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ABSTRACT: Nitrous acid (HONO) plays an important role
in the oxidative capacity of the atmosphere during wintertime
via photolysis to produce hydroxyl radicals (OH). While it is
known that HONO is emitted from the Arctic snowpack, sparse
observations of HONO in the midlatitude urban wintertime
environment have hindered our understanding of cold-season
atmospheric chemistry. In this study, measurements of ambient
HONO, particulate nitrite (pN(III); N(III) = NOy,qy +

HONO(,q + HZONO(aq)), and snow nitrite (sN(III)) were /
conducted in Kalamazoo, Michigan during January—February H " NOs
2018. Elevated levels of HONO and particulate nitrite were NO;

observed over snow-covered ground, likely due to emissions of

HONO from the snowpack, as well as weak turbulent mixing in

the atmospheric boundary layer. The noontime peak in HONO of 87 + 60 (1o) parts per trillion (ppt) over snow-covered
ground suggests photochemical snowpack HONO production, likely in part through snowpack nitrate photolysis, with only a
minor contribution from particulate nitrate photolysis. High concentrations of snow nitrite (0.4 + 0.3 (1) uM) support the
hypothesis that the snowpack is a significant source of HONO to the atmosphere. On average, the OH production rate from
HONO photolysis, in the near-surface atmosphere (~ 2 m above ground), was calculated to be about an order of magnitude
higher than that from O; photolysis over snow-covered ground. Future studies are needed to quantify HONO emissions from
the midlatitude urban snowpack, given expected HONO production due to high concentrations of snow nitrate and nitrite from
anthropogenic particulate nitrate and nitrite deposition.
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B INTRODUCTION

Nitrous acid (HONO(y), denoted as HONO hereafter) is
recognized as an important source of hydroxyl radicals (OH)
in the troposphere, along with ozone (O;) photolysis,
formaldehyde (HCHO) photolysis, and alkene ozonolysis.'~*
The production of OH and nitric oxide (NO) from photolysis
of HONO further affects tropospheric chemistry, air quality,

atures, making OH production from O; photolysis inefficient.”
Yet, few studies have investigated the HONO budget in the
midlatitude snowy wintertime environment.' "> Snow-covered
ground is often assoc1ated with stable and shallow atmospherlc
boundary layers'” and high surface albedo for solar radiation,"*
which affects the concentrations of trace gases and photo-
chemical reactions (e.g, HONO photolysis) in the atmos-

and climate via oxidation of methane and nonmethane
hydrocarbons and formation of O; and peroxyacetyl nitrate
(PAN).>® Cloud and aerosol chemical composition are also
altered through secondary organic aerosol formation, sulfate
formation (via SO, + OH), and nitrate formation (via NO, +
OH).”® These impacts are especially amplified in polluted
regions during winter when nitrogen oxides (NO, = NO +
NO,) are abundant, and other photolytic OH sources are
weak.>””" In particular, during wintertime, solar intensity is
low, and water vapor abundance is reduced at low temper-
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phere. In addition, the snowpack can serve as a significant
source of trace gases, including NO,, HONO, reactive
halogens, and organic compounds.' '

Despite the first direct observation of ambient HONO in

urban Jilich, Germany, in spring 1979,"” the atmospheric
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HONO budget is still not well constrained, mainly due to the
lack of measurements and limited knowledge about HONO
production.'® Sparse observations around the globe show that
HONO mole fractions range from a few parts per trillion (ppt
= pmol mol™') in clean environments'” > to a few parts ger
billion (ppb, nmol mol™) in polluted environments.”*’
HONO can be emitted into the atmosphere directly through
vehicle exhaust’*™’ and other combustion processes.”* "
HONO sources also include gas-phase NO oxidation by OH
(R1),'® heterogeneous hydrolysis of nitrogen dioxide (NO,)
on aerosols (R2),* Ehotosensitized reduction of NO, on
humic acid aerosols,”** reduction of NO, on soot,” and
photolysis of particulate nitrate (R3).*™*

NO + OH + M - HONO + M (R1)
ZNOZ + HZO(aq) — HONO + HNO3(aq) (R2)

NOjy(,y + ho (4 > 290 nm) + H" = NO,(,y + OH,,
(R3)
Vertical gradient measurements of HONO suggest that
ground surfaces could be a large/dominant tropospheric
HONO source.'”?”**~* These sources include heterogeneous
hydrolysis of NO, and photolysis of HNO;/nitrate on ground/
snow surfaces,"”*>** biological processes in soil”~*" and
snow,*® and acid displacement by atmospheric nitric acid
(HNO;) and hydrochloric acid (HCI1).*” HONO is removed
from the troposphere mainly through photolysis (R4),>
oxidation by OH (R5) and Cl radicals,”’ and deposition to
the ground.””>*

HONO + ho (300 nm < 1 < 405 nm) — NO + OH
(R4)
HONO + OH — NO, + H,0 (RS)

In the atmosphere, HONO can dissolve and dissociate in
cloud, fog, dew, and particulate water to form HONO(,,) and
NO3(.g) (R6), with a Henry’s law constant (Hyono) of 48 M
atm™ and an acid dissociation constant (Kj) of 5.3 X 107* M
at 25 °C.> In addition, the nitroacidium ion (HZONOEraq)) can
be formed in acidic solution (e.g, particles) (R7), with an
equilibrium constant (K,) of ~0.02 M.>**® Particulate nitrite
(pN(IIT); N(II) = NOj,, + HONO(, + H,0NO},,)
undergoes thermodynamic partitioning processes with
HONO(g).56 However, particulate nitrite concentrations are
seldom reported, with concentrations generally ranging from
0.005 to 2 ug m™2.>%%7% The sources of particulate nitrite
include particulate nitrate photolysis,'*****°° NO, hydrol-
ysis,”> and uptake of HONO by particles.””*® The sinks of
particulate nitrite include photolysis,” particle-phase oxidation
by O,”° and OH,”" release into the atmosphere as HONO),
and deposition.

