC measurements, direct NO3 loss, and reaction with radicals, discussed in section S2.2.5). These uncer-
tainties can increase variability in kN2O5 and therefore in kClNO2. Additional uncertainties specific to kClNO2 and
ϕ(ClNO2) are discussed below and in detail in supporting information sections S2.1 and S2.2.

First, large measured mixing ratios of ClNO2 relative to N2O5 can result in model non-convergence, similar
to the γ(N2O5) measurement sensitivities discussed in McDuffie et al. (2018). Non-convergence occurs
when values of kClNO2 equal to kN2O5 (i.e., ϕ(ClNO2) = 1, its upper limit) are not sufficient to reproduce
the observed ClNO2 mixing ratios. A total of 12.6% of WINTER points did not converge, and were removed
from this analysis. The majority of these points (389 of 486 total points) occurred during RF03 in a plume
of urban outflow off the coast of New York City. Model non-convergence for this and simulations of other
flights could arise from multiple sources of box model uncertainties including air age (estimated from
observed NOx/NOy ratio, as described in McDuffie et al. (2018)), simulation start time, air parcel
dilution/mixing, and disagreement between the CRD and I-ToF-CIMS measurements of N2O5, used as a
model fit parameter. Additional sensitivity tests for RF03 were performed to assess the possible sources
of this model non-convergence (described in section S2.1 and Figure S1). Based on 19 sensitivity tests
(section S2.1), the cause of non-convergence could not be identified. Non-convergent points, however,
are not further considered in this analysis as setting each corresponding ϕ(ClNO2) to a value of 1 only
increases the WINTER median by 22.8%, to a value of 0.169.

Second, model simulations were conducted assuming no interaction with the surface through dry deposition
and/or surface emission. While this is a reasonable assumption for isolated air in the continental RL, a well-
mixed marine boundary layer is expected at depths of at least 500 m during wintertime off the U.S. East
Coast (Seidel et al., 2012). If air sampled during WINTER was in contact with the ocean surface, deposition
should be included in the model. Due to uncertainties in depositional fluxes, deposition was not included
in base case simulations and was instead tested through two sensitivity studies. For these tests, the deposi-
tional flux for N2O5 was estimated using the exchange velocity derived from an observational analysis by Kim
et al. (2014) (further details in section S2.2.1). Including N2O5 deposition increased the median ϕ(ClNO2) over
the ocean by 28%, from a value of 0.145 to 0.186 (ocean data only, see section S2.2.1 and Figure S2). The
second test included estimates for both N2O5 and ClNO2 deposition. While N2O5 uptake to chloride-rich sea-
water is expected to result in a positive ClNO2 flux from the ocean surface (provided ClNO2 re-volatilizes to
the gas phase), Kim et al. (2014) observed a slight negative ClNO2 flux from eddy covariance measurements
at night at a coastal location in Southern California. Including a ClNO2 dry deposition velocity approximately
one third the magnitude of that for N2O5 (based on Kim et al., 2014) further increased the median box
model ϕ(ClNO2) value over the ocean by an additional 35%, to a value of 0.251 (section S2.2.1). Both values,
however, remained lower than those predicted by the laboratory-based parameterization (Figure S3), indi-
cating that the model assumptions related to ocean exchange do not change the main conclusions
presented below.

Finally, to test the overall model sensitivity to uncertainties in model fit parameters and assumptions, a series
of 18 sensitivity studies were conducted for each flight, with the results presented in section S2.2 (Figures S2–
S11) and summarized in Table S1. Of the parameters tested, ϕ(ClNO2) was most sensitive to uncertainties in
ClNO2 and N2O5 deposition, which increased the medianϕ(ClNO2) value over the ocean by 73%, to a value of
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0.251 (discussed above). The second largest sensitivity was to assumptions in air age, with a 43.7% increase
and 25.3% decrease in the median ϕ(ClNO2) under assumptions of younger and older air, respectively
(Table S1 and Figure S4). Uncertainties in chemical measurements used as model fit parameters resulted in
a range of �29.8% to +34.5% for changes in median ϕ(ClNO2) (absolute values of 0.092 to 0.164;
Figures S5–S8). Data over the ocean were additionally tested for sensitivities to air parcel dilution with simul-
taneous entrainment of background O3, which increased the median of this subset of points by 21.3%, from a
value of 0.188 to 0.228 (Figure S2). Dilution/mixing was modeled in this test as a first order loss process for all
species with a dilution rate constant of 3.1 × 10�5 s�1, estimated from multiple encounters of the same air
parcel on RF03. An additional modeling analysis of WINTER data by Kenagy et al. (2018) derived a similar life-
time for loss associated with both mixing (1/τmix = 1.9 × 10�5 s�1) and deposition (1/τHNO3 = 1.4 × 10�5 s�1).
The median ϕ(ClNO2) had less than 7% sensitivities in all remaining tests, including uncertainties in the time
elapsed before sunset (Figure S9), NO3 reactivity (Figure S10), and photolysis rates (section S2.2.6 and
Figure S11; Madronich et al., 1998; Shetter & Muller, 1999). Despite the relatively large sensitivities observed
in some tests, medianϕ(ClNO2) values always remained less than 0.251, within 0.113 of the base case median
and lower than the median predicted by the laboratory-based parameterization, discussed in section 4.

3. Results
3.1. Box Model Analysis

Box model simulations resulted in 3,425 individual determinations of ϕ(ClNO2), encompassing nearly the
entire possible range, with values from 0.003 to 1. The number of ϕ(ClNO2) determinations reported here
(N = 3,425) is larger than the number of γ(N2O5) determinations reported by McDuffie et al. (2018;
N = 2,876) due to the dependence of γ(N2O5) on aerosol surface areameasurements, which were not required
for ϕ(ClNO2) and not always available during WINTER flights. WINTER flight tracks are colored by ϕ(ClNO2)
determinations in Figure 1b, with the campaign distribution shown in Figure 1c. The ϕ(ClNO2) distribution
had a median and mode of 0.138 (1σ: +0.051/�0.045, described below) and 0.030, respectively. Data in
Figure 1b show several areas of larger ϕ(ClNO2) associated with specific flights and generally higher values
downwind of New York City, the largest regional NOx source. The ϕ(ClNO2) values otherwise do not show
a strong geographical distribution. Data sampled over both ocean (N = 1,896) and land (N = 1,529)
encompassed the same range in ϕ(ClNO2) (Figure S13), but with medians of 0.203 and 0.075, respectively.
While larger yields may be expected in chloride-rich oceanic air, the two populations may be similar as many
WINTER flights over the ocean sampled continental urban outflow. Box model uncertainties (1σ) (time series
in Figure S12) were calculated for each individual ϕ(ClNO2) value from the quadrature addition of measure-
ment uncertainties (O3, NO2, N2O5, and ClNO2) andmodel sensitivities to air age, simulation start time, photo-
lysis rates, dilution, and 50% changes in total kNO3 (section S2). Sensitivity to deposition was not included in
the total error calculation due to deposition rate uncertainties, but is discussed further in section 4.3.3.

