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Photochemical production of gas phase NO, from ice
crystal NOg3

R. E. Honrath, S. Guo, M. C. Peterson, and M. P. Dziobak

Department of Civil and Environmental Engineering, Michigan Technological University,
Houghton

J. E. Dibb and M. A. Arsenault

Institute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham

Abstract. Recent measurements have demonstrated that sunlight irradiation of
snow results in the release of significant amounts of gas phase NO, (NO+NOQO,). We
report here the results of a series of experiments designed to test the hypothesis that
the observed NO, production is the result of nitrate photolysis. Snow produced from
deionized water with and without the addition of nitrate was exposed to natural
sunlight in an outdoor flow chamber. While NO, release from snow produced
without added NO3 was minimal, the addition of 100 uM NOJ resulted in the
release of >500 pptv NO; in a 9 standard liter per minute (sLpm) flow of synthetic
air exposed to the snow for 10-20 s; the rate of release was highly correlated
with solar radiation. Further addition of radical trap reagents resulted in greatly
increased NO, production (to >8 ppbv in a flow of 20 sLpm). In snow produced
from deionized water plus sodium nitrate, production of NOy dominated that of
NO. The reverse was true in the presence of radical trap reagents; this suggests
sensitivity of the NO,, release mechanism to pH, as a basic compound was added, or
to the presence of free radical scavengers. A mechanism for NO, release from NO3
photolysis consistent with these observations is presented. These results support
previous suggestions that surface NO, release may have a significant impact on
boundary layer photochemistry in snow-covered regions and that nitrate photolysis
on cirrus cloud particles may result in the release of gas phase NO,. A potential
for pH-dependent impacts on ice core records of oxidants and oxidized compounds
is also suggested.

However, the photochemistry of NO3 is complex [e.g.,
Wagner et al., 1980; Mark et al., 1996]. Although both
NO» and NO are produced, each participates in further
reactions to re-form NOj3 and/or NO; .

1. Introduction

A series of recent measurements indicate that photo-
chemically mediated production of NO, occurs in the

surface snow of polar regions. NO, (NO + NO3) levels
in the interstitial air of surface snow at Summit, Green-
land, of magnitude 3 to >10 times those in ambient air
have been observed [Honrath et al., 1999], while more
moderate production has been reported to occur within
surface snow in Antarctica [Jones et al., 2000]. Result-
ing emissions from surface snow apparently affect levels
of NO; in the ambient air of polar regions [Ridley et
al., 2000: Dauis et al., 1999)].

The release of gas phase NO,, into snowpack intersti-
tial air has been attributed to photolysis of NO3 present
within the surface snowpack [Honrath et al., 1999], a
process that has also been identified as a potentially im-
portant source of OH in snow and ice [Hoffman, 1996].
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The present study was undertaken to determine
whether NO3 alone is sufficient to account for obser-
vations of release of gas phase NO, from surface snow.
These experiments form part of the Snow Nitrogen and
Oxidants in Winter (SNOW99) study, which took place
during January-February 1999. The primary objec-
tives of SNOWY99 were to determine whether the pho-
tochemical activity observed in Arctic snow occurs in
midlatitude regions and to investigate the mechanism
and impacts of the process through measurements of a
variety of inorganic and organic compounds. SNOW99
observations of the release of NO, and aldehydes from
natural snow are reported elsewhere [Honrath et al.,
2000; Couch et al., 2000].

2. Experimental Methods

In short, the experimental procedure was as follows.
Snow was artificially produced from deionized water or
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from deionized water with nitrate added. The resulting
snow was placed in a flow chamber, which was placed
outdoors on a natural snow surface at the SNOW99
field site [Honrath et al., 2000]. Low levels of nat-
ural sunlight irradiated the snow through a transpar-
ent Teflon cover, and breathing air quality synthetic air
flowed through the snow at a constant rate, while NO
and NO, mixing ratios were determined at the chamber
outlet.

