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ABSTRACT: Nitryl chloride (ClNO2), a precursor to highly reactive chlorine radicals and
a reservoir for nitrogen dioxide (NO2), is formed from the reaction of chloride with N2O5,
which has a longer atmospheric lifetime during the winter. Previous field observations,
modeling, and laboratory ice flow tube results led to the hypothesis that saline snow is a
source of ClNO2 following the deposition of dinitrogen pentoxide (N2O5). Due to the
widespread use of road salt (primarily halite) and its deposition to the snowpack, the saline
snowpack in Kalamazoo, Michigan, was investigated for the potential for direct ClNO2
production following N2O5 deposition. Vertical gas profile and snow chamber experiments
were conducted during January−February 2018 with chemical ionization mass spectrometry
measurements of ClNO2 and N2O5. The vertical gas profile measurements showed N2O5 and ClNO2 deposition over both bare and
snow-covered ground. However, positive (upward) ClNO2 fluxes were only observed over the snow-covered ground, showing that
the saline snowpack can serve as a source of ClNO2. A fraction of the ClNO2 profiles over the snow-covered ground did not exhibit
gradients, indicative of a balance between ClNO2 production and loss, including through hydrolysis. Exposure of local snow to
synthesized N2O5 during chamber experiments resulted in ClNO2 production that depended on the snowpack physical structure.
Together, these results demonstrate a saline snowpack source of ClNO2, with expected relevance to both wintertime inland and
coastal regions with snow.
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1. INTRODUCTION
Atmospheric nitryl chloride (ClNO2) is a reservoir for highly
reactive chlorine atoms (Cl).1 Atomic Cl can accelerate the
oxidation of volatile organic compounds, especially alkanes,2,3

altering atmospheric composition.1 ClNO2 photolysis follow-
ing sunrise also releases nitrogen dioxide (NO2), which
contributes to nitrogen oxide (NOx = NO + NO2) pollution
and ozone (O3) formation.1,4 At night, ClNO2 forms through
the multiphase reaction of chloride (Cl−) with dinitrogen
pentoxide (N2O5), produced when NO2 combines with the
nitrate radical (NO3) in the presence of a third molecule (e.g.,
N2) to quench the reaction.1 This mechanism is shown in
reactions R1−R3

NO NO M N O M2 3 2 5+ + + (R1)

N O Cl ClNO NO2 5 (aq) 2 3(aq)+ → +− −
(R2)

hClNO Cl NO2 2ν+ → + (R3)

Numerous observations of ClNO2, at levels reaching over 1
part per billion (ppb, nmol mol−1), have been reported near
coastal urban areas with NOx pollution and where the primary
source of chloride is sea spray aerosol.1,5−11 ClNO2 has also
been observed inland at locations including Calgary,
Alberta,12,13 Boulder, Colorado,14 and Ann Arbor, Michigan,15

far from the influence of sea spray. Road salt aerosols,15 playa
dust,16 and power plant plumes17 have been shown as effective
chloride-containing reaction surfaces for ClNO2 production.
In addition to aerosol particles, other surfaces have been the

subject of recent ClNO2 research. Observations by Kim et al.18

showed that the ocean surface is a net sink for both N2O5 and
ClNO2, despite the presence of chloride in the sea surface
microlayer. The presence of chloride in “urban grime” films on
buildings, sidewalks, and other surfaces is a hypothesized, but
untested, source of ClNO2 production.

19,20 In the laboratory,
Lopez-Hilfiker et al.21 demonstrated ClNO2 production from
chloride-doped ice (at temperatures ranging from −48 to −24
°C) following N2O5 reaction, building on lower temperature
ice studies by Tolbert et al.22 and Leu.23 The deposition of sea
salt aerosol on coastal snowpacks results in significant chloride
levels.24,25 Previous studies have shown that the Arctic
snowpack is a source of trace halogen gases, including
molecular bromine (Br2),

26,27 chlorine (Cl2),
27 bromine
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chloride (BrCl),27 and iodine (I2),
28 due to the concentration

of solutes within the snow grain disordered interface.29 In
recent observations, McNamara et al.30 hypothesized that
N2O5 reacts on the surface of the Arctic snowpack to produce
ClNO2. The snowpack has been shown to be a significant sink
of N2O5 in Fairbanks, Alaska, where the aerosol surface area
concentrations alone were unable to explain the observed rapid
losses of N2O5 near the snow surface.31−33 However, to our
knowledge, measurements of N2O5 surface deposition followed
by snowpack ClNO2 production have not yet been reported.
The widespread practice of road salting for deicing also

occurs during the winter around the world, adding tens of
millions of tons of chloride salts into the environment.34−38 In
addition to direct deposition next to roadways,39−41 road salts
are aerosolized mechanically by vehicular traffic,42 leading to
enhancements in PM2.5 (particulate matter < 2.5 μm in
diameter) levels that can be comparable to coastal sea spray-
influenced areas.35 Significant road salt mass is deposited on
snowpacks hundreds of meters from roadways.43 In both
Calgary, Alberta,12,13 and Ann Arbor, Michigan,15 elevated
atmospheric ClNO2 mole ratios were observed during the
winter/early spring months when road salting was abundant,
with much lower ClNO2 levels observed in the fall. In Ann
Arbor, road salt aerosol was identified as the dominant
chloride-containing aerosol source leading to ClNO2 produc-
tion.15 The recent one-dimensional modeling by Wang et al.44

suggested that ClNO2 can be effectively produced at the saline,
urban snowpack surface.
The assessment of ClNO2 sources and sinks in cold, urban

environments is important for improving our understanding of
wintertime air quality.1 N2O5 has a longer lifetime against
thermal dissociation at lower temperatures.45 This promotes
ClNO2 formation during the winter4 and subsequent Cl radical
production upon photolysis. As compared to the main
atmospheric oxidant, the hydroxyl radical (OH), these Cl
radicals can have higher reaction rate coefficients for alkanes
and aromatics in particular.46,47 Global model simulations
predict significant losses of ethane, propane, and acetone, in
particular from inclusion of Cl radical reactions.48 The relative
importance of Cl radicals is increased during the winter49 when
OH is typically less abundant due to reduced water vapor
concentrations and actinic light required for OH formation.50