WINTER values are compared in Figure 2 (and Table S2) to all previously reported field determinations of
ϕ(ClNO2). Figure 2 shows that ϕ(ClNO2) values are variable and do not show a consistent dependence on
geographical location, although the current database may be too sparse to illustrate such differences on con-
tinental or regional scales. The WINTER distribution and median appear similar to those reported from both
continental and coastal locations across North America (Mielke et al., 2011, 2013, 2016; Osthoff et al., 2008;
Riedel et al., 2013; Thornton et al., 2010; Wagner et al., 2012, 2013; Table S2). The reported average values
in Europe (Phillips et al., 2016) and polluted regions in China (Tham et al., 2016, 2018; X. Wang, Wang, Xue,
et al., 2017; Z. Wang, Wang, Tham, et al., 2017; H. Wang et al., 2018; Yun et al., 2018), however, are larger than
the median (Figure 2) and mean (Table S2) during WINTER.

Additional, real geographical differences in ϕ(ClNO2) may be obscured by varying ϕ(ClNO2) derivation meth-
ods used in past literature. For example, themethod employed byMielke et al. (2016), Mielke et al. (2013), and
Osthoff et al. (2008) (applied to WINTER data as Method 1 in section 3.2) defines ϕ(ClNO2) as the amount of
ClNO2 produced relative to the integrated amount of NO3 radical formed, not N2O5 lost, which may be con-
sidered a lower limit to ϕ(ClNO2). Methods relating the amount of observed ClNO2 to total nitrate, as
employed by Riedel et al. (2013), Wagner et al. (2012), Phillips et al. (2016), and Tham et al. (2018) (Method
#2 in section 3.2) have additional uncertainties described in the following section. Studies by Tham et al.
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(2014), X. Wang, Wang, Xue, et al. (2017), and Z. Wang, Wang, Tham, et al. (2017) defined ϕ(ClNO2) following
the right hand side of (1), equivalent to the box model calculation for WINTER, but calculated kN2O5 from the
steady state approximation, which may lead to an over-prediction of kN2O5 (underprediction of ϕ(ClNO2)) in
cold and/or high-NOx environments (Brown et al., 2003). The studies most directly comparable to WINTER are
Yun et al. (2018) and Wagner et al. (2013), who deployed similar versions of the WINTER box model. In
contrast to the WINTER model, Wagner et al. (2013) used the right side of (1) to derive ϕ(ClNO2) rather
than iteratively fitting the model to ClNO2 observations. Further comparisons of these methods applied
to WINTER data are presented next.

3.2. Comparison to Multiple Definitions of ϕ(ClNO2)

In this section, four methods are applied to WINTER data in an attempt to provide a direct comparison and
evaluation of methods commonly used in past literature. Due to the difference in aircraft and ground-based
observational data, ϕ(ClNO2) derivations using steady state-derived kN2O5 in (1) (used by Tham et al., 2016; X.
Wang, Wang, Xue, et al., 2017; Z. Wang, Wang, Tham, et al., 2017) and the ratio of ClNO2 to pNO3

� production
rates (used by Wang et al., 2018) could not be compared to box model results. Each additional method tested
here is described below and assumes that heterogeneous production is the only source of ClNO2, and that
ClNO2 is stable overnight.

In Method 1, ϕ(ClNO2) is defined in (2) as the amount of observed ClNO2 per amount of NO3 radical pro-
duced. PNO3 is defined in (3) as the instantaneous rate of nitrate radical production from the oxidation of
NO2 with O3 (R2). The term dtSunset is the amount of time elapsed between the onset of nocturnal chemistry
(approximately sunset) and the time of aircraft measurement. Previously used by Osthoff et al. (2008), Mielke
et al. (2013), and Mielke et al. (2016), this definition of ϕ(ClNO2) may be a lower limit to ϕ(ClNO2) as NO3 pro-
duction does not always lead to N2O5 and subsequent HNO3/ClNO2 formation. Instantaneous PNO3 , however,
also decreases overnight as NO2 and O3 are consumed, which could alternatively lead to an overprediction of
ϕ(ClNO2) that would increase with simulation duration.

φ ClNO2ð Þ ¼ ClNO2½ �
PNO3�dtSunset

(2)

PNO3 ¼ k2 O3½ � NO2½ � (3)

Method 2 defines ϕ(ClNO2) in (4), calculated from the slope of the linear regression between observed
ClNO2 and total soluble nitrate (HNO3 + particulate nitrate). This method has been used by Riedel et al.
(2013), Wagner et al. (2012), Phillips et al. (2016), and Tham et al. (2018). Here ClNO2 yields were

Figure 2. Map of all reported field determinations of ϕ(ClNO2). The geographic location of each field study is represented by a diamond, colored by the reported (or
calculated) average or median value of ϕ(ClNO2), at each location. All 3,425 determinations from WINTER are shown and colored by the box-model calculated
ϕ(ClNO2) values. Additional graph inserts show the maximum range and median or average value reported by each study at each location.
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calculated every 10 s from linear fits of 1-Hz ClNO2 observations against
the sum of gas-phase HNO3 and submicron particulate NO3

� (i.e., total
soluble nitrate), as measured with the I-ToF-CIMS and AMS, respectively.
In these fits, intercepts were not forced to zero. Example individual corre-
lations derived from five different flights are highlighted in Figure S14.
The total number of derived fits was additionally filtered to only include
individual fits with at least eight data points and statistically significant
(p < 0.05) correlation coefficients. This correlation filter is expected to
bias the campaign median ϕ(ClNO2) value high due to low correlations
associated with many of the low ClNO2 yields. Filtering all four methods
for the same points, however (described below), can provide a direct
methods comparison for this subset of points. Method 2 also excludes
particulate NO3

� from super micron aerosol (1–4 μm) due to the low
measurement frequency (~7 min between samples), which could bias
the ϕ(ClNO2) values high if these large particles serve as a reservoir for
nitrate formed overnight. This method also assumes no pNO3

� contribu-
tion from reaction of NO3 with hydrocarbons, though these reactions are
expected to be small due to low total NO3 reactivity during winter. To
test the sensitivity of Method 2 to time-dependent processes (e.g.,
deposition), yields were additionally calculated from ClNO2 and total
nitrate correlations over increased time intervals of 30 and 100 s. At these
lower time resolutions, however, the median ϕ(ClNO2) changed by less
than 0.06 for all three calculated intervals (10, 30, and 100 s) and number
of simultaneous determinations from Methods 1–3 was reduced from 320
(described below) to fewer than 200. In comparison, the box model
(Method 3) is largely independent of observed total NO3

� and is not
highly sensitive to assumptions of NO3

� loss or previous day production.

φ ClNO2ð Þ ¼ 2m
mþ 1

; m ¼ ΔClNO2

Δ HNO3 gð Þ þ NO�
3 pð Þ� � (4)

Method 3 is the previously described box model, while the fourth calculates ϕ(ClNO2) using the
laboratory-based parameterization provided in (5), using aerosol water and chloride concentrations. This
particular calculation uses rate coefficient ratios from Bertram and Thornton (2009), with additional rate
constant ratios discussed in the following section. Here parameterized ϕ(ClNO2) values are calculated
separately using measurements of particle-phase chloride from both the AMS (nonrefractory submicron
chloride only) and PILS (total submicron soluble chloride) instruments, as discussed further below.