2.1. Snow Production

Snow was produced by spraying a fine mist of water
or water solution into a pool of liquid nitrogen [Laird
and Sommerfeld, 1995]. Since large amounts of snow
were required to fill the flow chamber, a new, cleaned
commercial paint spray gun was used to produce the
mist. The snow produced appeared similar to fine, dry
natural snow. Snow was made at night and stored out-
side overnight in a sealed flow chamber. Though the
snow remained highly permeable, metamorphosis dur-
ing storage resulted in consolidation. The snow was
broken up and transferred into a second flow chamber
at the field site using a clean scraper. Snow used in
experiments I and II (described below) was kept dark
prior to use; snow used in experiment III (described
below) was illurninated without flow for a short period
(see below).

2.2,

Snow Photochemistry Chamber

Experiments were conducted in a high-cross-section
34 L Teflon-coated flow chamber designed to allow si-
multaneous sampling by multiple investigators during
other SNOW99 experiments [Honrath et al., 2000]. The
chamber sides and bottom were constructed of perflu-
oroalkoxy (PFA) Teflon-coated aluminum; the top was
sealed with a transparent fluorinated ethylene propy-
lene (FEP) Teflon cover (transmittance > 75% at wave-
lengths >290 nm). During some experiments the cham-
ber was darkened by placing an opaque sheet across a
short aluminum wall that extended above and around
the Teflon cover. Time-response experiments using step
function addition of parts per billion-level NO at the
ilet indicate that flow through the snow-filled cham-
ber was not uniform: At 9 standard liters per minute
(sLpm), a concentration pulse traveled through the
chamber in 10-20 s, rather than the >170 s expected
thiough uniform snow of typical densities in the 34 L
chamber. In addition, a tiime constant of 70-130 s was
observed in the increase in outlet mixing ratio following
initial breakthrough. This is interpreted as the char-
acteristic time for mixing of the full chamber volume.
Thus the results presented below may reflect air-snow
exchange in only a fraction of the flow chamber volume.

Although changes in appearance were not observed,
inetamorphosis of snow in the flow chamber may have
occurred, induced by sublimation in the upstream re-
gion into the initially dry synthetic airflow. This could
have resulted in volatilization of adsorbed compounds
[Hanot and Domané, 1999]. Laboratory measurements
indicate that nitrate is not readily released from ice sur-
faces [Abbatt, 1997]. However, observations of rapid
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changes in nitrate concentration in surface snowpacks
[Dibb et al., 1998; Silvente and Legrand, ; De Angelis
and Legrand, 1995] have been interpreted as an indi-
cation of HNOj3 release and redeposition [Silvente and
Legrand, ; De Angelis and Legrand, 1995]. Thus current
understanding is incomplete regarding HNOg volatiliza-
tion from the surface snowpack. However, HNOg was
determined in the chamber effluent during one of the
experiments (experiment III, described below); mix-
ing ratios were <25 pptv, indicating that any HNOgz
volatilization that occurred was minimal and cannot
explain the levels of NO, reported below or their de-
pendence upon solar radiation.

2.3. Chemical and Radiation Measurements

NO and NO, were determined in the chamber ef-
fluent and in the synthetic air flow upstream of the
chamber. NO, (total reactive nitrogen oxides) was mea-
sured concurrently in the ambient air; as expected un-
der synthetic airflow, ambient [NOy] was not correlated
with [NO,] exiting the flow chamber. NO, NOj, and
NO, were determined sequentially, with one 20-s aver-
age measurement of each obtained once each iteration
of a 5-min measurement cycle. NO and NOy measure-
ments were referenced to a National Institutes of Stan-
dards and Technology (NIST) NO standard. Accuracy
of the NO, mixing ratios presented here is estimated
to be 6%; precision was <12 pptv at low NO, levels,
and at high levels was much less than the uncertainty
contributed by measurement accuracy. Additional mea-
surement uncertainty was present at times when mix-
ing ratios changed very rapidly, as was the case when
the snow photochemistry chamber was first exposed to
sunlight or covered in the experiments below. This is
the case because [NOg] is calculated from the differ-
ence between NO and NO, measurements separated
in time by approximately 1 min, and because calcu-
lation of [NO,] depends on knowledge of [NO] at the
same time, which is estimated by interpolation. Periods
when this effect may have resulted in measurement un-
certainty significantly greater than that cited above are
excluded from the analyses below. These periods were
<10 min in duration and their exclusion does not af-
fect the conclusions presented. During one experiment
(experiment III, described below), NO; measurements
were not made continuously in the chamber effluent,
so that other species could be sampled occasionally by
other investigators. This resulted in some gaps in the
data coverage during that experiment. Details on the
calibration and data reduction methods and measure-
ment accuracy are provided by Peterson and Honrath
[1999].