- +

HONO « HONO(aq) - Noz(aq) + H(aq) (R6)
+ +

HONO(aq) + H(aq) nd HZONO(aq) (R7)

While HONO likely partitions between the atmosphere and
snow grains,””’” snow nitrite (sN(III)) concentrations have
seldom been reported. Snow nitrite concentrations of 0.01—
0.18 4M have been measured above the coastal tundra in
Utgiagvik, Alaska, during spring.ss’72 Zuo et al.”® observed
higher snow nitrite concentrations (0.46—0.70 uM) at
suburban North Dartmouth, Massachusetts, during winter. In
Ny-Alesund, Svalbard, during spring, snow nitrite concen-

trations ranged from 1 to 10 M for about half of the snow
samples, with the other half at <1 uM; Amoroso et al.**
proposed that the high snow nitrite levels were caused by
microbial oxidation of ammonium from clay minerals based on
the isotopic analysis of snow nitrite and nitrate. Snow nitrite
can originate from snow nitrate photolysis in the snow quasi-
liquid layer (R8),'“*®”* NO, hydrolysis,”> uptake of
HONO(g),72 microbial oxidation of NHJ,* and deposition of
particulate nitrite onto the snowpack.”® Snow nitrate from the
deposition of HNOj,) and particulate nitrate plays an
important role in the near-surface NO, and HONO budgets
when nitrate photolysis releases NO, and HONO back into
the atmosphere (R3 and R8)."° Laboratory studies suggest that
R3 proceeds about 10 times faster than R8 in both aqueous
and ice phases.”®”” Sinks of snow nitrite include photolysis®’
and oxidation by O;”’ and OH”" in the snow grains, leading to
a release of HONO into the snow interstitial air and
atmosphere.

NOj(, + ho (4 > 290 nm) — NO3,,, + OCP)(,,
(RS)

Wintertime air pollution in the midwest United States is
characterized by high fractions of particulate ammonium
nitrate, often over snow-covered ground.”® As a consequence,
the photolysis of nitrate in aerosol particles and snowpack are
expected to inject significant amounts of HONO and NO, into
the near-surface atmosphere, thereby significantly influencing
the oxidative capacity of the wintertime urban atmosphere.
Here, we describe field observations in the snow-covered urban
winter environment of Kalamazoo, Michigan. Assisted with
meteorological data, we analyzed the temporal variability of
ambient HONO,), particulate nitrite and nitrate, and snow
nitrite and nitrate to investigate the importance of the
snowpack and atmospheric particles for HONO,) production.
We compared the calculated contributions of HONO
photolysis and O; photolysis to OH production, at ~#2 m
above ground, to investigate the role of HONO in the
oxidative capacity of the near-surface atmosphere. To our
knowledge, this is the first study to simultaneously measure
ambient HONO,), particulate nitrite and nitrate, and snow
nitrite and nitrate at a midlatitude urban site.

B EXPERIMENTAL SECTION

The Snow and Atmospheric Chemistry in Kalamazoo
(SNACK) 2018 winter campaign was conducted in an open
field (42.28°N, 85.61°W) adjacent (~90 m) to a major road,
on the campus of Western Michigan University (WMU) in
Kalamazoo, Michigan, from January 12 to February 24, 2018.
A nonorthogonal, three-dimensional sonic anemometer
(model CSAT3, Campbell Scientific Inc, Logan, UT) was
installed 1.4 m above the ground to measure the sonic air
temperature (T,,) and three-dimensional wind speed (u =
zonal wind speed, v = meridional wind speed, and w = vertical
wind speed) at 20 Hz starting on January 20, 2018. Friction

. w2 | =
velocity (u* = Yu'w'™ + v'w'" ) was calculated from turbulent

covariance of the 3-D wind speed based on 30 min averaging,”
where u', v/, and w’ are fluctuations about the mean wind
speed. For January 12—19 and February 20—21, air temper-
atures and wind speeds were obtained from the Kalamazoo—
Battle Creek International Airport (KAZO) located about 7
km to the southeast (https://www.wunderground.com/
history/daily/us/mi/kalamazoo/ KAZO). The difference be-

DOI: 10.1021/acsearthspacechem.9b00023
ACS Earth Space Chem. XXXX, XXX, XXX—XXX


https://www.wunderground.com/history/daily/us/mi/kalamazoo/KAZO
https://www.wunderground.com/history/daily/us/mi/kalamazoo/KAZO
http://dx.doi.org/10.1021/acsearthspacechem.9b00023

ACS Earth and Space Chemistry

tween the temperature measured at the field site and at KAZO
during the overlapping periods was generally within 1 °C.
Relative humidity (RH) was obtained from the KAZO station.
Water vapor concentrations ([H,0]) were calculated from T,
and RH (E1).% Solar ultraviolet (UV) actinic flux (wavelength
from 0.295 to 0.385 um) above the ground was measured
using an UV radiometer (Model TUVR, Eppley Laboratory
Inc.,, Newport, RI) starting on January 28, 2018. We define two
ground types, snow-covered ground and bare-soil ground,
based on daily photos taken at the field site. The days with
snow-covered ground were January 12—21, January 30, and
February 2—19. The rest of the days during the campaign were
with bare-soil ground.
[H,0] = RH(a + bAT,

+ o(AT,)” + d(AT,,)’

ir ir

+ e(ATair)4 +f(ATa'u)5 + g(AT;\ir)é) (E1)
where a = 6.11, b = 444 X107}, ¢ = 1.43 x1072, d = 2.65
x107% e = 3.03 X107, f = 2.03 X108 g = 6.14 X107"}, and

AT,, = T,, — 273.15.