Recent studies, however, suggest that HONO can be a
significant wintertime OH source.51−53 Numerical modeling
studies of the wintertime urban atmosphere showed that the
presence of ClNO2 significantly accelerated volatile organic
carbon oxidation, impacting simulated ozone and secondary
organic aerosol formation.53

To test the hypothesis that N2O5 deposition on the saline
snowpack can support ClNO2 production, we conducted
chemical ionization mass spectrometry measurements of N2O5

and ClNO2 in Kalamazoo, Michigan, during January−February
2018. Through near-surface vertically resolved measurements,
and together with measurements of atmospheric stability, we
calculated ClNO2 and N2O5 fluxes above the snow-covered
and non-snow-covered (“bare” grass-covered) ground. We also
conducted chamber experiments, during which local snow was
exposed to synthesized N2O5, resulting in ClNO2 production.
This unique data set provides an investigation into the
wintertime production of ClNO2, an important reservoir
species responsible for altering atmospheric oxidation.

2. EXPERIMENTAL SECTION

2.1. ClNO2 and N2O5 Measurements Using Chemical
Ionization Mass Spectrometry. ClNO2 and N2O5 were
measured during vertical gas profile and snow chamber
experiments using a chemical ionization mass spectrometer
(CIMS, THS Instruments, Atlanta, GA)30,54 housed in a
mobile laboratory trailer on the campus of Western Michigan
University in Kalamazoo, Michigan (42.2784°N, 85.6105°W).
These experiments, described in Sections 2.2 and 2.3,
respectively, were conducted between January 25 and February
22, 2018, as part of the SNow and Atmospheric Chemistry in
Kalamazoo (SNACK) field campaign.51 The sampling site
(Figure S1) was positioned downwind (with respect to the
dominant southwest winds) of an ∼200 m long field and ∼80
m from a regularly salted major roadway.
In the CIMS, ambient trace gases can react with I(H2O)n

−

reagent ions, forming iodide adducts that are isolated with a
quadrupole mass analyzer.54 Air was pulled at 2.8 L min−1 (for
snow chamber experiments) or 6.6 L min−1 (for vertical gas
profile experiments) into a custom three-way valve54 for
calibration and background measurements. The CIMS ion−
molecule reaction region (IMR) sampled 0.9 L min−1 of the
inlet flow and was held at a constant pressure of 15.5 Torr. An
O3 monitor (model 205, 2B Technologies, Boulder, CO)
sampled 1.7 L min−1 of the inlet flow, with the remaining flow
dumped to exhaust. The I(H2O)n

− reagent ions were produced
by passing methyl iodide, carried in nitrogen (N2) at 3.0−3.5 L
min−1, through a polonium-210 ionizer and into the IMR.
Water vapor, carried in N2 at 0.25 L min−1, was added to the
IMR from a room-temperature (∼23 °C) 1 L water bubbler, as
in previous work.30 Humidifying the IMR prevented ambient
water vapor from changing the CIMS sensitivity during
ambient sampling.11,30 For all experiments, ClNO2 was
detected as I35ClNO2

− at m/z 208 and as I37ClNO2
− at m/z

210, with dwell times of 1.5 and 1 s, respectively. N2O5 was
detected as IN2O5

− at m/z 235, with a dwell time of 1.5 s.
Identification of ClNO2 was confirmed by the measured
isotopic ratio of 37ClNO2 to 35ClNO2 (averages of 0.31 and
0.32 for vertical profile and snow chamber experiments)
compared to the theoretical ratio of 0.3200 (Figure S2).55

Nitric acid (HNO3) and molecular chlorine (Cl2) were also
monitored at m/z 190 (IHNO3

−) and m/z 197 and 199
(ICl2

−), respectively. Background measurements were con-
ducted by passing the airflow through a scrubber with two
sections consisting of glass wool and 120 °C-heated stainless-
steel wool, respectively, removing ClNO2 and N2O5 with 90 ±
4 and 94 ± 4% efficiencies, respectively (Figure S3).
Online calibrations using Cl2 were conducted at the

beginning and end of each vertical profile and snow chamber
experiment by adding 0.2 L min−1 of 12 and 29 ppb Cl2 (in
N2), respectively, to the CIMS inlet flow from a permeation
source (VICI). The permeation rate was verified daily by
reacting permeated Cl2 in N2 with 2% potassium iodide in a
glass impinger and measuring the absorbance of the oxidation
product, triiodide, with UV−visible spectrophotometry at 352
nm.54 ClNO2 and N2O5 were calibrated offline using
sensitivities relative to Cl2 at m/z 197: 3.7 ± 0.4 for ClNO2
(m/z 208) and 0.85 ± 0.08 for N2O5 (m/z 235); the
calibration methods are described elsewhere.15,30 The 3σ limits
of detection (LODs) during the vertical profile experiments,
corresponding to 1 min background periods, were 0.7 ppt for
ClNO2 and 2 ppt for N2O5, with respective measurement
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uncertainties of 22% + 0.7 ppt and 25% + 2 ppt. For the snow
chamber experiments, the 3σ LOD for ClNO2, corresponding
to 2 min background periods, was 0.3 ppt, with a measurement
uncertainty of 20% + 0.3 ppt. All mole ratios are reported with
the propagated measurement uncertainty unless stated
otherwise (e.g., 95% confidence intervals for averages).
Ambient Cl2 was not observed above the 3−5 ppt CIMS
detection limits during the vertical profile and snow chamber
experiments.
2.2. Vertical Gas Profile Experiments. Vertical gas