A hemispherical filterradiometer (Metcon USA) was
used to determine the NO; photolysis rate constant
(JNo,), as a measure of downwelling ultraviolet radi-
ation. Calibration was provided by the manufacturer;
no corrections were applied. The absorbance cross sec-
tion for NO5 extends further into the red than does
that of NO3, which has a local absorption maximum
in liquid water at 302 nm [Meyerstein and Treinin,
1961]. Jno, is used here as the best indicator of ul-
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traviolet actinic flux available during the present study,
with the recognition that the greater sensitivity of ni-
trate to shorter wavelengths would result in a sharper
dependence of nitrate photolysis on solar zenith angle,
relative to NO,. Nitrate [Dibb et al., 1994] and total or-
ganic carbon (TOC) were determined in the artificially
produced snow prior to and/or following each experi-
ment using established methods.

2.4. Experiments

Three batches of snow were produced, using (I) deion-
ized (DI) water, (II) DI water with 100 puM
NaNOjz added, and (III) DI water with 100 uM
NaNOgs, 256 mM dimethyl sulfoxide (DMSO), and
250 puM 3-amino-2,2,5,5-tetramethyl-1-pyrrolidinyloxy
radical (3AP). DMSO and 3AP were included in the
latter snow in an exploratory attempt to trap OH radi-
cals produced by NO3 photolysis [Vaughan and Blough,
1998]. No definitive evidence of OH production was ob-
served (S. Green, private communication, 1999), but
this method’s detection limit for OH in ice is not char-
acterized. However, as discussed below, the addition
of these compounds resulted in greatly increased NO,
release from the artificially produced snow and an ap-
parent change in the mechanism of that release.

NO3 concentrations measured in the snow produced
without added nitrate (batch I) averaged 0.115 +
0.057 uM (mean+3 standard errors of the mean) prior
to use. After use, an increase in NO3 was observed in
the surface layer only, of magnitude 0.149 &+ 0.075 M.
This may indicate volatilization and/or deposition of
small amounts of nitrogen compounds present as con-
taminants in the snow or in the synthetic airflow. NOz
concentrations in snow from batch II were measured
only after the experiment was complete; they aver-
aged 100.1 & 2.1 uM. [NOjz] in three samples from
batch III averaged 96.3 & 1.8 uM prior to exposure
and averaged 105.1 £ 13.5 uM in samples taken from
the surface layer after exposure. Total organic carbon
levels in the snow without added organics were 0.4—
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0.7 ppm (experiment I) and approximately 0.2 ppm
(experiment II) (S. Green, personal communication,
1999). An insufficient amount of snow was made in
batch IIT; as a result, the bottom approximately one
half of the flow chamber was filled with aged natural
snow ([NO3] = 3.08+0.07 uM, TOC = 0.26 ppm) and
covered with artificially produced snow. Nitrate con-
centrations measured in three samples from the lower
snow layer following the experiment ranged from 12 to
53 uM, suggesting transfer of nitrogen oxides or snow
particles between the surface and deeper snow layers.