Inorganic trace gases (HONO, NH;, and SO, measured as
NO;, NH}, and SO, respectively) and particle-phase ions
(NO3, NOj, SOi7, CI, NH}, K'Y, Mg**, and Ca®") were
measured by an ambient ion monitor coupled to anion and
cation ion chromatographs (AIM-IC; model 9000D, URG
Corp., Chapel Hill, NC). Details about the AIM-IC instrument
and its performance and accuracy in measuring HONO,
particulate nitrite, and other inorganic trace gases and particle-
phase ions in the lab and field are described by Markovic et
al.*"* and VandenBoer et al.*® Briefly, air was sampled at 3 L
min~" through a 2.5 um cyclone, located at 1.8 m above
ground, to remove coarse particles (>2.5 uym), and then
immediately directed through a parallel-plate wet denuder,
where soluble inorganic trace gases diffused through the PTFE
Teflon membranes constantly supplied with H,0O, solution at
10 mL h™". Particles entered a supersaturation chamber where
hygroscopic growth was initiated, followed by collection in an
inertial particle separator. The parallel-plate wet denuder and
supersaturation chamber were located outside in a heated
(10 °C) aluminum case to prevent sampling line artifacts,
freezing, and photolytic degradation of samples. The collected
dissolved trace gases and particles were separately sent to two
different ICs (ICS-1100 for cations and ICS-2100 for anions;
Dionex Inc., Sunnyvale, CA) for measurements of both cation
and anion concentrations. Lithium fluoride (LiF) was used as
the internal standard. Samples were collected on concentrator
columns (anion, UTAC-ULP1, ultra trace anion concentrator
ultralow pressure; cation, TCC-ULPI, trace cation concen-
trator ultralow pressure; Thermo Fisher Scientific, Waltham,
MA), with IC analyses every 2—4 h during the campaign to
enable sufficient collection of low-abundance HONO and
particulate nitrite from the ambient air (sampling time was set
to 3 h after January 24). Due to the varying time resolution,
HONO and particulate nitrite and nitrate concentration
diurnal average plots shown in this work were constructed
using the average concentration for each hour; for example, for
the 3-h time resolution, the same concentration was used for
each hour of that period, because the measurement value
represents an average concentration for the 3 h period. The 3-h
30 limits of detection (LODs) for HONO and particulate
nitrite and nitrate were 1 ppt, 0.002 yg m~>, and 0.05 pg m™,
respectively. Ozone was measured at a flow rate of 1.7 L min™"
using an ozone monitor (Model 205, 2B Technologies Inc.,

Boulder, CO) coupled with an FEP tubing inlet (1/4"" OD);
the O; LOD was 1 ppb.

Thirty-eight surface snow (top 2 cm) samples were collected
at the field site between February 4 and February 18. After
February 18, the snow melted completely. The surface snow
samples were collected using a polypropylene scoop while
wearing disposable polyethylene gloves. Twenty of the surface
snow samples were collected around sunset (16:00—19:00
Eastern Standard Time (EST)), and the rest of the surface
snow samples were collected before sunrise (21:00—07:00
EST). The snow density (py,o,) Was measured in the field with
a snow density gauge (Scientist 200, Brooks-Range Inc.,
Fremont, CA). Snow samples were stored in a —20 °C freezer
at WMU, then transferred to a —30 °C freezer at the
University of Michigan, and were melted as needed prior to IC
analysis and pH measurement. Li’® repeated anion measure-
ments (NO3, NO3, SO3~, Cl7, and Br™) of particle samples 2—
8 months after the initial sample extraction to investigate the
sample stability in the frozen aqueous filter extract solution and
found no detectable deterioration over the 8 month period.
Thus, we expect negligible deterioration of our snow samples
before measuring their anion and cation concentrations 4—7
months after collection. The pH of each melted snow sample
was measured using a pH meter (Fisher Scientific Accumet
AP110). The 200 uL of each melted snow sample was loaded
through a 0.2 um filter using sterile single-use syringes (Luer-
Lok 1-mL, Becton, Dickinson and Company, Franklin Lakes,
NJ) into each IC for cation (Dionex ICS-1100; NHj, Na*, K*,
Mg*, and Ca®") and anion (Dionex ICS-2100; NO3, NO3,
SO37, CI7, and Br~) measurements, respectively. The LODs
(306) for snow NO; and snow NOj analyses were 0.002 and
0.07 uM, respectively.

We investigated the thermodynamic partitioning between
HONO and particulate nitrite using aerosol pH and liquid
water content calculated from the Extended Aerosol Inorganics
Model 1I (E—AIM;g3 http://www.aim.env.uea.ac.uk/aim/
model2/model2b.php). Observations of T,,, RH, particulate
nitrate, sulfate, and ammonium, and gas-phase ammonia were
used as inputs to calculate aerosol pH and liquid water content,
assuming no solid formation®* across the full range of observed
RH (39—100%; averaged 75 = 13% (10)). It is reasonable to
assume particles to be deliquesced at such relative humidities,
especially because particles often experience multiple cycles of
varying RH.**