φ ClNO2ð Þ ¼ Δ ClNO2½ �
�Δ N2O5½ � ¼

1

1þ k11 H2O½ �
k12 Cl�½ �

� � (5)

The WINTER ϕ(ClNO2) values from Methods 1–4 are compared in Figure 3. Figure 3 is not representative of
the entire WINTER campaign distribution. Data have been filtered to only include points with simultaneous
ϕ(ClNO2) determinations from all four methods, which reduced the total number from 3,425 to 320, mostly
as a result of Method 2 (ratio method). Method 2 produced the lowest number of ϕ(ClNO2) determinations
due to the r2 filter that required a statistically significant correlation between total nitrate and ClNO2 over
each 10-s interval (described above). The left panel of Figure 3 shows the 10th, 25th, 50th, 75th, and 90th per-
centiles, while the right shows the medians and error bars that represent the absolute 1σ uncertainty in the
median of each method (detailed in section S3.1). Briefly, the total errors associated with Methods 1 and 2 are
calculated from the quadrature addition of measurement uncertainties (i.e., ClNO2, O3, NO2, HNO3, and
pNO3

�) and the absolute box model (Method 3) error is calculated as described in the previous section.
Error in the parameterization (Method 4) is calculated from uncertainties in AMS and PILS chloride measure-
ments and the aerosol water calculation.

Results in Figure 3 show that for the 320 points compared, Method 1 predicts the lowest average and percen-
tile values (except for the 50th) for ϕ(ClNO2). The median (0.19 ± (1σ) 0.06), however, is within the

Figure 3. (left) Box and whisker plots comparing four derivation methods for
ϕ(ClNO2) during WINTER, illustrating the agreement in ϕ(ClNO2) variability
predicted by each method. Details of each method are described in the text
and shown in the legend above. Method 4 calculates ϕ(ClNO2) from the
laboratory-based parameterization using both (4a) AMS and (4b) PILS parti-
cle chloride measurements. Bars represent the 10th, 50th, and 90th percen-
tiles. Boxes show the 25th to 75th percentiles, and stars represent the
averages. (right) Median values for each method are shown by red diamonds
with red bars representing the uncertainty in the median for each method.
Data in both panels are filtered to include points (N = 320) where ϕ(ClNO2)
values were simultaneously derived for all methods.
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uncertainties of the medians calculated using both Methods 2 (0.24 ± 0.10) and 3 (0.19 ± 0.06) (right panel).
Method 2 derived larger ϕ(ClNO2) values than Methods 1 and 3, but a median (0.24 ± 0.10), again, within the
uncertainties of those calculated here for those methods (0.19 ± 0.06 for both) (Figure 3, right). A previous
methods comparison of data from winter 2011 in Colorado also showed similarity between Methods 2 and
3, with an average ϕ(ClNO2) value of 0.05 ± 0.15 using Method 2 (Riedel et al., 2013) and a mode of ~0.06
derived from a box model similar to the one used here (Wagner et al., 2013). An additional comparison of
Method 2 and the right-hand side of (1) (calculated from the steady state approach and observed ClNO2 pro-
duction rates) by Z. Wang, Wang, Tham, et al. (2017) found absolute agreement within 0.03 for the campaign
average ϕ(ClNO2) value at a ground site in northern China during summer 2017.

Values derived here from the parameterization in (5), using both AMS (a) and PILS (b) particle chloride mea-
surements, were generally larger than those predicted by all other methods, with medians of 0.52 and 0.82,
respectively. Larger ϕ(ClNO2) values calculated from PILS chloride data are consistent with the PILS sampling
refractory chloride species. Regardless of particle chloride differences, both predicted median values that
were factors of 2 to 4.3 larger than other methods, and outside the range of uncertainties associated with
Methods 1 and 3 (Figure 3, right). All previous field studies to have made this comparison between data-
based methods and the laboratory-based parameterization have shown an overprediction in ϕ(ClNO2) by
the parameterization (Riedel et al., 2013; Tham et al., 2018; Thornton et al., 2010; Wagner et al., 2013; X.
Wang, Wang, Xue, et al., 2017; Z. Wang, Wang, Tham, et al., 2017). ClNO2 yields derived from ambient sea-
water samples by Ryder et al. (2015) have also resulted in values lower than the parameterized equivalents.
Possible factors associated with this observed difference between field-derived and parameterized ϕ(ClNO2)
values during WINTER are discussed in the remaining section.

4. Discussion—Evaluation of the Current ϕ(ClNO2) Parameterization
4.1. Parameterization Background

Behnke et al. (1997) first proposed the chemical mechanism for the bulk-phase reaction of aqueous N2O5 and
subsequent formation and evaporation of ClNO2, shown in (R7)–(R13). Based on this currently accepted
mechanism, an expression for ϕ(ClNO2) has been previously derived from the ratio of ClNO2 production rela-
tive to N2O5 loss, assuming the hydrated nitronium ion intermediate (H2ONO2

+) is in steady state (e.g.,
Bertram & Thornton, 2009). This expression, given in (5), simplifies to describe the ClNO2 yield as a competi-
tion reaction between Cl� and H2O for the H2ONO2

+ intermediate (derivation reproduced in section S4).
While this ϕ(ClNO2) expression has been consistent across multiple laboratory studies, kinetic laboratory
experiments have reported a range of values for the k12/k11 rate constant ratio. Based on observed ClNO2 for-
mation from N2O5 uptake onto aqueous NaCl particles in wetted flow tube experiments, Behnke et al. (1997)
derived a value of 836 ± 32 for the term k12/k11. More recent laboratory studies on chloride-containing aero-
sol have derived values in the range of 450 to 505 (Bertram & Thornton, 2009; Roberts et al., 2009; Ryder et al.,
2015). These variations of theϕ(ClNO2) parameterization are compared in Figure 4, which is described further
in the following section.

N2O5 gasð Þ→k7 N2O5 aqð Þ (R7)

N2O5 aqð Þ→k8 N2O5 gasð Þ (R8)

N2O5 aqð Þ þ H2O lð Þ→k9 H2ONO2
þ aqð Þ þ NO3

� aqð Þ (R9)

H2ONO2
þ aqð Þ þ NO3

� aqð Þ→k10N2O5 aqð Þ þ H2O lð Þ (R10)

H2ONO2
þ aqð Þ þ H2O lð Þ→k11 H3O

þ aqð Þ þ HNO3 aqð Þ (R11)

H2ONO2
þ aqð Þ þ Cl� aqð Þ →k12 ClNO2 aqð Þ þ H2O lð Þ (R12)

ClNO2 aqð Þ →k13 ClNO2 gasð Þ (R13)
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4.2. Box Model and Chemical ϕ(ClNO2) Parameterization Comparison

Parameterized predictions of the WINTER ϕ(ClNO2) values are shown with the base case box model results in
Figures 4a–4d. In Figures 4a and 4b, the parameterized ϕ(ClNO2) values (gray/black lines) and the box model
results (blue circles) are plotted as a function of the aerosol Cl�:H2Omolar ratio, calculated with aerosol water
estimates and particulate chloride measurements from both AMS (a) and PILS (b) instruments. Aerosol water
and chloride concentrations from 1–4 μm particles were not included in Figure 4 due the small fractional
contribution of this size range to aerosol surface area (0–2%) (required for N2O5 uptake), relative to the total
surface area contribution from smaller particles (<1 μm). The presence of chloride in these larger particles
more likely contributes to the formation of gas-phase HCl through acid displacement, which can serve as a
pool of chloride that equilibrates with submicron particles (Osthoff et al., 2008). Dark blue circles in
Figures 4a and 4b indicate points where reported aerosol chloride concentrations were above the instrument
detection limits. Figures 4c and 4d further show the correlations between the box model results (x axis) and
parameterized ϕ(ClNO2) values (y axis) using the Bertram and Thornton (2009) k12/k11 ratio and AMS (c) and
PILS (d) particulate chloride. Similarly to Figures 4a and 4b, dark gray circles in Figures 4c and 4d indicate
where particulate chloride concentrations were measured above instrument detection limits, with the
median ϕ(ClNO2) values for these subsets shown by the red squares.