Experiments 1 and IT were cornducted for 2 days.
In experiment I, flow was continucus for the full pe-
riod, while the snow remained without flow or illumi-
nation for a 2-day period between days of sampling
in experiment II. NO, levels in experiment I declined
from a maximum of 320 pptv (when Jno, = 0.0013-
0.0019 s™!) to 70 pptv (when Jno, = 0.0010 s™1) over
the first day of illumination; this is attributed to clean-
out of the flow chamber, which had been exposed to
part per billion-levels of ambient air NO, the previous
day. For this reason, and because inconclusive experi-
ments using filters to cover the chamber complicate the
interpretation of data from day 1 of experiment II, only
the second days of experiments I and II are discussed
in the following sections. However, we note that use of
the first day’s results from experiments I and II would
not alter the conclusions presented below regarding the
source of NO, release observed in experiments II and
I1I.

Snow temperatures during experiment I were -6° to
0°C (day 1) and approximately 0°C (day 2). Those
during experiment II were -8° to 0°C (day 1} and -12°
to -5°C (day 2), and those during experiment III were
-19° to -11°C.

3. Results

NO; levels during experiments 1 and II are shown
in Figure 1. Significant release of NO; from the

800 Exp. I: <0.3 UM NO; Exp. II: 100 uM NO, |4
—_ L [ * . Ja—~
5 600f * 184,
g . 1=
= 400 122 .
o L 1 8
£ 2000 115
0 heman omtetne ¢ = 0

o7z 08 09 10 M 12 13
Hour of February 2, 1999

08 10 12 14 16 18
Hour of January 25, 1999

Figure 1. NO, measurements during experiments I and II. Solid circles indicate values during
periods when the flow chamber was exposed to sunlight, open circles indicate observations during
periods when the chamber was covered, and diamonds indicate measurements of synthetic air
composition upstream of the chamber. Consecutive measurements are connected by dotted lines
for clarity. The solid line indicates the downwelling component of JNo,; JNo, is set to zero during
periods when the chamber was covered. The vertical dotted line indicates the beginning of the
period used in the regression analyses of Figure 4. An interruption in the rise of [NO;] just prior
to 0900 in experiment II is the result of an increase of the flow rate through the chamber to
9 sLpm, from the flow rate of 6.5 sLpm which was used overnight.
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Figure 2. NO,; measurements during experiment III.
Symbols are as described for Figure 1. The vertical dot-
ted line indicates the beginning of the period used in the
regression analyses of Figure 5. Nonzero Jyo, values
(indicated by the solid line) prior to 1300 indicate peri-
ods when the chamber was uncovered without flow (at
~1000) and was briefly uncovered with flow (at ~1240).
Missing data during 1120-1205, 1405-1455, and 1630-
1710 are the result of periods when the NO, inlet was
not connected to the flow chamber outlet. Missing data
immediately following the time when the chamber was
covered at 1510 result from the NO; measurement cy-
cle, which prevents accurate calculation of NO, mix-
ing ratios at times when mixing ratios change by large
amounts.

NOj -containing snow was observed, with mixing ra-
tios reaching >600 pptv and variations closely follow-
ing variations in sunlight intensity. Much lower NOg
(<100 pptv) was detected from the low-NOj3 snow.
NO, measurements during experiment III are shown
in Figure 2. Extremely high levels, exceeding 8 ppbv,
were observed when the cover was removed, allowing
sunlight onto the snow. Elevated levels were also ob-
served when the snow was first sampled while covered;
this may have been due to irradiation of the snow with-
out flow for a 25-min period around 1000. Levels of NO;
in the dark decayed rapidly after sampling commenced,
reaching 600 pptv after 20 min, and <400 pptv when
next sampled after 1 hour. After irradiation with air-
flow, NO; levels returned to a baseline level of approxi-
mately 250 pptv, slightly higher than the inlet synthetic
air mixing ratio of 150 pptv, within 10 min when the
snow was covered at 1510, and rose to the sunlit values
shown within 10 min when the chamber was uncovered
at 1545.
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The fraction of NO, detected as NO is shown in Fig-
ure 3. There is a clear difference between the two ex-
periments shown: NO, was released primarily in the
form of NO3 in experiment II, while NO was the domi-
nant product in experiment III. This observation is dis-
cussed below. There was no Oz in the tank air used,
and therefore gas phase conversion of NO to NOg is
expected to be minimal within the flow chamber. Pho-
todissociation of NOs could convert released NO, to
NO, but this is also expected to be minimal. (Pho-
todissociation of <22-34% of the NOj released is ex-
pected at Jno, = 0.004 s7!, if flow in the chamber
were well-mixed with the measured mixing time con-
stant of 70-130 s, while much less photodissociation [4-
8%] would occur under plug-flow flow conditions with
residence time equal to the measured breakthrough pe-
riod of 10-20 s). The lack of dependence of [NO]/[NO,]
upon Jno, shown in the left plot of Figure 3 confirms
this expectation.