The photolysis frequencies of HONO (jiono) and O; (jo,)
were obtained from the Tropospheric Ultraviolet and Visible
(TUV) Radiation Model version 5.3.1, which considers the
climatological O; column (340 DU), aerosol optical depth
(0.235), surface albedo (0.8 for snow-covered ground and 0.17
for bare-soil groundss), and solar zenith angle (https:/ /www?2.
acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-
tuv-radiation-model). The Eppley UV actinic flux (0.295—
0.385 ym) output from the TUV model was compared with
observations from the UV radiometer to correct for the
uncertainties in the model inputs and cloud cover by
multiplying the modeled photolysis frequency by the ratio of
(observed UV)/(modeled UV), following Zhou et al.** and
Kleinman et al.*°

B RESULTS AND DISCUSSION

HONO Observations above Snow-Covered Ground
Compared with Bare-Soil Ground. During January—
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February in Kalamazoo, Michigan, ambient HONO mole
fractions varied from 10 to 341 ppt, with an average of 54 + 41
ppt (16) (Figure 1). HONO was, on average, 44% higher
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Figure 1. Time series of gas-phase HONO mole fractions ((HONO])
and particulate nitrite concentration ([pN(III)]) in Kalamazoo,
Michigan. Ground types are shown as horizontal bars at top, snow
(snow-covered ground) and soil (bare-soil ground).

above snow-covered ground (60 = 44 ppt) than bare-soil
ground (42 + 30 ppt) (significant at 95% confidence level, p =
7 X 107'). In comparison, during sprin_gtime NO,, pollution
events in Utqiagvik, Alaska, Villena et al.*” found HONO mole
fractions reached about 500 ppt above snow-covered ground.
At a midlatitude suburban site near Paris, France, during
winter, Michoud et al.'* also observed high HONO mole
fractions (500—4000 ppt) above snow-covered ground and
proposed a snowpack HONO source, based on similar
observed ambient NO, concentrations and boundary layer
heights above both snow-covered and snow-free ground.

The HONO diurnal patterns of above snow-covered ground
and bare-soil ground are shown in Figure 2a. In general,
HONO mole fractions over snow-covered ground were higher
than over bare-soil ground throughout the day (on average, 87
versus 56 ppt at noon). Over snow-covered ground, HONO
reached a peak of 87 ppt, on average, at noon, consistent with a
light-dependent source. HONO mole fractions then decreased
sharply after noon, reaching 34 ppt, on average, at 19:00 EST
(just after sunset). Zhou et al."” also observed a noontime peak
in HONO in the Arctic during spring and suggested snowpack
nitrate photolysis resulting in HONO production. In
comparison, Acker et al** observed a noontime peak in
HONO at a rural site in Germany during summer; this was
suggested to be due to the photoenhanced uptake of NO, on
organic films on ground and vegetation surfaces.”

The significant noontime peak in HONO was not observed
over bare-soil ground (Figure 2a). The hourly average HONO
was relatively stable between midnight and noon (fluctuating
within the range of S0—56 ppt between 01:00 and 12:00 EST),
and dropped from 56 to 23 ppt between 12:00 and 19:00 EST.
The magnitude of decrease between 12:00 and 19:00 was
much larger over snow-covered ground (from 87 to 34 ppt, on
average). The absence of a noontime HONO peak over bare-
soil ground suggests photoenhanced uptake of NO, on the
ground®® is not a dominant source of HONO in Kalamazoo
during winter, and that some contributing HONO sources are
likely not light-dependent, for example, NO, hydrolysis. This
further suggests that snowpack nitrate photolysis, rather than
photoenhanced uptake of NO, on the snowpack, is more likely
the cause of the noontime HONO peak over snow-covered
ground. As discussed in the Snow Nitrite as a Source of
HONO section, a positive correlation between surface

'(a)' C T T T [ Z5A—HONO snow
—-@-— HONO soil

)
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Friction velocity (u*)

0 246 810121416182022
Time of day (hours, EST)

Figure 2. Diurnal patterns of average (a) HONO mole fractions
([HONOY]) and friction velocities (u*) for periods characterized by
snow-covered (blue) and bare-soil ground (red). Since the AIM-IC
sampling time was varied from 2 to 4 h during this campaign, the
diurnal average plots shown were constructed using the average
concentration for each hour, as described in the Experimental Section.
The standard deviations of [HONO] and friction velocity are shown
as shading.

snowpack nitrite and nitrate concentrations was observed
(Figure 4), supporting nitrite production from nitrate
photolysis, followed by HONO emission from the snowpack.

Turbulent mixing in the atmospheric boundary layer likely
affected the observed diel patterns in HONO. The strength of
turbulent mixing can be assessed by the friction velocity
(u%).° Figure 2b shows the diurnal pattern of u* over both
snow-covered and bare-soil ground. Overall, the friction
velocity was lower over snow-covered ground than bare-soil
ground (on average, 0.16 + 0.10 versus 0.23 + 0.16 m s™"),
indicating weaker turbulent mixing over snow-covered ground.
Over snow-covered ground, friction velocity peaked around
noon, coinciding with the HONO noontime peak. The
reduced vertical mixing in the morning, compared to noon,
likely contributed to the elevated morning HONO mole
fractions (Figure 2a) by trapping surface-produced HONO
near the ground. Stronger turbulent mixing at noon promoted
vertical transport of HONO emitted from the snowpack,
thereby countering increased HONO production and resulting
in the diel pattern of HONO not following that of actinic flux.