Results in Figure 4 demonstrate a ϕ(ClNO2) overprediction by the parameterization (regardless of k12/k11
ratio), which was also shown for a subset of WINTER data in the previous section. In Figure 4, over 90% of
the individual box model ϕ(ClNO2) values are overpredicted by the Bertram and Thornton (2009) parameter-
ization, when calculated using both AMS and PILS aerosol chloride. In addition, the ratio of the box model

Figure 4. Box model results compared to parameterized ϕ(ClNO2) values. (a and b) ϕ(ClNO2) as a function of WINTER
aerosol Cl�:H2O molar ratio, calculated from (a) AMS and (b) PILS particulate chloride measurements. Laboratory-based
parameterizations are shown by gray lines and WINTER box model results shown by blue circles. Red dashed lines
represent the total absolute upper and lower error limits of the Bertram and Thornton (2009) parameterization.
(c and d) Parameterized ϕ(ClNO2) values against box model results, using (c) AMS and (d) PILS chloride measurements.
Black lines are the 1:1 line. In all panels, data with particulate chloride measurements above reported detections limits for
AMS and PILS instruments are shown by dark circles; all remaining data are in light blue or gray. Medians are shown in
(c) and (d) for data with particulate chloride above instrument detection limits.
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median to the medians calculated using the Bertram and Thornton (2009) parameterization range from 0.25
to 0.16, using PILS and AMS chloride, respectively. In other words, the box model median ϕ(ClNO2) value is
75–84% lower than the medians calculated from the parameterization (i.e., (parameterization� box model)/
parameterization).

Differences between the box model and parameterized ϕ(ClNO2) values may result from uncertainties in
either derivation method. To assess the role of uncertainty in the parameterization, estimates of the upper
and lower limits of the parameterized values are shown by the dashed red lines in Figures 4a and 4b, calcu-
lated from the Bertram and Thornton (2009) k12/k11 ratio and uncertainties in aerosol water (~25%) and chlor-
ide (35% AMS, 20% PILS). Both sets of chloride measurements, above and below instrument detection limits,
are also included in Figure 4. Though the majority (≥ 50%) of reported chloride observations were below
instrument detection limits (light blue [Figures 4a and 4b] and gray [Figures 4c and 4d]), over 73% of the
box model ϕ(ClNO2) values that corresponded to above-LOD chloride measurements, fell below the lower-
limit estimate of the ϕ(ClNO2) parameterization (lower red line in Figures 4a and 4b). This trend was consis-
tent between parameterizations calculated using both AMS and PILS measurements, suggesting that uncer-
tainties in the parameterization from the combined uncertainty in aerosol chloride and water are not
responsible for the majority of overprediction by the simple chemical ϕ(ClNO2) parameterization.

To further assess the contribution of box model error to the observed differences in Figure 4, upper- and
lower-limit box model values (calculated from the analysis of total model error) are plotted together with
parameterized ϕ(ClNO2) values in Figure 5, as a function of Cl�:H2O, using the Bertram and Thornton
(2009) k12/k11 ratio. As discussed in section 3.1, error in each box model-derived ϕ(ClNO2) value was indivi-
dually calculated from the quadrature addition of measurement uncertainties (O3, NO2, N2O5, and ClNO2)
and model sensitivities to air age, simulation start time, dilution, photolysis rates, and 50% changes in total
kNO3 . Of these parameters, air age (discussed in section S2.2.1) was the largest contributor to the total model
error shown in Figure S12 and Table S1. In Figure 5, points of model non-convergence during sensitivity stu-
dies (i.e., kClNO2 > kN2O5 ) were conservatively set to ϕ(ClNO2) values of 1. Results show that the median box
model values (black squares in Figure 5, calculated from data with particulate chloride > LOD) remain

Figure 5. Highest (red) and lowest (blue) estimated box model ϕ(ClNO2) values, plotted against WINTER Cl�:H2O molar
ratios. Black curves represent the ϕ(ClNO2) values predicted by the Bertram and Thornton (2009) parameterization. Gray
curves are the upper and lower limits of the parameterization error. Squares represent the median of each set of modeled
WINTER ϕ(ClNO2) values (pCl

�
> LOD points only), plotted at the WINTER median Cl�:H2O molar ratio.
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lower than their parameterized equivalents in all comparisons, regardless of chloride measurement. This
comparison indicates that while the WINTER ϕ(ClNO2) values are sensitive to model assumptions (air age
in particular), box model uncertainties are not the main source of difference between the model and
laboratory-based ϕ(ClNO2) parameterization.

When considering uncertainties in each derivation method, results in Figures 4 and 5 suggest that field-
derived ϕ(ClNO2) values are overpredicted by the laboratory-based parameterization. These results are qua-
litatively consistent with all other reported field-parameterization comparisons (Riedel et al., 2013; Ryder
et al., 2015; Tham et al., 2018; Thornton et al., 2010; Wagner et al., 2013; Z. Wang, Wang, Tham, et al.,
2017; X. Wang, Wang, Xue, et al., 2017), suggesting the presence of at least one physiochemical process sup-
pressing ϕ(ClNO2) relative to production yields predicted on pure NaCl/inorganic aqueous solutions. In the
following sections we use box model ϕ(ClNO2) results and observed WINTER variables to examine possible
sources of the difference between the box model and the laboratory-based ϕ(ClNO2) parameterization. In
the first section we discuss trends in this difference with measured aerosol components, particularly aerosol
water. The last two sections assess two possible mechanistic sources of ϕ(ClNO2) suppression that have
been discussed previously in field (Mielke et al., 2013; Phillips et al., 2016; Tham et al., 2018; Z. Wang,
Wang, Tham, et al., 2017) and laboratory-based (e.g., Roberts et al., 2008; Ryder et al., 2015) studies of
ClNO2 yield. These include: (1) the presence of additional competition reactions for the H2ONO2

+ intermedi-
ate and (2) direct loss of gas- or aqueous-phase ClNO2 via surface deposition/aerosol uptake and aqueous-
phase reaction.

4.3. Sources of Parameterization-Box Model Differences
4.3.1. Observed Trends/Water Dependence
Of the aerosol components calculated or measured during WINTER, the difference between parameterized
and box model-derived ϕ(ClNO2) values was most strongly correlated with aerosol water. Table S3 shows
that the largest correlation coefficients (for both PILS and AMS calculated parameterizations) were associated
with aerosol water molarity (r2 = 0.54 [AMS], 0.22 [PILS]), ambient RH (r2 = 0.53 [AMS], 0.27 [PILS]), and aerosol
liquid water content (water mass fraction) (r2 = 0.51 [AMS], 0.21 [PILS]). The only other parameters with cor-
relation coefficients above 0.1 were with wet (including aerosol water) mass fractions of aerosol organics, sul-
fate, and ammonium. When eliminating the role of water, the dry (excluding water) mass fractions produced
lower correlation coefficients (r2 ≤ 0.05) for each of these species. Similarly, correlations with aerosol molar
ratios of Cl�/NO3

�, pH (from Guo et al. (2016)), and O:C ratio produced correlation coefficients less than
0.09. Two previous field studies observed a negative correlation between absolute ϕ(ClNO2) values (derived
using the steady state of N2O5) and aerosol-phase nitrate mass (Z. Wang, Wang, Tham, et al., 2017), as well as
low ClNO2/N2O5 gas-phase ratios corresponding to aerosol with low Cl�/organic mass ratios (Mielke et al.,
2013). Neither of these studies quantitatively evaluated the role of aerosol composition in the difference
between parameterized and field-derived values. For comparison, WINTER box model ϕ(ClNO2) values were
only weakly correlated with Cl�/organic mass ratio (r2 ≤ 0.027 for both chloride measurements) and showed
an even weaker, positive correlation with aerosol nitrate mass (r2 = 0.024).