NO and NOj levels in the experiments with NO3
added were highly correlated to Jno,, as shown in Fig-
ures 4 and 5. There was a delay in the response of NO,
to increasing sunlight in the morning of experiment II;
the points during this ~2-hour period are indicated by
open symbols and are excluded from the regressions
shown in Figure 4. The first 1.5 sunlit hours of ex-
periment III are also indicated by open symbols and
excluded from the regression calculations in Figure 3.
NO mixing ratios were initially extremely high when
the chamber was uncovered in this experiment; these
points may be affected by decay of that initial pulse,
although they could alternatively indicate a greatly in-
creased sensitivity to short-wavelength radiation, which
declines following solar noon more quickly than does
Jno,. Data from experiment I (no added NO3) are
also shown for comparison; mixing ratios on that day
were both lower in magnitude and more weakly depen-
dent on solar radiation than those in the experiments
with NOZ -containing snow.

4. Discussion

These results demonstrate that NO3 photolysis re-
sults in the release of NO_; from snow: Addition of
NO3 to otherwise similar snow resulted in greatly in-
creased NO, release, and the rate of release was highly

[NOVINO,]

Hour of January 25, 1999

Exp. lI: 100 uM NO; Exp. Il1:[10G 4M NQ," + DMSO/3AP 4
@ ‘ ¢ :. _:3:\
a? ~ ER
: b 1%
PoB|% R 35
o ° E I
[s]
; 0
o8 10 12 14 16 18 11 13 15 17 19

Hour of January 13, 1999

Figure 3. [NO]/[NO,] ratios during the two experiments with NaNOg added. Increased scatter
during periods of low mixing ratios (prior to 1000 and after 1700 on January 25, and after 1700
on January 13; see Figures 1 and 2) is the result of measurement imprecision. Symbols are as

described for Figure 1.
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Figure 4. The dependence of [NO] and [NOs] upon solar radiation during periods of experi-
ments I and IT when the chamber was exposed to sunlight. Solid circles are included in calculation
of the regression lines for experiment II; observations before the vertical dotted line in Figure 1
are not included and are indicated here with open circles. Observations during experiment I are

indicated by plus symbols.

correlated with solar radiation. In addition, the magni-
tude of the NO, release observed, when normalized by
snowpack NOg concentration and flow rate, is approx-
irnately two thirds that observed from natural, mid-
latitude snow during the SNOW99 study [Honrath et
al., 2000]. Given the small number of experiments con-
ducted and significant variability observed in NO, re-
lease from natural snow during that study, we consider
these results consistent but deserving of further study.

In the following section we analyze these results in the
context of previous work on nitrate photolysis. Before
doing so, it is necessary to outline two important limi-
tations: The physical and chemical structure of the ice
surface i1s not well characterized, and the photochem-
istry of nitrate in ice has not been adequately studied.