Particulate Nitrite not in Thermodynamic Equili-
brium with HONO. NO, hydrolysis and nitrate photolysis
in atmospheric particles produce HONO (R2, R3, and
R8).*> Particles also provide surfaces for HONO uptake.*®
In Kalamazoo, the particulate nitrite concentrations ([pN-
(1I1)]) varied from below LOD (0.002 ug m™) to 0.024 ug
m ™~ (Figure 1), with an average of 0.005 + 0.005 ug m™ (10).
This is similar to the average particulate nitrite concentration
of 0.005 ug m™ at an Arctic site (Utqiagvik, Alaska) during
spring 1986—1989,°° but much lower than at larger
midlatitude cities during winter (0.2 pg m™ in Salt Lake
City, Utah;** 0.4 ug m~ in Beijing, China;** and 2.1 ugm~>in
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Ji'nan, China23). On average, particulate nitrite concentrations
during periods with snow-covered ground (0.006 + 0.005 pg
m ™) were about twice as high as for bare-soil ground periods
(0.003 + 0.003 ug m~>) (Figure 3a). In general, the diurnal
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Figure 3. Diurnal patterns of average (a) particulate nitrite
concentrations ([pN(III)]) and (b) [pN(II)]/[HONO] ratios
above snow-covered and bare-soil ground. The standard deviations
of [pN(III)] and [pN(III)]/[HONO] are shown as shading.

variations in particulate nitrite over both snow-covered and
bare-soil ground were smaller than for HONO. In contrast to
HONO, a noontime peak of particulate nitrite was neither
observed on snow-covered ground nor bare-soil ground. Over
snow-covered ground, hourly average particulate nitrite
concentrations fluctuated between 0.005 and 0.007 g m™
throughout the day (Figure 3a). In comparison, over bare-soil
ground, hourly average particulate nitrite concentrations were
lower, at ~0.002—0.003 pg m™>.

The average particulate nitrite to HONO concentration
ratio ([pN(III)]/[HONO]) during this winter study was 0.04
+ 0.04 (10), which is smaller than the few values reported in
previous literature (average of 0.25 in Bakersfield, California,
during May—_]uly;56 range of 0.29—0.69 in Zurich, Switzerland,
during August—September;63 average of 1.6 in Lubbock,
Texas, in November;>’ average of 1.86 in Seoul, Korea, during
May—July;** and average of 4.26 in Beijing, China, during
November—]January””). Particulate nitrite undergoes thermo-
dynamic exchange processes with HONO in the atmosphere.*
The E-AIM model was used to predict particle pH and liquid
water content (Experimental Section) to enable the calculation
of the thermodynamic equilibrium between particulate nitrite
and HONO ([pN(III)]/[HONO] ratio) (R6 and R7). On
average, the particle pH and liquid water content predicted
from E-AIM were 3.2 and 3.5 X 10~ g m™>, respectively, for an
average T,;, of —1.7 °C and RH of 75%. Using the particle pH
and liquid water content (LWC) predicted from E-AIM, the
[pN(III)]/[HONO] ratio was calculated (E2)°" to be 6 X
1078, which is much smaller than our observations (0.05 =+
0.04 over snow-covered ground and 0.03 + 0.04 over bare-soil
ground). This suggests particulate nitrite was supersaturated,
with particles likely representing a source of HONO.**

[pN(UD)] _ Ky [H']
THONO] Hyonol 1 + et e RT, LWC

(E2)

R is the gas constant. The LWC is the particle liquid water
content. The [H*] is the hydrogen ion concentration, obtained
from the predicted particle pH.

The supersaturation of particulate nitrite in our observations
compared to the thermodynamic equilibrium approximation
could be due to several reasons. The aerosol pH and liquid
water content calculated from the E-AIM model could be
incorrect. However, in order to reproduce the [pN(II)]/
[HONO] observations, aerosol liquid water content would
need to increase by 6 orders of magnitude, which is unrealistic.
Alternately, aerosol pH would need to increase by 6 units,
which is unlikely, except for alkaline particles. Particulate
nitrite may reside predominantly on lofted alkaline dust or
road salt particles. VandenBoer et al.*”*® suggested high
[pN(I1I)]/[HONO] ratios could be caused by the uptake of
HONO onto soil and/or lofted alkaline agricultural soil
particles. Solid formation of nitrite could have occurred in the
particles, since the E-AIM model does not include either
aqueous-phase or solid-phase nitrite (e.g, NH,NO, and
NaNO,). In our study, high observed [pN(III)]/[HONO]
ratios (compared to calculated) occurred both above snow-
covered ground and bare-soil ground (Figure 3b), suggesting
that the uptake of HONO onto soil/dust alone cannot explain
the ratios. Since road salt is omnipresent in the wintertime,”” it
is likely that road salt particles took up HONO, but the mixing
state of nitrite is not known for wintertime in Kalamazoo to
confirm this assumption. The increase in the observed
[pN(II1)]/[HONO] ratio in the late afternoon over snow-
covered ground (Figure 3b) was caused by the decrease in
HONO abundance at that time, indicating that the [pN(III)]/
[HONO] diurnal pattern over snow-covered ground was
driven by the HONO diurnal pattern that was affected by snow
nitrate photolysis.

Snow Nitrite as a Source of HONO. The nitrite
concentration in the Kalamazoo surface (top 2 cm) snow
samples varied from 0.04 to 1.99 uM, with an average of 0.4 +
0.3 uM (lo), which is similar to previous snow nitrite
measurements (0.46—0.70 M) in southeast Massachusetts
during winter.”” The observed levels are higher than the 0.01—
0.18 uM of snow nitrite measured at Utqiagvik, Alaska, during
%72 a5 expected due to the higher anthropogenic NO,
emissions at the midlatitude urban sites. The average nitrite
concentration for snow samples collected around sunset was
0.5 + 0.4 uM, while the average nitrite concentration for snow
samples collected at night was 0.3 # 0.1 uM, but the difference
is not significant at the 95% confidence level.