The difference between the ϕ(ClNO2) parameterization and box model results for each individual point is
plotted against aerosol water molarity in Figure 6 (for both AMS [a] and PILS [b] chloride measurements).
Trends in Figure 6 show negative correlations between this difference and aerosol water for points with
aerosol chloride both above and below the instrument detection limits (black and gray points, respectively).
While quantitatively different slopes are derived from each fit, all trends (with AMS and PILS chloride, above
and below detection limits) are qualitatively consistent, suggesting that either aerosol water or an asso-
ciated factor is an important predictor of the difference between the field-derived ϕ(ClNO2) values and
those predicted by the current parameterization. Based on the aqueous formation mechanism in (R7)–
(R13), the role of water in the yield of ClNO2 is to act in competition with aqueous-phase chloride for the
H2ONO2

+ intermediate. This competition results in a decrease in the parameterized ϕ(ClNO2) as water
increases (Figures S15a and S15b). The opposite trend is generally observed for WINTER box model results,
which show a positive correlation with water (Figure S15c). Two RFs with the largest water concentrations
(exceeding 40 [M]), however, showed no observable trends. Combined, these opposite trends with water
lead to the negative slopes in Figure 6.
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Aerosol water is a calculated rather than observed quantity, and could therefore be assumed as a potential
source of the disagreement between predicted and observed trends in ϕ(ClNO2). Nevertheless, the trends in
Figure 6 are unlikely the result of uncertainty in calculated water molarity. For example, points below 20-M
H2O in Figure 6 would require H2O concentrations in (5) to be more than 100 times larger, on average, to
bring the parameterization into agreement with the box model, well outside the ~25% uncertainty in
[H2O]. Disagreement with the box model at low aerosol water (and RH) may, therefore, suggest that
laboratory-based parameterizations are not largely applicable to environments with limited aerosol water
since they have been derived from studies conducted at either high RH (> 55%) or on aqueous solutions
(Behnke et al., 1997; Bertram & Thornton, 2009; Roberts et al., 2009; Ryder et al., 2015). Correlations between
aerosol water and box model ϕ(ClNO2) values in Figure S15c, however, also show quantitatively different
trends for each flight, suggesting that multiple factors may be contributing to the discrepancy between
box model and parameterized ϕ(ClNO2) values. Only two previous field studies have examined the
ϕ(ClNO2) relationship with water. While ϕ(ClNO2) values at a ground site in NW Germany showed no trend
between RH values of ~65 and 90% (corresponding to WINTER water concentrations of ~20–45 M) (Phillips
et al., 2016), a weak positive correlation of ϕ(ClNO2) with aerosol water (~10–60 M) was also observed at a
ground site in Northern China (Tham et al., 2018). Further studies of ClNO2 production under a range of aero-
sol water conditions will be required to confirm this result.

The physical mechanism for the observed box model trend with water is uncertain but may be related to the
physical availability of chloride, as discussed in previous studies as a possible cause of ϕ(ClNO2) suppression
in field-derived results (Mielke et al., 2013; Phillips et al., 2016; Z. Wang, Wang, Tham, et al., 2017). The current
ϕ(ClNO2) parameterization assumes internally mixed aerosol where all Cl� is available for reaction, which
may not be the case for ambient aerosol. For example, measured particulate chloride may not be present
equally throughout the particle size distribution, an effect that would increase the parameterized ϕ(ClNO2)
values if the largest chloride concentrations were present in a different size range than the particles contri-
buting most to the surface area density (i.e., participating in N2O5 uptake). Based on the WINTER aerosol size
distributions measured by the UHSAS (0.06–1 μm) and PCASP (1–3 μm), the median of the aerosol surface
area distribution (dS/dlogDp) corresponded to particle diameters between 0.12 and 0.3 μm, for the data
shown in Figure 4. The size distribution of total particulate chloride, however, was not reported during
WINTER and cannot be further evaluated as a possible source of observed difference between the
ϕ(ClNO2) parameterization and box model results.

Additionally, even if particulate chloride is present evenly throughout the size distribution, it may not be
accessible within the aerosol itself, which may depend on RH and the physical and chemical properties of
the aerosol. For example, previous studies have found that aqueous Cl� has a propensity to partition away
from the surface (e.g., Cummings &Wick, 2013) and that submicron sea salt aerosolmay form organic coatings
(Ault et al., 2013), especially when aged (Laskin et al., 2012). The increased presence of aerosol organics rela-
tive to water has also been shown to change the rate of diffusion and solubility of aqueous N2O5 (e.g., Anttila
et al., 2006; Gaston et al., 2014) and, therefore, may also impact themobility of Cl� ions by inducing changes in

Figure 6. Difference between the ϕ(ClNO2) parameterization and WINTER box model results, calculated using (a) AMS and
(b) PILS particulate chloride. Data points above chloride detection limits (LOD) are shown in black with the fit line slopes
(solid line) provided in each panel. All data points are shown in gray with fit line slopes (dashed lines) provided in each
panel.
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the aerosol phase or viscosity (e.g., Gržinić et al., 2015; Shiraiwa et al., 2017) and/or the formation of liquid-
liquid phase separations (e.g., Bertram et al., 2011). Each of these processes is dependent on RH and the pre-
sence of organics and may serve to limit the availability of Cl� at the aerosol surface under low aerosol water
conditions. This would reduce field-derived ϕ(ClNO2) values relative to the parameterization if N2O5 dissocia-
tion and reaction occurs near the surface, physically removed from Cl� residing in the bulk.

Changes in aerosol phase and morphology (i.e., core-shell) associated with RH and organic content were not
measured during WINTER, but a parameterization by Bertram et al. (2011) was used with RH and O:C ratio
measurements to predict the presence of liquid-liquid phase separations, as described in section S3.2.
Results in Figure S16, however, show that predictions of phase-separated aerosol do not consistently corre-
spond with the largest differences between the box model results and ϕ(ClNO2) parameterization. In con-
trast, many of the largestϕ(ClNO2) differences were associated with the longest organic aerosol mixing times
(i.e., largest aerosol diffusion coefficients), predicted by two RH-dependent parameterizations for 200-nm dia-
meter α-pinene secondary organic aerosol (SOA), presented by Maclean et al. (2017) (shown in Figure S17).
Aerosol mixing time parameterizations, however, have only been developed for α-pinene SOA and still have
significant uncertainty (Maclean et al., 2017) and therefore require more work to determine their applicability
to low biogenic WINTER aerosol (see McDuffie et al., 2018) and the extent to which diffusion may impact
ϕ(ClNO2). As described in section S3.2, a similar parameterization for aerosol viscosity by Shiraiwa et al.
(2017) could not be calculated from WINTER data. Lastly, previous studies have additionally used estimates
of the N2O5 diffusion distance prior to reaction (reacto-diffusive length), together with aerosol size and com-
position to predict N2O5 uptake onto organic and inorganic aerosol (e.g., Anttila et al., 2006; Gaston et al.,
2014; Gaston & Thornton, 2016). The utility of this parameter to predict changes in ϕ(ClNO2), however, has
not been previously examined and remains uncertain here as the ϕ(ClNO2) difference does not strongly cor-
relate with relevant variables other than aerosol water, such as O:C ratio and organic content (Table S3).
Therefore, while the observed water trend may be related to chloride availability, which could be impacted
by organic-induced changes in aerosol morphology and viscosity, the cause of this trend
remains inconclusive.
4.3.2. Additional Aqueous Competition Reactions
Reaction between the H2ONO2