At the temperatures at which these observations were
made (—10° to 0°C), the surface of pure ice is disor-
dered [e.g., Lied et al., 1994; Hobbs, 1974]. In addition,
solute-induced surface melting may occur, depending
on the degree of solute exclusion to the surface upon
freezing (although this effect may have been minimized
as a result of rapid freezing in liquid nitrogen in the ar-
tificially produced snow analyzed here). Furthermore,
the ice surface at near-freezing temperatures is active:
Water evaporates and condenses at rates of the order of
10%-10® monolayers per second [Haynes et al., 1992].
As a result of these processes, there is considerable un-
certainty regarding the physical and chemical state of

the ice surfaces in this work and in natural snowpacks.
For example, while the ice surface has been successfully
modeled as a layer of liquid water in at least one case
[Conklin and Bales, 1993], the presence of an actual
liquid has been disputed [e.g., Knight, 1996].

Uncertainty regarding the surface structure and com-
position of ice results in considerable uncertainty re-
garding the expected photochemistry of nitrate ion,
which 1s known to differ with surface environment. For
example, the photochemistry of nitrate species formed
on solid NaCl surfaces by reaction with NOy was found
to differ from that of solid NaNO3s [ Vogt and Finlayson-
Puitts. 1995], and thin films of NH4NOj3 behave differ-
ently than do films of neat HNO3 [Roch et al., 1996).
However, the surface layer of ice, while disordered rel-
ative to the solid, is apparently more ordered than is
liquid water [Lied et al., 1994], implying that a solvent
cage is present. This suggests that the photochemistry
of nitrate in liquid water may serve as a useful analog
for that in ice surfaces. For this reason, and because of
a lack of information on nitrate photochemistry in ice,
we refer to previous work in liquid water in the following
discussion. The purpose of this analysis is not to pro-
vide a definitive description of nitrate photochemistry
in ice, but rather is to provide a starting point for fu-
ture studies, by evaluating the extent to which aqueous
nitrate photochemistry is consistent with the results of
the present study.

10000 Experiment Slope*1 o ’Intercept r’ [ Experiment  Slope*10~Intercept r2 2000
953. -14, 0.901[ IlI: . 238.

= 7500 NO /DMSO/3AP o 4 NO,/DMSO/3AP 11500 &
g °© ] N
£ 5000- 2 I o0 9 J1000=
o) ° ] o)
P4 4 o 1 =
= 2500} hin . 4500 =

o oy ‘: N ]

0 . - pa " 30
0 1 0 1 4

2
Inoz (1 0-33-‘)

2
Inoe (1 0%

Figure 5. The dependence of [NO] and [NO3] upon solar radiation during periods of experi-
ment III when the chamber was exposed to sunlight. Open symbols indicate data prior to the
vertical dotted line in Figure 2, which are not included in regression calculations. Measurements
during experiment I (no NaNOgs added) are indicated by plus symbols visible near the lower x

axis.
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4.1. Mechanism

The mechanism responsible for NO,, release must ex-
plain the following observations: (1) NO2() release was
dominant in snow made with NaNOjs alone, and was
moderately reduced by addition of DMSO and 3AP in
experiment III; (2) NOyg; release closely followed vari-
ations in sunlight level; NOgayg4} release behaved simi-
larly, but only after an initiation period; and (3) Jyo,-
normalized NOy,} release was dominant in snow made
with NaNOj3 plus DMSO and 3AP, being enhanced 30-
fold relative to snow made with NaNOj3 alone.

Aqueous NO3 photolysis in the 300 nm band is
known to proceed via at least two channels [Warneck
and Wurzinger, 1988]:

Nog{aq]— +hy — NOZ{“Q} + O—{G‘I}’ (1)
followed by

07 {ag} + H' (ag) (2)
NO3 (41 +hv = NOZ (3 +0(°P) tagy: (3

— OH{aq},

where the subscript {aq} is used to refer to the surface
layer of an ice grain, which may, however, behave dif-
ferently than liquid water. NOg formation is attributed
to direct production via (1), followed by volatilization
of NOjy. NO formation is attributed to the sequence of
(3) followed by
NO3 {4q) + A = NOyag} + 07 {49 (4)

and volatilization. Nitrite formed in (3) may also result
in volatilization of HONO, depending on pH. The quan-
tum yield for (1) is significantly greater than that for (3)
[Warneck and Wurzinger, 1988], which would account
for greater formation of NO3 than NO in experiment II.