Here we investigate whether snow nitrite concentrations
measured in this study were high enough for the ground
snowpack to potentially be a significant source of HONO to
the ambient air. HONO in contact with the snowpack
undergoes adsorption equilibrium with nitrite at the snowpack

surface,”””*™"° as parametrized in E3 and E4
[HONo(sn,surf)]
[HONO(yoq)l = ———
- Kiinc (E3)
[HONO,, pui) JN22:
[HONOg,, surp)] = o e
' 10°4,, (E4)
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where [HONO(g.q)] (molecule m™) is the HONO gas
concentration close to the snowpack surface; [HONO (g, curp)]
(molecule m™2) is the snowpack surface nitrite number
density; the gas-ice partition coefficient for HONO Kj,c =
1.5 X 10%exp(5200/ Ty,e,) m;”> the Avogadro’s number N, =
6.02 X 10* molecule mol™'; p;.. = 917 kg m™> is the ice
density; and A, (m*> kg™") is the snow specific surface area,
which could vary from 2 m? kg_1 for melt-freeze crusts, 20 m>
kg_1 for aged snow, to 160 m? kg_1 for fresh snow in the Arctic
and French Alps snow samples.”””’ Using the average
measured snow temperature (Ty,,,) of 268 K, [HONO(sn,bulk)]
of 0.4 uM, and A, of 20—160 m® kg™', we calculate
[HONO4,q)] to be 3—28 X 10* molecule m~3, which is 1—
10 ppb. In comparison, the average HONO mole fraction
measured at 1.8 m above the ground in this study was only 54
ppt, which is much smaller than the calculated [HONO 4],
suggesting a large HONO emission from the snowpack to the
ambient air. Using the same adsorption equilibrium method
(E3 and E4), Jacobi et al.”* suggested that the snowpack could
act as a source during low (<15 ppt) HONO abundance
periods and a sink during high (100—500 ppt) HONO
abundance periods. In our study, the calculated HONO,,
levels close to the snowpack surface were always higher than
the measured HONO levels at 1.8 m, supporting the
hypothesis that the snowpack primarily serves as a HONO
source.

A positive correlation was found between snow nitrite and
nitrate concentrations (R* = 0.7) (Figure 4), suggesting
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Figure 4. Snow nitrite concentration versus snow nitrate concen-
tration for all surface snow samples.

production of snow nitrite from snow nitrate photolysis.'” The
snow nitrite/nitrate ratio varied from 0.003 to 0.03S for all
surface snow samples, with an average of 0.016 + 0.007 (10).
In comparison, the average snow nitrite/nitrate ratio was
measured to be 0.08 in suburban north Dartmouth,
Massachusetts, during winter”® and 0.007 in Utgiagvik, Alaska,
during spring.”” Note, that the snow nitrite and nitrate
measurements shown above are all bulk concentrations in the
snowpack. One needs to know the physical and chemical
properties of the disordered interface to estimate snow nitrite
and nitrate concentrations in that layer,”"”® because liquid
channels exist in the entire ice and some fraction of the ice
surface consists of bare ice.”” Only snow nitrite in liquid
regions at the air interface is expected to exchange with
HONO close to the snow surface, limiting the potential
HONO production, compared to the bulk nitrate present.

OH Production from HONO and O; Photolysis.
HONO affects the oxidative capacity of the atmosphere via
photolysis to produce OH (R3). Regardless of its low
abundance, HONO could represent a larger source of OH in
the atmosphere than O3, as the photolysis frequency of HONO
(jono) is about 2 orders of magnitude higher than that of O
(jo'p)- "% This is especially evident at the wintertime midwest
US, where water vapor abundance ([H,0]) is low (on average
1.2 X 10" molecules cm™3, calculated from T, and RH in this
study) mainly due to the low T,; (on average —3 °C) during
this study. The OH production mechanism from O photolysis
is shown in R9—R12.'”" O, photolysis produces O('D),
followed by the reaction with water vapor to form OH.

0, + hv (4 £ 330nm) — O('D) + O, (R9)
0o('D) + H,0 — 20H (R10)
o('D) + N, - O('P) + N, (R11)
o('D) + 0, = O('P) + O, (R12)

Figure S shows the diurnal patterns of the calculated OH
production rates, in the near-surface atmosphere at &2 m
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Figure S. Diurnal patterns of average calculated OH production rates
from measured HONO (Poy_gono) and O; (Pop_o,) above snow-

covered and bare-soil ground.

above ground, from photolysis of measured HONO
(Pon—mono) and O, (POH—og) in Kalamazoo. Poy_pyono and

Pon—o, were calculated from ES and E6, respectively.

For-HONO = Jizono HONOg)] (Es)
P 2j0(1D)k10[H20] [03]
OH=0s ™ 1 J[H,O1 + kyy[N,] + ky,[O,] (E6)

kio (2.0 X 107 %exp(60/T,;,) cm™> molecule™ s7"), k;; (=3.1
x 10™"exp(110/T,,) cm™> molecule™ s7*), and k;, (=4.0 X
10 exp(55/T,;,) cm™ molecule™ s7') are the rate constants
of R10, R11, and R12, respectively.”” The diurnal patterns of
the average juonos jo'ps [O3), Taw and RH are shown in Figure
6. Calculated Poy_yono and Poy_o, were both higher over

snow-covered ground than over bare-soil ground, due to the
higher abundances and photolysis frequencies of HONO and
O; over snow-covered ground (Figures 2 and $). In particular,
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Figure 6. Diurnal patterns of the average calculated photolysis
frequencies of (a) HONO (jyono) and (b) Os (jo'p), (c) measured
O; mole fractions ([05]), (d) air temperature (T,;), and RH for time
periods with snow-covered ground, compared to bare-soil ground.