+ intermediate and species other than Cl� and H2O could additionally contri-
bute to the observed suppression of ϕ(ClNO2) on ambient aerosol. Such a process would add an additional
competition reaction in the form of (R14) to the mechanism in (R7)–(R13). In order for a reaction of this form
to compete with aqueous Cl� and cause a reduction in ClNO2 production relative to N2O5 uptake, the pro-
duct of k14 and the concentration of additional reactive compounds would have to be comparable to
k12[Cl

�]. In addition, agreement between the box model and two nitrate-dependent observational
ϕ(ClNO2) methods (Figure 3), suggests that this reaction would also have to produce particle-phase nitrate
or gas-phase HNO3 to maintain consistency between the observational methods.

H2ONO2
þ aqð Þ þ Y� →

k14 Products aqð Þ (R14)

Previous studies have reported evidence of a competition between particle-phase chloride and halogens. For
example, enhanced Br2 formation relative to ClNO2 has been observed on ice at Cl�:Br� ratios <30 (Lopez-
Hilfiker et al., 2012). In addition, reaction of N2O5 with dilute NaI and NaBr solutions has shown production
of BrNO2, Br2, and I2 (e.g., Behnke et al., 1994; Schweitzer et al., 1998). While the latter studies do not show
direct competition with Cl�, the stronger nucleophilic character of Br� and I� relative to chloride may allow
for efficient competition. Ambient Br� and I� concentrations in sea water (expected Cl�:Br�:I� ratios of
~1:1 × 10�3:1 × 10�6) may be too small, however, to compete with Cl� via (R14) during WINTER. These spe-
cies may alternatively reduce ϕ(ClNO2) via direct reaction with ClNO2, further discussed in the following sec-
tion. In addition, these reactions may not lead to the production of NO3

� or HNO3 (e.g., BrNO2 formation),
making the presence of these reactions potentially inconsistent with the previous observation-based meth-
ods (Figure 3), which incorporate nitrate mass balance between N2O5, particulate nitrate, HNO3, and ClNO2.

Additional studies have also found efficient reaction between the nitronium ion and aqueous-phase aro-
matics (Hoggett et al., 1971; Lüttke et al., 1997; Schofield, 1980; Taylor, 1990). Experiments focused speci-

fically on reactions with a subset of phenols (Heal et al., 2007) derived k14=k
0
11 ratios (k

0
11 = k11[H2O]) that
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correspond to k14/k11 ratios (for average WINTER aerosol water concentrations of 20 M) over an order of
magnitude larger than the k12/k11 ratios reported by Behnke et al., 1997; Bertram & Thornton, 2009;
Roberts et al., 2009; and Ryder et al., 2015 (further details in section S5). Additionally, flow tube reactions
of N2O5 uptake onto seawater mimics (Ryder et al., 2015) showed that both phenol and humic acid at low
concentrations (<10 mM) could cause significant reductions in ϕ(ClNO2) relative to pure NaCl solutions,
which may result from both a large k14 reaction rate constant and enhanced surface concentration of
organics relative to chloride (Ryder et al., 2015). Combined, these past results suggest that even at low
organic concentrations, additional competition reactions, generalized by (R14), could effectively compete
with (R12) and decrease the ClNO2 production yield relative to that expected from Cl� and water alone.
These reactions may also lead to aerosol-phase NO3

�, organic nitrates, or HNO3, maintaining consistency
with observational derivations. While AMS measurements of total nitrate during WINTER did show
evidence for the presence of organic nitrates, the calculated inorganic-only nitrate (scaled to PILS-IC
measurements; see Schroder et al., 2018) was consistently the largest fraction of total aerosol nitrate
measured.

To examine whether there is evidence in the WINTER data to support competition reactions, an additional
expression for ϕ(ClNO2) was derived from (R9)–(R12) and (R14), shown in (6), assuming the H2ONO2

+ inter-
mediate is in steady state (see derivation in section S4). Rearranging this expression in (7), a plot of
(ϕ(ClNO2)

�1 – 1)*[Cl�]/[H2O] against [Y
�]:[H2O] should yield a linear correlation with a slope of k14/k12 and

intercept of k11/k12. The identity of Y
� is unknown, but it could include aqueous-phase species such as organ-

ics, halogens, and/or anions such as SO4
2� that could plausibly react with H2ONO2

+. Previous studies on

dilute (NH4)2SO4, (NH4)HSO4, and chloride containing solutions, however, have not shown a suppression in

ϕ(ClNO2) relative to the parameterization (Roberts et al., 2009) and have indicated that at similar concentra-

tions, Cl� is more reactive toward H2ONO2
+ than SO4

2� (Gaston & Thornton, 2016). To maintain consistency
between the box model and other observational methods, possible competition reactions would also need
to produce either particle or gas-phase nitrate through, for example, hydrolysis of the initial anion-nitronium
product in (R14).

φ ClNO2ð Þ ¼ 1

1þ k11 H2O½ �
k12 Cl

�½ � þ k14 Y�½ �
k12 Cl

�½ �
� � (6)

1
φ ClNO2ð Þ � 1

� �
� Cl�½ �
H2O½ � ¼

k11
k12

þ k14 Y�½ �
k12 H2O½ � (7)

Figure 7 shows the correlation between the left term in (7) (rearranged from (6)) andmolar ratios of (a) SO4
2�:

H2O and (b) Org:H2O (assuming a constant organic molecular weight of 250 g/mol). An additional correlation

with the Br� reaction product, Br2 (e.g., Behnke et al., 1994; Schweitzer et al., 1998) (BrNO2 not present above
instrument LOD), measured by the I-ToF-CIMS, was not statistically significant (not shown). The fit results in
Figure 7 provide mixed evidence for the presence of a competition between organics, SO4

2�, and Cl� via
(R14) during WINTER. The positive correlations are consistent with competition with Cl�, with a rate constant
(k14) 1.5–50 times larger than k12 (Figure 7). The negative fit intercepts, however, also indicate that this model

for ϕ(ClNO2) is incorrect when using SO4
2� and total aerosol organics as species Y�. It is possible, however,

that the negative intercepts could result from multiple competition reactions of different rates (i.e., with var-
ious organic components) and/or additional processes that cause suppression.