Direct or nearly direct photochemical production is
consistent with the strong dependence of NO and NO,
mixing ratios upon ultraviolet actinic flux. However, it
does not explain the delay in release of NO, during ex-
periment II, relative to both the late morning increase
of actinic flux and the increase in [NO]. While this be-
havior would be consistent with production via an ac-
cumulating intermediate, such a process is not observed
in the bulk aqueous phase. An alternative explanation
is that the tenfold greater Henry’s law constant of NOg,
relative to NO [Seinfeld and Pandis, 1998], results in a
capacity for NO3 in the snow surface layer that is much
greater than that for NO and that must be filled by NO5
production prior to observation of significant gas phase
release. This implies a delay period in NO5 release that
is a function of the time-integrated solar flux and would
therefore be shorter under conditions of greater sunlight
intensity than occurred during the present study.

Behavior during experiment III, in which DMSO and
3AP were added, was dramatically different: NO levels
increased ~30-fold, and NO; levels dropped by 75%,
together resulting in a fourfold increase in the Jno,-
normalized NO, release rate. The reduction in NQO,
release may be due to the onset of second order loss
processes, for example, [Mark et al., 1996],
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NO{ag} +NOzqqy +H20 — 2NO7 (1 +2HY (443 (5)

The cause of the large increase in NO levels during
experiment III is not clear. Addition of 25 mM DMSO
and 250 uM 3AP may have altered the snow surface
structure, reduced the concentration of OH (DMSO was
added as a radical scavenger), and/or increased the sur-
face layer pH (3AP is a base with pK, ~ 9). Forma-
tion of NO under alkaline conditions has been observed
in the aqueous phase through a mechanism involving
formation of peroxynitrite (TOONQ); this may be the
cause of the enhanced NO release observed here. Per-
oxynitrite is known to be formed during photolysis in
the 200 nm band [Mark et al., 1996]:

(6)

There is indirect evidence that peroxynitrite is also
formed under 300 nm irradiation. Warneck and
Wurzinger [1988] reported formation of significantly
more nitrite than O(°P) under 305 nm irradiation at
pH 5-12, contrary to the ratio of unity expected from
reaction (3). It was recently found that peroxynitrite is
an interferent in the colorimetric nitrite analysis used in
that and many other previous studies [Plumb and Ed-
wards, 1992]. This interference may explain the obser-
vation of excess nitrite formation in the 300 nm band,
as Mark et al. [1996] concluded was the case in the
200 nm band. Peroxynitrite may also be formed from
the cage-constrained products of (1) [Mark et al., 1996]:

(7

Peroxynitrite has a pK, of ~6.5, and the acid isomerizes
rapidly to re-form NOj (7 ~ 1.2's) [Kissner et al.,
1997]:

Nog{aq} + hV — _OONO{aq}.

{N02{aq} + O_{aq}}cage — —OONO{aq}.

(8)

Under alkaline conditions, however, “OONO has a sig-
nificant lifetime and is photochemically active. Mark
et al. [1996] identified NO as an intermediate in
the 254 nm irradiation of NO3, and concluded that
~“OONO was a precursor. They hypothesized that de-
composition of OONO, formed by reaction of “OONO
and OH, was the source of the NO. However, measure-
ments of the decay of “TOONO formed from irradiation
of solid KNOj3 indicate that ~OONO photodissociates
under irradiation at both 254 and 300 nm [Plumb and
Edwards, 1992]. Although previously believed to result
in reformation of NO7 [Plumb and Edwards, 1992],
more recent work indicates that 355 nm irradiation of
~OONO results in the production of O3, and presum-
ably NO, through the reaction [Kissner et al., 1997]

9)

The addition of 3AP may, thus, have resulted in in-
creased pH and the occurrence of reaction (9), which
is prevented from occurring at low pH by HOONO iso-
merization (reaction (8)). Additional experiments are
needed to determine whether increased pH alone re-

HOONO{4qp — H* ag} + NO3 [,y

~OONO + hy — NO + 03 .
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sults in greatly increased NO release from irradiated
ice crystals and whether photoactive intermediates are
mvolved.