Popnono was on average 46% higher over snow-covered
ground than bare-soil ground at noon. This indicates that the
HONO production rate was 46% higher over snow-covered
ground than bare-soil ground at noon under the photo-
chemical steady state assumption (HONO lifetime of 10—30
min at noon during the SNACK campaign). However, this
does not mean that the difference corresponds to snow nitrate
photolysis only, since NO, abundance may be different over
snow-covered and bare-soil ground periods, especially due to
the lphotochemical production of NO, from the snow-

ack'®""!'* and possible subsequent snow-phase hydrolysis
of NO,,'*''"* for example. Compared to Por-o0, Pon-nono

was on average 10 times higher over snow-covered ground and
on average seven times higher over bare-soil ground,
suggesting the important role of HONO for OH production
and the oxidative capacity of the near-surface atmosphere in
the wintertime midlatitude urban environment, especially
when snow is present. It should be noted, that both Poy_yono
and Poy_o, were calculated at the sampling height of ~2 m

above the ground, which does not represent OH production
from HONO and Oj; throughout the entire boundary
layer.'%'*° These results motivate future studies of vertically
resolved HONO. Previous studies have found HONO to be
more important than O; for OH production in cities, especially
during winter.””'*>'® In particular, in the highly polluted
urban wintertime environment of Santiago, Chile (daytime
average [HONO] ~ 4 ppb and [O;] ~ 20 ppb), Elshorbany et
al.” calculated Py pono to be more than 2 orders of
magnitude higher than Py,

Contribution of Particulate Nitrate Photolysis to
HONO Production. Here, we investigate the importance of
particulate nitrate photolysis to HONO production during the
SNACK campaign. Recent studies have suggested that sea
spray aerosol nitrate photolysis represents a large source of
HONO in the marine boundary layer.”>**** In addition, for an
aircraft field campaign over southeastern US during summer
2013, Ye et al.”” suggested that particulate nitrate photolysis
was the dominant (x70%) source of HONO. Following the
laboratory study of Ye et al.*® and modeling studies of Reed et
al.'’* and Kasibhatla et al,*® we assumed particulate nitrate
photolysis produces 67% HONO and 33% NO,, and the
photolysis frequency of particle nitrate (j,nyr) is 100 times the

photolysis frequency of gas-phase HNO; (juno,)- The juno,
was obtained from the TUV model. Figure 7 shows the diurnal
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Figure 7. Diurnal patterns of (a) measured particulate nitrate
concentrations, (b) calculated particulate nitrate photolysis frequen-
cies (jPNIT), and (c) calculated HONO production rate from
particulate nitrate photolysis (PHONO_pNIT) over snow-covered and
bare-soil ground. The standard deviations of particulate nitrate
concentrations are shown as shading in (a). Here we have assumed
particulate nitrate photolysis produces 67% HONO and 33% NO,,
and particle nitrate photolysis frequency is 100 times greater than the
gas-phase HNO; photolysis frequency.”®*®

pattern of the average calculated HONO production rate from
particulate nitrate photolysis (PHONO_PNIT); the HONO
production rate reached 0.006 and 0.002 ppt s, on average,
at noon over snow-covered ground and bare-soil ground,
respectively. Since photolysis is the dominant HONO loss
process,'® the HONO production rate at noon can be
approximated as the HONO photolysis rate (Poy_pono)
under the photochemical steady state assumption, as discussed
in the OH Production from HONO and O; Photolysis section.
In comparison, Poy_pono Was 0.07 and 0.05 ppt s™! at noon,
on average, over snow-covered ground and bare-soil ground,
respectively (Figure 5). Therefore, on average, Pyono—pnir Was
only 8% of Poy_pono over snow-covered ground and 5% over
bare-soil ground at noon. Figure 8 shows the linear correlations
between Pyono-pnir and Pop_pono OVer snow-covered
ground and bare-soil ground, respectively. The slopes of
0.077 over snow-covered ground and 0.047 over bare-soil
ground indicate particulate nitrate photolysis accounts for 7.7%
and 4.7% of HONO production, respectively.”” This suggests
that particulate nitrate photolysis was only a minor source of
HONO during the SNACK campaign, further supporting the
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Figure 8. Correlation analysis of HONO production via particulate
nitrate photolysis (PHONO—pNIT) with HONO removal via photolysis
(Pon—nono) over snow-covered ground (slope, 0.077; intercept,
0.0002; R* = 0.6) and bare-soil ground (slope, 0.047; intercept,
0.000005; R* = 0.9), respectively. As in Figure 7, we have assumed
particulate nitrate photolysis produces 67% HONO and 33% NO,,
and particle nitrate photolysis frequency is 100 times greater than the
gas-phase HNO; photolysis frequency.’®**

hypothesis that snowpack is a significant HONO source. Other
HONO sources, such as NO, hydrolysis on particles®” and
snowpack'®'”* and NO oxidation by OH,"* are likely
important for HONO production; however, the importance
of these sources unfortunately could not be evaluated due to
lack of NO, measurements. It should be noted, that jr is

. . . ) 36,38,104,108
very uncertain, ranging from 1 to 100 times jiyo,

and the yield of HONO from particle nitrate photolysis could
range from 67 to 93%.”° By considering these uncertainties,
Pyono-parr ranges from 0.00006 to 0.009 ppt s~! at noon, on
average. This suggests that particle nitrate photolysis is likely
negligible for HONO production in this study.