profile experiments were conducted on 11 nights, typically
starting after 20:00 eastern standard time (EST), following
sunset (∼17:45−18:30) and ending before sunrise (∼07:30−
08:00 EST), for a total of 42 profiles of ClNO2 and N2O5.
Table S1 provides the experiment details, including the times,
ground cover, and corresponding meteorological conditions.
ClNO2 and N2O5 were observed above the CIMS detection
limits for all experiments. Air was pulled into the CIMS inlet
through a 30 °C heated and insulated, 4.5 m long, 0.95 cm i.d.
FEP tube that was attached to the custom three-way valve
(Section 2.1) for a total residence time of 2.9 s through the air
sampling line. Over the course of an experiment, the outside
end of the sampling line was placed at multiple heights
between 3 and 152 cm above the ground level (agl), with
intervals of typically less than ∼25 cm. The duration of each
experiment ranged from 20 to 90 min, with sampling at five to
eight heights for 2−8 min each. The full gas profile was
repeated up to six times throughout the night. CIMS
background measurements (Section 2.1) were taken at the
beginning and end of each height measurement or at the
beginning and end of an experiment.
To avoid systematic biases due to temporal trends, the order

of the sampling heights was randomized except for the highest
sampling level (122−152 cm agl, depending on the snow
depth), which was always sampled at the beginning and end of
each profile. Despite the randomized sampling, ClNO2 and
N2O5 mole ratios would occasionally exhibit an overall
downward or upward trend during an experiment due to
changing atmospheric composition over the course of a 20−90
min vertical profile experiment. The vertical gradient mole
ratios were corrected using the detrending algorithm described
in Section S1 to prevent the temporal variations from
impacting the magnitude and direction of the resulting flux.
The CIMS sampling line was flushed with Milli-Q water

(18.2 MΩ cm and <3 ppb total organic carbon) and dried with
ultrapure N2 (Metro Welding Supply) before every vertical gas
profile to prevent the buildup of contaminants on the line
walls. The sampling line was characterized post-campaign for
wall losses of N2O5 and ClNO2. Constant flows of N2O5 and
ClNO2 were generated following the same procedures as those
for the calibrations,15,30 and each was introduced separately to
the end of the sampling line while pulling room air at the same
total flow rate (6.6 L min−1) as that of the campaign. The
sampling line was then bypassed, and N2O5 and ClNO2 were
individually sent into the calibration port to achieve control
measurements from which the line measurements were
subtracted. The wall losses were determined to be 10% for
N2O5 and 20% for ClNO2, which were within measurement
uncertainties of our previous work.15 The ambient vertical
profile data reported here were corrected for these losses.
When vertical profile or snow chamber experiments were not
being performed, ambient N2O5 and ClNO2 were measured
using a ring torus inlet, designed and previously shown to

minimize wall losses.54,56,57 As shown in Figure S4 for the
representative evening of January 30−31, the mole ratios
measured during the vertical profile experiments follow the
same temporal trend as that of the data collected using the ring
torus inlet, consistent with minimal line artifacts.
Fluxes of ClNO2 and N2O5 were calculated using the

gradient method (E1).58−60

K
C
z

Flux
d
dc

= −
(E1)

dC/dz is the change in the concentration (C) of ClNO2 or
N2O5 as a function of height (z) and Kc (m2 s−1) is the
atmospheric eddy diffusivity for ClNO2 or N2O5. The
concentration gradient dC/dz is calculated as

C
z

C C
z z

d
d

1 0

1 0
≈ −

− (E2)

where C1 and z1 are the concentration (in molecules cm−3)
and height (in cm agl) at the tallest sampling height (122−152
cm), respectively, and C0 and z0 are the concentration and
height at the lowest sampling height (∼3 cm agl), respectively.
Uncertainties can arise in the gas flux calculation when using
the lower intake close to the surface of interest due to the air
turbulence “near-field effects”.60 Therefore, the derived fluxes
are likely the upper (absolute) limits. The Kc is related to the
eddy diffusivity for the momentum (Km) through Kc = Km/Sc,
where Sc is the Schmidt number for ClNO2 (1.2 at 0 °C and 1
atm) or N2O5 (1.6 at 0 °C and 1 atm).61,62 Km is calculated
as63

K
z u

m
s

m

κ
ϕ

= *
(E3)

where κ is the von Kaŕmań constant (0.4), zs is the logarithmic
mean sampling height (in m agl), ϕm (2 ± 1, on average for the
nighttime experiments) is the normalized wind shear function
to consider the influences of atmospheric stability,63−65 and u*
(in m s−1) is the friction velocity, determined by concurrent
measurements of three-dimensional (3-D) wind speed during
the vertical profile experiments. Throughout the SNACK
campaign, a non-orthogonal, 3-D sonic anemometer (model
CSAT3, Campbell Scientific Inc., Logan, UT) positioned at 1.4
m agl made 20 Hz measurements of the sonic air temperature
(Tair) and 3-D wind speed (u = zonal wind speed, v =
meridional wind speed, and w = vertical wind speed). Due to
the sonic anemometer’s position near the upper height of the
vertical profiles, Km was scaled down to the midpoint height of
the gas profile measurements (halfway between the upper and
lower measurement heights, which fluctuated based on the
snow depth), assuming Km varies linearly with height within
the atmospheric surface.66 Based on turbulent covariance of
the 3-D wind speed (30 min averaged), u* was calculated
according to E4

u u w v w2 24* = ′ ′ + ′ ′ (E4)

where u′, v′, and w′ are fluctuations about the mean wind
speed. For negative (deposition) fluxes, N2O5 and ClNO2
deposition velocities (cm s−1) were calculated as the flux
divided by the N2O5 or ClNO2 concentration at the height
closest to the midpoint of the vertical gas profile, which was
typically 55−85 cm agl.
A fraction of the profiles was disqualified due to meteorology