4.2. Implications for Other Species

Production of NO; implies the production of OH
through reaction (2). Thus we expect oxidation of or-
ganic compounds present within the snow surface layer
tuo occur. OH and other oxidants may be enhanced in
the gas phase as well, through volatilization of HONO
produced via (3), followed by gas phase photodissocia-
tion to NO + OH, and as a result of OH-initiated pro-
duction of photochemically active carbonyls within the
snow, followed by volatilization. The occurrence of the
latter process is also consistent with recent findings of
elevated HCHO concentrations in snowpack interstitial
air [Sumner and Shepson, 1999; Hutterl: et al., 1999]
and in the boundary layer at Summit, Greenland [Hut-
terly et al., 1999, although this is contrary to the pro-
cess of temperature-dependent uptake and desorption
of HCHO proposed by Hutterle et al. {1999] to explain
those Greenland observations.

4.3. Environmental Implications

The NOj3 concentrations used here (100 pM) were
somewhat higher than those in natural snow at rural
and remote sites. For example, concentrations in sur-
face snow near the study site average 17 uM [Stot-
Hemyer and Toczydlowsks, 1990], concentrations in the
snowpack of interior and Arctic Alaska [Jaffe and
Zukowski, 1993] range from 3 to 11 pM, and concen-
trations in surface snow m Greenland [Sdvente and
Legrand, ;: Dibb et al., 1998] and Antarctica [De Angels
und Legrand, 1995] range from 1 to 9 uM . On the other
hand, solar wntensity was quite subdued by lake-effect
snow clouds. Jno, levels were only one tenth the peak
values at Summit. Greenland, during mid-summer. We
therefore expect that significant NO, production occurs
in the surface layer of snow in many regions, with re-
sulting impacts on boundary layer photochemistry.

Cloncentrations of nitrate, HyO», and HCHO in ice
cores have been used to infer past atmospheric compo-
sition  [Mayewsk: et al., 1990; Swgg and Neftel, 1991;
Staffelbach et al | 1991]. Mass balance considerations
imply that net NO3 deposition may not he changed
greatly by NOj photolysis, although it is not clear
whether net export of NO, from the boundary layer
{which would imply an impact on net NO3 deposition)
occurs. However, we expect enhanced OH and NO,
levels in snow grains and in the atmosphere to result in
formation of HyO9 and HCHO, implying that impacts
on ice core levels of those species could be significant.
In addition, results during experiment I11 suggest that
NO, production may increase dramatically under alka-
line conditions  Such an effect would imply a differ-
ent level of photoactivity of the surface snowpack and
a different relationship between free atmospheric com-
position and near-surface composition between glacial
periods, when the ice core record indicates that alka-
line conditions were dominant [Wolff et al., 1997], and
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nonglacial periods with neutral to acidic conditions, fur-
ther complicating interpretation of the glacial record.
Further experiments are necessary to test the hypothe-
sts that NO, release from snowpack nitrate is strongly
dependent upon pH.

The present results imply that NO3 alone is suffi-
clent for release of NO, from ice crystals. As HNOj is
scavenged by cirrus clouds [Weinheimer et al., 1998;
Meiinger et al., 1999; Feigl et al., 1999], the poten-
tial for NO; release due to NO3 photolysis on cirrus
crystals should be investigated. Slow release of NO,

from cirrus clouds in the upper troposphere, where the
NO_ lifetime is long, may be responsible for inability of
current photochemical models to adequately simulate
[NO_]:[HNOg] ratios observed in that region [e.g., Liu et
al., 1992; Chatfield, 1994; Jaeglé et al., 1998: Lawrence
and Crutzen, 1998; Hauglustaine et al., 1998].
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