Alternatively, the hypothesis of a competition reaction can be tested by fitting the [Y�]:[Cl�] ratio in (7) to

WINTER box model ϕ(ClNO2) values. This method does not require knowledge of Y� and estimates the

[Y�]:[Cl�] ratio that would be required to explain the observed ϕ(ClNO2) values via (R14) by using the k11/

k12 ratio of 0.002 from Bertram and Thornton (2009) and a k14/k12 ratio of 1 (i.e., both k12 and k14 are near
the diffusion limit). This method largely follows the work of Ryder et al. (2015) who required a molar ratio
of at least 2 to explain their observed ϕ(ClNO2) values on ambient sea water samples, assuming k14/

k12 = 1. The ratio required here to reproduce WINTER data ranged from 0 to >100, with a median of 6.0
and 4.2 for calculations with PILS and AMS chloride, respectively. For comparison, the median molar ratios
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of SO4
2�:Cl� and Org�:Cl� during WINTER were between 7–25 and 2–11, respectively, but also with values

exceeding 100.

Results in this section providemixed evidence for the presence of a competition reaction between Cl� and an
additional reactive compound. The positive correlations between (ϕ(ClNO2)

�1–1)*[Cl�]/[H2O] and molar
ratios of SO4

2�:H2O and Org:H2O are consistent with such reactions, but the intercepts that do not reproduce
k11/k12 in (7) suggest either that the model is incorrect for sulfate and organics or that there are multiple reac-
tions and/or additional processes contributing to the observedϕ(ClNO2) suppression. Taking the k14/k12 ratio
in (7) as 1, the nucleophile in question would require molar ratios in excess of 100 relative to Cl� to explain
the lowest ϕ(ClNO2) values. Many of the box model ϕ(ClNO2) values, however, could be reproduced with
much more moderate molar ratios of ~6. Further laboratory studies focused on the aqueous kinetics of
H2ONO2

+ will be required to assess the extent to which a process such as this explains the difference
between observed and parameterized ϕ(ClNO2) values.
4.3.3. Direct ClNO2 Loss
Lastly, direct loss of gas-phase ClNO2 could additionally reduce modeledϕ(ClNO2) values relative to the para-
meterization. In the box model calculation of ϕ(ClNO2), values were derived by iteratively fitting the model
output to gas-phase observations of N2O5 and ClNO2. This method is based on the assumption that ClNO2

formed from reaction (R12) will efficiently evaporate to the gas-phase based on the low solubility of ClNO2

in water (KH = 4 × 10�2 M/atm; e.g., Frenzel et al., 1998 ; Roberts et al., 2008), where it is stable throughout
the night. Additional direct loss mechanisms of ClNO2, independent from N2O5, would therefore serve to
reduce the net ϕ(ClNO2) derived by the model. Possible direct loss mechanisms could include: (1) gas-

Figure 7. Correlation of the (ϕ(ClNO2)
�1–1)*[Cl�]/[H2O] product from (7) (using box model ϕ(ClNO2)) against aerosol the

SO4
2�:H2O molar ratio in panels (a) and (b) and Org:H2O molar ratio in panels (c) and (d), calculated using AMS (a and c)

and PILS (b and d) chloride measurements. Points with corresponding particulate chloride above instrument detection
limits are shown in dark gray. Red lines are the linear fits for each correlation with fit equation provided in each figure.
Slopes represent the k14/k12 ratio and intercepts represent the k11/k12 ratio. Dashed lines represent the same fits, holding
the intercept constant at 0.002 (from Bertram & Thornton, 2009). Organic molarity was calculated by applying a
constant molecular weight of 250 g/mol to AMS organic mass concentration measurements. Larger y values correspond to
smaller values of box model ϕ(ClNO2).
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phase ClNO2 loss through surface deposition and/or aerosol uptake and (2) direct aqueous-phase reaction of
ClNO2 prior to evaporation.

Surface deposition and/or aerosol uptake of ClNO2 would serve to reduce the box model calculatedϕ(ClNO2)
by reducing ambient gas-phase ClNO2 and the subsequently-derived ClNO2 production rate constant (kClNO2).
The effect of ClNO2 loss from aerosol uptake is expected to be small as uptake coefficients have been mea-
sured on the order of 1 × 10�5 for dilute salt solutions (e.g., Frenzel et al., 1998; Schweitzer et al., 1998).
Adjusting the boxmodel-derivedkClNO2 values in (1) for loss associated with an uptake coefficient of this mag-
nitude increased the median box model ϕ(ClNO2) value by 1%. The potential loss of ClNO2 through ocean
surface deposition has been discussed previously in sections 2.2 and S2.2.1. Though box model simulations
were limited to the RL, increased mixed-layer depths over the ocean allow for possible air-sea exchange of
N2O5 and ClNO2 on WINTER flights over marine environments (Figure 1). While ocean emission of ClNO2

may be expected based on the positive water dependence of N2O5 uptake (McDuffie et al., 2018, and refer-
ences therein) and typical ocean salinity (~0.55 M [Cl�]), previous observations of N2O5 and ClNO2 from the
Scripps Institution of Oceanography (SIO) pier by Kim et al. (2014) found a net depositional flux of both N2O5

and ClNO2 to the ocean surface. As previously discussed in section 2.2, adjusting the box model (kN2O5 and
kClNO2) results for deposition of both N2O5 and ClNO2 could reduce, but not entirely eliminate the difference
between the ϕ(ClNO2) parameterization and box model results (Figure S3). Combined, these results suggest
that possible gas-phase ClNO2 loss through aerosol uptake and/or ocean surface deposition may contribute
to the low box model ϕ(ClNO2) values, but are not the only cause.

Direct loss of aqueous-phase ClNO2 could also reduce the box model ϕ(ClNO2) values relative to the simple
parameterization. This could occur through direct aqueous-phase reaction of ClNO2 (aq) with species X�, as
generalized in reaction (R15). Though difficult to directly probe with WINTER field data, the possibility of
direct ClNO2 reaction can be evaluated using the potential reaction products from (R15) and associated vari-
ables. For example, previous laboratory studies have identified reaction mechanisms for R15 that form halo-
genated products such as Br2, BrNO2 (Fickert et al., 1998; Frenzel et al., 1998; Schweitzer et al., 1998, 1999), or
Cl2, the latter of which is facilitated by particle acidity (Roberts et al., 2008). Three previous field studies with
co-located ClNO2 and Cl2 observations from Colorado, California, and Calgary, however, did not consider het-
erogeneous ClNO2 chemistry a significant source of Cl2 due to weak ambient particle acidity (Mielke et al.,
2011; Riedel et al., 2012, 2013). I-ToF-CIMS observations of BrNO2 did not exceed the instrument detection
limit during WINTER (1 s, 1σ of 1 pptv) and no statistically significant correlations were found between
WINTER ϕ(ClNO2) values and I-ToF-CIMS observations of Br2 or Cl2 (above their 1 s, 1σ detection limits of
0.5 and 0.4 pptv, respectively). In addition, a negative correlation (p < 0.05) was observed between particle
acidity and Cl2, opposite of the expected trend from Roberts et al. (2008), despite high acidity calculated
for aerosol during WINTER (pH ~ �2 to 3; Guo et al., 2016).