or excessive uncertainty, as discussed in detail in Section S1
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and Figure S5. In total, 35/42 ClNO2 and 25/42 N2O5 profiles
were used to determine fluxes in this study (Table S1). The
sign (+ or −) of the flux represents a source or a sink of the
gas, respectively. For additional analysis, all profiles were
further classified as “positive”, “negative”, or “no gradient”,
representing the net surface production, deposition, or
equilibrium, respectively, based on the following criteria. In
comparing the mole ratios at the highest and lowest sampling
heights, positive profiles had statistically significantly (p <
0.05) larger mole ratios at the lowest sampling height, and
negative profiles had statistically significantly larger mole ratios
at the highest sampling height. No gradient profiles had no
significant difference between mole ratios for the highest and
lowest sampling heights. Flux uncertainties were calculated by
propagating the CIMS measurement uncertainties (Section
2.1) for the highest and lowest sampling heights.
2.3. Snow Chamber Experiments. Snow chamber

experiments were conducted to test the hypothesis that
authentic saline snow exposed to N2O5 generates ClNO2, as
predicted from previous laboratory experiments by Lopez-
Hilfiker et al.21 These qualitative experiments were similar to
previous molecular halogen and NOx field-based snow
chamber experiments by Pratt et al.26 and Honrath et al.,67

respectively, and the molecular halogen lab-based artificial
snow chamber experiments by Wren et al.68 As in these
previous studies, the snow chamber experiments herein were
not quantitative due to the inability to quantify the snow
surface area and wall losses, as well as chloride contamination
of the chamber. These challenges are also similar to those
described by Ahern et al.69 for chamber experiments in which
biomass burning aerosol was exposed to N2O5 to examine
ClNO2 production. Therefore, we follow this previous work
and obtain qualitative insights by identifying products and
trends between samples. Following the methodology of Ahern
et al.,69 we report ratios of measured ClNO2 during snow
exposure to maximum N2O5 measured for the empty chamber.
While the air temperatures for the empty and snow-filled
chamber experiments should be similar, the residence time is
longer for the empty chamber, allowing more time for N2O5
surface losses and ClNO2 production resulting from reactions
with chloride contamination. The setup limitations did not
allow variation of the residence time in the chamber to assess
the impact of this variable. Therefore, the ratios reported here
are meant to be qualitative.
During the chamber experiments, local snow samples were

exposed to synthesized N2O5 in the snow chamber at the
SNACK field site. Snow chamber experiments were conducted
on February 17 and 18, 2018, with four different snow types
for a total of eight experiments. The snow samples tested
included (1) Field snow, collected from the field located ∼80−
100 m from the adjacent main roadway (Stadium Drive), (2)
Service Road snow, collected from the small access road for the
field site, which was not directly salted but was snow plowed
and used by vehicles occasionally, (3) Stadium Drive snow,
collected from the shoulder of the heavily traveled, regularly
snow-plowed, and salted five-lane road adjacent to the site, and
(4) Field + Salt, the same as (1) but with ∼10−20 g of road
salt (Safe Step 3300, NaCl) crushed to a powder and spread
over the top of the sample in the vessel (see Figure S1 for
locations).
A schematic of the snow chamber experiment is provided in

Figure S6. A 950 cm3 borosilicate glass vessel was used as the
snow chamber. Empty vessel background runs with and

without N2O5 were also performed as controls. All samples
were added to the vessel using polypropylene scoops with no
packing of the snow (with the snow sample approximately
filling the entire vessel). Following each sample’s N2O5
exposure experiment, the snow chamber was washed with
ultrapure water and methanol. The snow chamber was sealed
with a polypropylene lid and a silicone gasket. Two 0.25 in.
PFA bulkhead fittings (Swagelok) were attached to opposite
corners of the lid, serving as the inlet and outlet for gases, and
each extended 2.5 cm into the snow sample. The CIMS pulled
on the outlet of the snow chamber at 2.77 L min−1 through a
30 cm long, 0.48 cm i.d. FEP Teflon tube attached to the
CIMS inlet. The residence time of the empty chamber is
calculated to be 20 s, with the residence time decreased when
snow was present.
For introduction into the snow chamber, N2O5 was

synthesized by combining, in a 2.2 cm i.d. PFA Teflon tube,
a 1.10 L min−1 flow of O3 (∼2 ppm, in excess) from an O3
calibration source (model 306, 2B Technologies) with a 0.065
L min−1 flow of NO2 from a pressurized gas cylinder (1.96
ppm in N2, Metro Welding Supply). This N2O5 flow was then
diluted with 1.74 L min−1 of dry N2 from the headspace of a
liquid N2 dewar before entering the snow chamber at a total
flow of 2.84 L min−1, creating a slight pressurization of the
chamber. A constant flow of N2O5 was sent into the snow
chamber, with maximum empty chamber N2O5 measured to be
305 and 378 ppt on February 17 and February 18, respectively.
Each snow sample was exposed to the N2O5-laden N2 flow for
30−40 min until both ClNO2 and N2O5 signals stabilized,
from which these stable signals were used to calculate average
mole ratios presented in this work. The experimental setup was
completely covered with a tarp to prevent any interaction with
solar radiation. For all experiments, Cl2 was not observed
above its detection limit (3−5 ppt), and the HNO3 signal was
not elevated between the blank and N2O5-doped runs,
suggesting minimal influence from reactions on the chamber
walls.

2.4. Snow Physical and Chemical Measurements.
Snow samples were collected during most snow chamber and
vertical gas profile experiments. For the vertical gas profile
experiments, surface snow (top 1−2 cm) samples from the
sampling site were typically collected after the final profile
measurement on a given night (Table S2). For most snow
chamber experiments, samples were collected before and after
addition to the snow chamber vessel and exposure to N2O5
(Table S3). The snowpack density was measured using a snow
density gauge (Scientist 200, Brooks Range Inc.), and the grain
sizes for the snow chamber samples were estimated using a
snow grid card (Brooks Range Inc.) with 1, 2, and 3 mm grid
sizes. Snow samples were analyzed post-campaign for the
inorganic ion composition using ion chromatography (IC,
Dionex ICS-1100 for cations and Dionex ICS-2100 for
anions). We report snowmelt concentrations of sodium
(Na+), potassium (K+), magnesium (Mg2+), calcium (Ca2+),
chloride (Cl−), and nitrate (NO3