Contribution of Snow Nitrate Photolysis to HONO
Production. Following Zatko et al,'”” the HONO production
flux (Fgono—aur; molecules cm™ s™') from snow nitrate
photolysis can be estimated as

3z, Y2
. —z/ e — now
Fiono—snir = / joe NG Yoo dz
0 pice (E7)

where z, (cm) is the e-folding depth of UV actinic flux in the
snowpack; j, is the nitrate photolysis frequency at the
snowpack surface; [NO3], is the average measured bulk
snow nitrate concentration (26 uM); Yyono is the HONO
yield from snow nitrate photolysis; pq,, is the average surface
snow density measured (230 kg m™*); and p;.. = 0.917 kg 17" is
the ice density. Assuming a z, of 2 cm,'”’ snow nitrate
concentration invariant through the photic zone (%6 cm), j, of
1-100 times jyyo, (modeled and scaled by radia-

tion),> 194108 and Yyono of 67—93%,°%%° we calculate
Frono—arr to be 1—138 X 10° molecules cm™ s~ at noon.
Previous studies have calculated HONO emission fluxes from
the snowpack to range from 0.2 to 31 X 10° molecules cm™
s in different environments.""'>'**>'% Notably, in the
polluted Uintah Basin during wintertime, Zatko et al.'’’
calculated fluxes of 0.2—3 X 10° molecules cm™ s~ at noon
using a radiative transfer model and a snow chemistry model to
calculate the HONO production rate from snow nitrate
photolysis, for average snow nitrate concentrations of ~100
uM."”” It should be noted, that our estimate here is uncertain
due to many assumptions, including scaling snow nitrate

photolysis frequency to HNO; photolysis frequency, using a
range of scaling factors based on laborator?r experiments and
estimates from field observations.””**~**'% However, our
estimated HONO snowpack emission flux is in line with
previous measurement-derived fluxes in other environments,
giving support to the estimated range here.

The effective HONO production rate in the near-surface
atmosphere from snow nitrate photolysis (Pyono-snits PPt
s71) is estimated as

K HONO—sNIT
Hmpair (ES)

where H,, (m) is the HONO effective mixing height, and p,;=
2.7 x 10" molecules cm™ (at an average measured T, of
—1.7 °C and pressure of 1 atm) is the air density. H,, can be
estimated from eddy diffusivity (K_; m”*s™") derived from sonic
anemometer measurements and HONO photolysis frequency
(jaonos s~!; modeled and scaled by radiation) as

Paono-snir =

KC
H =

Jrono (E9)

The average H,, was 20 m over snow-covered ground at
noon in this study. With an Fyono_gar of 1-138 X 10°
molecules cm™ s™!, Pyono-anr is calculated to be 0.02—2.56
ppt s' at noon. In comparison, the HONO production rate
from particle nitrate photolysis is only 0.00006—0.009 ppt s™*
at noon (Contribution of Particulate Nitrate Photolysis to
HONO Production section). Thus, particle nitrate photolysis
is negligible compared to snow nitrate photolysis for HONO
production within the HONO effective mixing height of 20 m.
In comparison to the OH production rate from HONO over
snow-covered ground (0.07 ppt s~ at noon, on average),
Puono—snir (0.02—2.56 ppt s™' at noon, on average) is
estimated to account for 30—100% of total HONO production
rate during daytime. It should be noted, that the calculated
HONO production rate from snow nitrate photolysis
(Prono-snir) is higher than the total HONO production
rate (Pog_pono), When assuming j, is more than four times
juno, This suggests snow/particle nitrate photolysis may not

be much faster than gas-phase HNO; photolysis, which is
consistent with Romer et al.'"® (onir = 1-30 juno,)- These

calculations demonstrate the important role of snow nitrate
photolysis in HONO production in the wintertime midlatitude
urban environment.

B CONCLUSIONS

In this study, the abundance of HONO and its contribution to
the oxidative capacity of the atmosphere in the wintertime
midlatitude snowy urban environment were investigated
through measurements in January—February 2018 in Kalama-
200, Michigan. HONO mole fractions were, on average, 44%
higher over snow-covered ground. The noontime peak in
HONO over snow-covered ground suggests significant photo-
chemical snowpack HONO emissions, likely from snow nitrate
photolysis, as previously observed in the Arctic.'” This is
further supported by high snow nitrite concentrations (0.4 +
0.3 uM) and the positive correlation between snow nitrite and
nitrate concentrations. Particulate nitrate photolysis was found
to be only a minor (<10%) source of HONO. Due to the high
HONO abundance over snow-covered ground, the calculated
OH production rate from HONO photolysis was, on average,
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an order of magnitude higher than that from O; photolysis on
snow-covered ground, for the near-surface atmosphere (%2 m
above ground). The production of OH from HONO is
especially important for the oxidative capacity of the
atmosphere in the wintertime urban environment, where OH
production via O photolysis is limited due to low water vapor
abundance.”'? It is important to note, that other species (e.g.,
HCHO photolysis and alkene ozonolysis) that were not
measured in this campaign could also be important for OH
production.* The snow-covered ground creates a stable and
shallow boundary layer, reducing vertical mixing of trace gases
and aerosols, and provides a high surface albedo to promote
photochemical reactions.'® In addition, the snowpack can serve
as an important reservoir to recycle nitrogen species (e.g,
nitrate, HONO, and NO,) back into the atmosphere, which
increases the lifetime of nitrogen species in the atmosphere.'®
Given elevated levels of particulate ammonium nitrate in the
midwest US wintertime over snow-covered ground,78 it is
important to investigate the role of deposited nitrate on the
midlatitude snowpack in the production of HONO.
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