ClNO2 aqð Þ þ X� →
k15 Products aqð Þ (R15)

Without further knowledge of the identity of species X� and/or possible reaction products, the possibility of
(R15) can be evaluated using the ϕ(ClNO2) expression in (8), derived from reactions (R9)–(R12) and (R15),
assuming H2ONO2

+ is in steady state, and that aqueous-phase ClNO2 is lost via (R15) before it can partition
to the gas-phase via (R13) (derivation in section S4). Using (8), the k15[X

�] (s�1) product required to reproduce

box model ϕ(ClNO2) values was calculated for each point using values of k11
k12

(0.002), k12
k10

(29), and k
0
9

expression (defined in section S4) from Bertram and Thornton (2009), along with estimates of aqueous-phase
concentrations of N2O5 and ClNO2 from measured gas-phase mixing ratios and Henry’s Law constants of 51
(unitless) (Fried et al., 1994) and 4 × 10�2 M/atm (Frenzel et al., 1998; Roberts et al., 2008), respectively.
Derived k15[X

�] values suggest that reproduction of the box model values by invoking direct ClNO2 loss in
(8) would require k15[X

�] products between 1 × 105 and 8 × 109 s�1 for both AMS and PILS chloride.
Assuming a larger solubility for N2O5 of 5 M/atm (e.g., Griffiths et al., 2009; Mentel et al., 1999) would require
even larger values of k15[X

�]. Based on these results, the largest difference between the ϕ(ClNO2) parameter-
ization and box model (requiring the largest k15[X

�] value) would, therefore, require a reaction rate constant
near the diffusion controlled limit (~1 × 109 M�1 s�1), or aqueous concentrations of [X�] greater than 1 M.
Median differences, however, could be reproduced with more moderate k15[X

�] values of 9 × 107 and
1 × 108 s�1 for calculations with AMS and PILS chloride, respectively.
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φ ClNO2ð Þ ¼ 1

1þ k11 H2O½ �
k12 Cl�½ �

� �� k15 X�½ � ClNO2½ �aq

k
0
9 N2O5½ �aq 1� 1

k11 H2O½ �
k10 NO�

3½ �þ1þ k12 Cl�½ �
k10 NO�

3½ �

0
BB@

1
CCA

(8)

Results in this section are consistent with the possibility that direct loss of gas- and/or aqueous-phase ClNO2

could contribute to some of the smaller differences found in WINTER data between the ϕ(ClNO2) parameter-
ization and box model. Agreement between these ϕ(ClNO2) values improved when considering the possibi-
lity of surface deposition of both gas-phase ClNO2 and N2O5 (Figure S3), though box model median values
remained lower than the parameterized equivalents. The addition of gas-phase loss through ClNO2 aerosol
uptake only increased the median ϕ(ClNO2) by 1% when considering an uptake coefficient of 1 × 10�5.
The possible identity of species X� in (R15) remains unknown. Low di-halogen concentrations do not provide
evidence of direct loss through reactions with halogens, despite the highly acidic WINTER aerosol. Results
from calculating k15[X

�] in (8) suggest that direct aqueous loss of ClNO2 via (R15) would require concentra-
tions of species [X�] > 1 M and/or reaction rate constants near the diffusion-limited rate to reproduce the
lowest box model ϕ(ClNO2) values. Alternatively, in the event that ClNO2 were to remain unreacted and/or
trapped in the aerosol due to an organic coating or changes in solubility, the box model ϕ(ClNO2) values
would also appear lower than the parameterization. The cause of a physical trappingmechanism is uncertain,
however, and if not water dependent, was not elucidated by correlations between ϕ(ClNO2) differences and
aerosol composition (Table S3). In addition, any trapped ClNO2 would be reported as particle chloride by the
AMS and would require 88% of the measured chloride to be from trapped aqueous-phase ClNO2 in order to
account for the difference between the median box model and parameterized ϕ(ClNO2) values. Without
additional information about WINTER aerosol composition, morphology/viscosity, and/or other possible
aqueous-phase ClNO2 reactions, the possibility of direct aqueous-phase ClNO2 loss during WINTER cannot
be further evaluated.

5. Conclusions

A box model analysis of 9 night flights during the 2015 WINTER aircraft campaign derived 3,425 individual
determinations of ϕ(ClNO2) with a median value of 0.138 (1σ: +0.050/�0.045) and a range from 0.003 to 1.
Comparison of a subset of WINTER box model ϕ(ClNO2) values to those calculated with two other
commonly used, data-based methods, showed agreement between their predicted median values, within
the uncertainty of each method. In contrast, ϕ(ClNO2) values calculated from a laboratory-based parameter-
ization predicted amedian value over a factor of two larger than all other methods and outside the bounds of
the combined uncertainties for two. When compared to all WINTER data, theϕ(ClNO2) parameterization over-
predicted ≥90% of the box model values for points both above and below instrument detection limits for
particulate chloride. In addition, the box model median ϕ(ClNO2) value was 75–84% lower than the median
calculated with the Bertram and Thornton (2009) parameterization, using both AMS and PILS particulate
chloride measurements. When considering the combined uncertainties associated with aerosol chloride
and water concentrations, the lower-limit estimates of the ϕ(ClNO2) parameterization remained larger than
73% of the box model results. Similarly, upper-limit estimates of the box model results could not reconcile
the differences between the boxmodel and currentϕ(ClNO2) parameterization. These results are qualitatively
consistent with all previous studies that have compared field-derived and parameterization-predicted
ϕ(ClNO2) values.

Physiochemical processes related to this observed difference were assessed using ambient observations of
aerosol composition and mechanistic processes that have been discussed in previous laboratory and field-
based literature. The observed difference between parameterized and box-modeled ϕ(ClNO2) values was
most strongly correlated with calculated aerosol water, with differences decreasing with increases in aerosol
water molarity, liquid water content, and RH. This trend was caused by the opposite water dependences pre-
dicted by the ϕ(ClNO2) parameterization (negative) and the box model results (positive) and was not driven
by uncertainties in the aerosol water calculation. A positive correlation between aerosol water and ϕ(ClNO2)
has only been reported in one other field study and may be related to the physical availability of chloride,
though this hypothesis could not be confirmed with WINTER data. In addition, the relatively low
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correlation coefficients between ϕ(ClNO2) differences and aerosol water (≤ 0.53) indicate that multiple fac-
tors may cause the low box model values relative to parameterized results.

WINTER results are consistent with additional mechanistic processes contributing to the field-parameterized
ϕ(ClNO2) differences, except for those associated with the lowest water concentrations where the greatest
differences were observed. These mechanistic processes include aqueous-/gas-phase ClNO2 loss and/or
competition reactions with additional reactive aerosol components and were tested by deriving updated
expressions for ϕ(ClNO2) after appending additional reactions to the original aqueous-phase formation
mechanism. By invoking an additional competition reaction between Cl� and an aqueous-phase compound
[Y�], the Y�/Cl�molar ratio would need to be ~ 6 to explain many of the differences between parameterized
and box model-derived ϕ(ClNO2) values, with the largest differences requiring ratios >100. Tests setting Y�

to equal either SO4
2� or total organics suggested that these particular species were not in direct competition

with Cl� via the applied model, or that there were multiple, overlapping processes leading to the observed
ϕ(ClNO2) differences during WINTER. Similarly, loss of aqueous-phase ClNO2 by direct reaction with com-
pound X� could only reconcile the largest differences with a reaction rate constant near the diffusion limit
or concentration of X� greater than 1 M. In addition, loss of gas-phase ClNO2 through surface deposition
or aerosol uptake could not explain the largest ϕ(ClNO2) differences. While WINTER data and box modeling
results have provided valuable insights, further identification of mechanistic factors influencing ClNO2 forma-
tion will be required to develop a robust parameterization that can help improve model predictions of ClNO2

formation from N2O5 heterogeneous uptake and lead to a better understanding of the halogen influence on
tropospheric chemistry.
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