−). The snow collection,
sample handling, and IC methods were as described by Chen
et al.51 For the snow chamber experiments, snow samples
collected before and after N2O5 addition showed some
variability in snowmelt inorganic ion concentrations, but not
in a systematic manner, suggesting greater variability within the
larger snow sample used (Table S3). The data for the snow
samples following exposure to N2O5 are discussed in Section
3.3.
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3. RESULTS AND DISCUSSION

3.1. Bare Ground and Snow-Covered Ground Are a
Sink for N2O5. During all vertical gas profile experiments,
N2O5 was observed from near the ground/snow level to 1.5 m.
This follows wintertime observations of N2O5 at 12 m agl from
a 2016 campaign in Ann Arbor, Michigan, a comparable urban
location with a relatively flat terrain.15 Here, the vertical N2O5
gradient measurements at multiple heights up to 1.5 m agl
show that the bare and snow-covered ground are both sinks for
N2O5 (Figure 1). On average, N2O5 mole ratios were ∼60 ppt
lower at the surface (90 ± 10 ppt at ∼3 cm agl) compared to
those at ∼1.5 m (149 ± 9 ppt). For both bare and snow-
covered ground conditions, N2O5 mole ratios decreased
toward the surface, consistent with numerous previous
measurements of near-surface N2O5 profiles.18,32,70,71 During
the vertical gas profile experiments, the average N2O5 mole
ratios at the top vertical profile height were similar over both
the bare and snow-covered ground (150 ± 90 and 150 ± 50
ppt, respectively). All N2O5 profiles and atmospheric stability
data (eddy diffusivity, friction velocity, and air temperature)
are shown in Figures S7−S12. The average N2O5 flux derived
from all 25 vertical profile experiments was −(2.8 ± 0.9) × 109

molecules cm−2 s−1, indicating a net downward flux of N2O5 to
the surface (deposition), consistent with the profile showing
decreasing N2O5 mole ratios within 10 cm above the snowpack
surface. The average N2O5 fluxes over snow, −(2 ± 1) × 109

molecules cm−2 s−1, and bare ground, −(4 ± 2) × 109

molecules cm−2 s−1, were not statistically significantly different
(p = 0.48), showing net N2O5 deposition regardless of ground
cover.
Given the downward flux of N2O5, it is useful to consider its

deposition velocity, defined as the flux divided by the average
N2O5 concentration, for comparison to other studies. The
campaign average N2O5 deposition velocity was 0.5 ± 0.1 cm

s−1. For the seven gas profiles over the bare ground, the
average N2O5 deposition velocity (0.6 ± 0.3 cm s−1) was not
significantly different (p = 0.16) from the average of 18 N2O5

profiles over snow (0.4 ± 0.2 cm s−1). Huff et al.32 previously
determined N2O5 deposition velocities to be 0.6 ± 0.5 cm s−1

over snow in Fairbanks, Alaska, during November 2009, in line
with our results over snow and bare ground in Kalamazoo.
In considering the deposition of N2O5, it is important to

consider wintertime near-surface processes. While microbial
activity in soil can be a NOx source, particularly under warm
conditions, Seok et al.72 reported NOx measurements in a
northern Michigan forest from November to April and did not
observe a measurable NO flux. In addition, Seok et al.72

reported no significant difference in NO or O3 mole ratios
between natural and Tedlar-covered plots, used to isolate the
snowpack from the soil. Previous Arctic snowpack measure-
ments showed low O3 deposition velocities on the order of
0.01 cm s−1.73 During the northern Michigan study by Seok et
al.,72 a positive NO2 flux was only observed during the daytime
when snow was present due to snowpack nitrate (NO3

−)
photolysis, as observed previously in northern Michigan.67

While NOx measurements were not conducted during the
SNACK campaign, photochemical snowpack NOx production
is expected and consistent with the observed daytime HONO
production, attributed to snowpack nitrate photolysis, during
the SNACK campaign in Kalamazoo.51 However, the current
work focuses on dark processes. While the snowpack is known
to be a source and a sink of trace gases,74 the snowpack surface
is not known to be an aerosol source, unlike the seawater
surface, suggesting that increased aerosol concentrations near
the snowpack surface are unlikely. In this work, the loss of
N2O5 near the snowpack surface was investigated in the
context of ClNO2 production from the saline snowpack, as
discussed in the following sections.

Figure 1. (a) Average ambient temperatures and N2O5 deposition velocities, with error bars representing propagated uncertainties, determined for
each of the 25 N2O5 vertical gas profile experiments, over snow-covered (blue) and bare (brown) ground surfaces, from January 25 to February 22,
2018, in Kalamazoo, Michigan. Black arrows point to example N2O5 profiles over (b) snow on January 30 and (c) bare ground on February 22. (d)
Box and whisker plots showing the distributions (90th/10th and 75th/25th percentiles and medians) of the N2O5 deposition velocities when the
ambient temperatures were ≤265 and >265 K. The diamonds represent the average deposition velocities, with 95% confidence intervals, in each
bin. The averages are statistically significantly different at the 90th confidence interval (p = 0.08).
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The observed N2O5 deposition velocities in Kalamazoo are
aligned with the recent numerical modeling by Wang et al.44 of
N2O5 and ClNO2 during February−March 2016 in Ann Arbor,
Michigan. In that prior work, the N2O5 deposition velocities
over snow were calculated to increase from 0.23 cm s−1 at
∼258 K to 1.06 cm s−1 at 272−280 K. At the higher
temperatures, 95% of N2O5 was simulated to undergo
hydrolysis following deposition.44 Our measurements in
Kalamazoo generally followed the predictions of the Wang et
al.44 modeling; the average N2O5 deposition velocity at 265 K
and lower was 0.3 ± 0.2 cm s−1, compared to the average of 0.5
± 0.2 cm s−1 (significantly different at p = 0.08) for warmer
(>265 K) conditions (Figure 1). Increased atmospheric mixing
is expected with higher temperatures,66 as was indeed the case
for this study (Figure S7). In addition, as the temperature of
the snowpack increases, more liquid water is present at the
snow grain surface,75 increasing the likelihood of N2O5
hydrolysis versus reaction with Cl− to produce ClNO2.

44,76

3.2. Vertical Gradient Measurements Indicate That
the Snowpack Can Be a Source of ClNO2. In contrast to
the N2O5 profiles, not all ClNO2 profiles decreased as a
function of height near the surface and instead varied
throughout the study (Figure 2, Table S1). For example, on
January 30 over light snow coverage, ClNO2 mole ratios
increased near the surface, exhibiting an upward net flux.
Positive ClNO2 profiles (six total), which increased near the
surface, were only observed over the snow-covered ground.
Between February 5 and 18 over a thick snowpack, 45% of
ClNO2 profiles during this period (10 of 22) exhibited no
gradient, with similar mole ratios throughout the profile
(Figure 2). Profiles without significantly changing ClNO2 mole
ratios from the surface to the top height are indicative of a
balance between ClNO2 production and loss, which can be
explained by recent modeling suggesting that the magnitude of

the ClNO2 snowpack flux depends on whether ClNO2 formed
undergoes hydrolysis or is released to the overlying air.44 For
the eight profiles over the bare ground, seven had decreasing
ClNO2 mole ratios near the surface (negative profiles) and one
(on January 25) showed no gradient (Table S1). Prior to the
January 25 bare ground neutral ClNO2 profile, light snow and
a wintry mix were observed on January 23−24, likely
prompting road salting; thus, the January 25 profile may
have been influenced by the deposited salt on the ground,
serving as a minor source of ClNO2. Therefore, the vertical
gradient profiles support the surface as both a source and a sink
of ClNO2, as proposed previously through numerical modeling
by Wang et al.44

Consistent with the observed vertical profiles, the ClNO2

fluxes were highly variable from −6 × 108 to +8 × 108

molecules cm−2 s−1, unlike the N2O5 fluxes, which were
consistently negative (Figure 2 and Table S1). These results
emphasize that the relative contributions of the surface as a
source versus sink of ClNO2 vary with time. However, it is
important to note that these vertical gradient fluxes have high
uncertainties and represent upper (absolute) values based on
the measurement methodology. On average, during the vertical
gas profile experiments, the ClNO2 mole ratios at the top
vertical profile height were similar at the 95% confidence level
over the snow-covered ground (27 ± 7 ppt) and the bare
ground (18 ± 8 ppt). For the profiles with negative fluxes, the
average ClNO2 deposition velocity was calculated to be 0.14 ±
0.07 cm s−1, smaller than that of N2O5 (0.5 ± 0.1 cm s−1),
consistent with the ground surface as both a source and a sink
of ClNO2. Overall, the average ClNO2 flux over the snow-
covered ground, +(3 ± 14) × 107 molecules cm−2 s−1, was
statistically significantly (p = 0.01) more positive than the
average flux over the bare ground, −(24 ± 23) × 107 molecules

Figure 2. Fluxes of ClNO2 (a) and N2O5 (b) over the bare ground and snowpack from January 25 to February 22, 2018. Error bars represent
propagated uncertainties. (c) Average ClNO2 and N2O5 fluxes, with 95% confidence intervals, over bare ground and snow. The average ClNO2
fluxes above the bare ground and snow were statistically significantly different (p = 0.01), but the corresponding average N2O5 fluxes were not
significantly different (p = 0.48). Example positive (+, d), no gradient (=, e), and negative (−, f) ClNO2 profiles on January 30, February 11, and
February 22, respectively, are shown. All flux values and weather conditions for the vertical gas profile experiments are provided in Table S1.
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cm−2 s−1 (Figure 2). This further indicates that the snowpack
can be a source of ClNO2 following N2O5 deposition.
The field site was influenced from nearby road salt deicing,

adding chloride salts to the snowpack (Figure 3). The site was
bounded by Stadium Drive, a road that experienced an annual
average daily traffic volume of 22,594 vehicles in 201877 and
was regularly deiced with chloride-containing road salt during
the winter. The city of Kalamazoo uses primarily NaCl for
deicing, with CaCl2 added for lower temperature periods, and
Western Michigan University uses NaCl coated in beet juice
for deicing. This is consistent with the local snowmelt
composition showing significant sodium (Na+) and chloride
(Cl−) concentrations, as well as varying amounts of calcium
(Ca2+), magnesium (Mg2+), and potassium (K+) (Tables S2
and S3). Previous studies have shown that vehicular traffic
aerosolizes road salt,42 with the largest particles depositing
within hundreds of meters from the salted roadway.39,40,43 This
explains the enhancements in sodium (Na+) and chloride
(Cl−) concentrations for surface snow samples collected in the

closest 5−30 m to Stadium Drive (up to 11.4 ± 0.2 mM Na+

and 13.24 ± 0.08 mM Cl− (±1σ) on February 5) versus up to
0.188 ± 0.002 mM Na+ and 0.196 ± 0.002 mM Cl− at 101 m
away from the road (Figure 3). Daily variability was observed,
with lower salt concentrations for fresh snowfall (February 9)
and above-freezing temperatures (February 15−16) compared
to that of older snow (February 5) (Figure 3). Therefore,
ClNO2 produced from the snowpack was likely the result of
N2O5 reaction with chloride from road salt aerosol deposition.
While the ClNO2 fluxes were highly variable (−6 × 108 to

+8 × 108 molecules cm−2 s−1) (Figure 2 and Table S1), they
were not correlated with bulk [Cl−] or [NO3

−] in the surface
snow samples collected at the site during the vertical profile
experiments (Table S2). This suggests that the ClNO2
production is not limited by these bulk ion concentrations in
this snowpack. Nitrate is a product of N2O5 hydrolysis that
suppresses the N2O5 uptake onto particles,78,79 while chloride
is required for ClNO2 production.

80 Chloride and nitrate are
expected to be enriched within brine pockets on the snow

Figure 3. Bulk snowmelt Na+ (a) and Cl− (b) concentrations of surface (top 1−2 cm) snow samples collected during February 2018 at various
distances from the major roadway (Stadium Drive) that was regularly salted. Error bars, typically smaller than the markers, represent 1σ (N = 3
trials for each sample). (c) Map of the field site, with stars representing the snow sampling locations. The Service Road, on which the mobile
laboratory was deployed, experienced only occasional motor vehicle traffic and was minimally snow-plowed but not salted. Imagery and map data
were adapted from Landsat/Copernicus and Google Earth, respectively. Copyright 2020.

Figure 4. Snow chamber experiments were conducted on February 17 and 18, 2018, with photographs shown (left) of the snow samples: Field,
Service Road, Stadium Drive, and Field + Salt, as described in Section 2.3. (Right) Average ClNO2 mole ratios, measured following the N2O5
addition into the snow chamber for each the four snow samples, divided by the maximum measured N2O5 mole ratios measured for the empty
chamber on each day (305 and 378 ppt on Feb 17 and 18, respectively). Error bars represent the propagated CIMS measurement uncertainties.
The color scale represents the measured bulk snow [Cl−]. The [Cl−] of the Field + Salt samples on February 17 and 18 were 5.1 and 2.6 M,
respectively, and are shown off scale for clarity.
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grain surface.81,82 Model simulations by Wang et al.44 for Ann
Arbor, MI, also suggested that the snowpack ClNO2 flux is
dependent on the temperature due to changes in the snow
surface brine fraction, with more ClNO2 lost to hydrolysis at
higher temperatures, leading to a more negative (downward)
flux. Although the experimental ClNO2 fluxes in this study
showed no correlation with the air temperature, trans-
formations in the snowpack morphology, caused by melting
and/or re-freezing,83 likely impacted ClNO2 production as this
decreases the available surface area for multi-phase reac-
tions.84,85 This motivated snow chamber experiments in which
snow samples of differing physical and chemical properties
were exposed to N2O5, and resulting ClNO2 was monitored
(Section 3.3).
3.3. ClNO2 Production during Snow Chamber Experi-

ments. Snow chamber experiments were conducted to further
test the hypothesis that authentic saline snow exposed to N2O5
generates ClNO2, as predicted from previous laboratory
experiments by Lopez-Hilfiker et al.21 During the snow
chamber experiments, local snow samples were exposed to
synthesized N2O5 in the snow chamber at the SNACK field
site. As in previous snow chamber studies,26,67,68 yields should
not be derived from the experiments due to the inability to
quantify the snow surface area and chamber wall losses, as well
as the chloride contamination of the chamber, as discussed in
Section 2.3. Following the method of Ahern et al.,69 who
examined ClNO2 production from biomass burning aerosol
within a chamber, we present ratios of average ClNO2
measured for a given snow sample to the maximum measured
N2O5 for the empty chamber on each day, ([ClNO2]/
[N2O5]max), for comparison of the relative differences between
the snow samples.
Four different surface snow samples, Field, Service Road,

Stadium Drive, and Field + Salt, pictured in Figure 4 and listed
in Table S3, were exposed to a constant flow of N2O5 during
two sets of experiments on February 17 and 18. The bulk
[Cl−] of the Field, Service Road, and Stadium Drive snow
samples (no additional salt added) ranged from 12 to 130 μM
(Figure 4). The Field and Service Road snow samples were
relatively fine (<1 mm grain size, similar to fresh snowfall) and
did not appear melted. In contrast, the Stadium Drive sample
was previously melted and re-frozen, consisting of larger ice
pellets up to ∼3 mm in diameter. While the snow nearest to
the roadway was typically the highest in bulk [Cl−], as
observed on February 5 (Figure 3), the Stadium Drive snow
sample chloride concentrations were unexpectedly low (83−92
μM). However, from February 14 to 18, above-freezing air
temperatures led to snowmelt, causing ions to flow out from
the surface snow with the meltwater and lower the snow
inorganic ion concentrations.86,87 This washout effect was
likely the greatest for the Stadium Drive snow due to increased
melting from the freezing point depression associated with the
originally higher chloride concentrations. This is also
consistent with the freeze−thaw morphology of the Stadium
Drive snow, compared to the fine snow grains of the Field and
Service Road snow samples. To examine the impacts of the
morphology and chloride concentration, snowmelt was
induced with the addition of 10−20 g of crushed road salt
to the Field snow (thereby called the Field + Salt snow
sample). For all samples, ClNO2 was observed following the
addition of N2O5 to the snow chamber (Figure 4). Cl2 was not
measured above the 3−5 ppt detection limit. This result is
consistent with the laboratory experiments by Lopez-Hilfiker et

al.21 involving the N2O5 uptake on saline ice, which showed
only ClNO2 production.
For both sets of experiments on February 17 and 18, the

bulk [Cl−] of the snow samples did not correlate with the
levels of ClNO2 produced (Figure 4). This is evident for the
Field and Service Road samples, which ranged in [Cl−] from
12 to 130 μM, while producing similar levels of ClNO2 (47−
67 vs 49−72 ppt, respectively, given maximum measured N2O5
within the empty chamber of 305 and 378 ppt on Feb 17 and
18, respectively). The ratios of [ClNO2]/[N2O5]max were
0.15−0.17 and 0.16−0.19 for the Field and Service Road
samples (Figure 4). Increasing [Cl−] by several orders of
magnitude (up to 5.1 and 2.6 M for February 17 and 18,
respectively) with the addition of crushed road salt to the Field
snow samples also did not cause a significant increase in
ClNO2 production. For the snow samples tested here, the bulk
snowmelt [Cl−] was likely not limiting, within the time period
of exposure, because ClNO2 production was not sensitive to
this variable. In addition, no correlation was observed with
bulk snowmelt [NO3

−] (Table S3), which can suppress the
N2O5 uptake

78,79 and is likely enriched in brine pockets at the
saline ice surface.81,82 The snow chloride concentration,
however, defines the calculated snow grain brine volume
fraction,75 thereby indirectly affecting the predicted ClNO2
yield. Following the methodology presented by Wang et al.,44

we calculate the predicted ClNO2 yields to range from 0.1 to
0.5 for the February 17 snow samples and from 0.3 to 0.5 for
the February 18 snow samples, excluding the Field + Salt
sample, for which the high [Cl−] result in calculations of 100%
brine (complete snowmelt) due to freezing point depression.
The physical characteristics of the snow sample likely

impacted the production of ClNO2 because the available
reactive surface area decreases when the snow grains begin to
coagulate during and after melting and re-freezing.84 The
presence of more liquid water at the snow grain surface at
higher temperatures75 increases the likelihood of N2O5
hydrolysis rather than that of reaction with Cl− to produce
ClNO2.

44,76 The melt onset was induced in the Field + Salt
samples by the addition of crushed road salt. Twenty minutes
after the salt was added, the resulting ClNO2 production from
the Field + Salt sample on February 17 was significantly lower
than that of the Field sample (40 ± 9 vs 46 ± 9 ppt, p = 0.02).
The [ClNO2]/[N2O5]max ratios were not significantly different
between the February 17 Field + Salt and Field samples (0.13
± 0.04 vs 0.15 ± 0.04, Figure 4). The melting snow would
reduce the snow grain surface area and increase the snow grain
brine volume fraction, increasing the probability of N2O5
hydrolysis rather than that of ClNO2 production. The
hydrolysis of ClNO2 is a possibility,18 especially for temper-
atures near 0 °C,44 and may also explain the reduced ClNO2
mole ratios observed. In comparison, for the February 18 Field
+ Salt sample, ∼50% less road salt was added, and the time
between the addition of the road salt and the ClNO2
measurement was only 12 min, thus limiting the amount of
melting and likely leading to the higher [ClNO2]/[N2O5]max
ratio that was comparable to those of the frozen Field and
Service Road samples (Figure 4). The role of snow grain
physical characteristics may also provide an explanation for the
lower [ClNO2]/[N2O5]max ratios observed for the Stadium
Drive samples, which were composed of larger ice pellets that
had undergone melting and refreezing. Although not
conducted simultaneously with the vertical gas profile
experiments, the likely dependence of ClNO2 production on
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the snowpack surface area and snow grain brine volume
fraction exhibited from these qualitative snow chamber
experiments may explain the observation of both positive
(upward) and negative (downward) ClNO2 snowpack fluxes
during the campaign.

4. CONCLUSIONS
Through chemical ionization mass spectrometry measurements
during January−February 2018 in Kalamazoo, Michigan, N2O5
deposition was observed over both the bare and snow-covered
ground, with average deposition velocity values (±95%
confidence intervals) of 0.6 ± 0.3 and 0.4 ± 0.2 cm s−1,
respectively. This result is comparable to previously observed
N2O5 deposition velocities (0.6 ± 0.5 cm s−1) over snow in
Fairbanks, Alaska.32 It is also consistent with previous
calculations of N2O5 deposition velocities (0.2−1.0 cm s−1)
over snow in Ann Arbor, Michigan.44

Deposition of ClNO2 was observed over both the bare and
snow-covered ground, but positive (upward) ClNO2 fluxes
were only observed over the snow-covered ground. The
production of ClNO2 from the saline snowpack is expected
based on the observed N2O5 deposition and previous
laboratory studies of ClNO2 production from N2O5 reaction
with saline ice.21 Observed gas profiles without ClNO2
gradients over the snow-covered ground are indicative of a
balance between ClNO2 production and loss/deposition, as
predicted by recent modeling studies.44 Notably, lower
temperatures, such as those observed in the Arctic, are
expected to result in greater ClNO2 release to the overlying
atmosphere due to reduced ClNO2 hydrolysis at smaller snow
grain liquid volume fractions.44 In this study, the estimated
ClNO2 fluxes were highly variable, reflecting the surface as
both a source and a sink of ClNO2. Considering only the
negative ClNO2 fluxes, the average ClNO2 deposition velocity
was 0.14 ± 0.07 cm s−1. The measurement-derived fluxes and
deposition velocity can be incorporated into numerical models
to assess the impact of the surface snowpack ClNO2 source, as
a function of altitude, as compared to aerosols, which are
instead distributed throughout the troposphere. Given the high
variability in ClNO2 snowpack fluxes, it is expected that the
importance of the snowpack as a ClNO2 source also likely
fluctuates.
Snow chamber experiments exposing local saline snow to

synthesized N2O5 also showed direct observational evidence of
snowpack ClNO2 production. The results of these experi-
ments, including when additional deicing salt was added,
suggest that the snowpack structure influences the magnitude
of the snowpack ClNO2 production. However, our under-
standing of the availability of reactants at the ambient snow
grain surface is currently limited,29 and challenges remain in
modeling the snow microphysics and associated multiphase
reactions.88 This further highlights the need for controlled
laboratory experiments of the reaction of N2O5 with saline
snow, similar to the molecular halogen studies by Wren et al.68

It also points to the need for laboratory studies of the impact of
wet metamorphism (melt-induced snow structure changes) on
this heterogeneous reaction as recent laboratory work by
Edebeli et al.89 shows decreases in the ice surface reactivity of
ozone with bromide with dry metamorphism (water vapor
fluxes to/from the ice surface).
Due to the extensive use of road salt globally34−38 and

significant deposition onto the snowpack within hundreds of
meters,39−41,43 ClNO2 production from the urban road salt-

contaminated snowpack is likely widespread, with impacts on
wintertime air quality. In addition, coastal snowpacks
influenced by sea salt aerosol deposition,24,25 including those
in the Arctic where ClNO2 has previously been observed
during the spring,30 are also hypothesized to support ClNO2
production. Future work is needed to examine the role of salt-
containing urban grime, on buildings, sidewalks, and other
surfaces, in ClNO2 production.19,20 Eddy covariance flux
measurements, such as those previously completed by Kim et
al.18 over the ocean surface, are suggested in future studies to
better constrain the observed snowpack ClNO2 production
and its dependence on the snowpack characteristics and
evaluate additional chloride-containing surfaces as potential
sources.
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