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Abstract

Hydrogen peroxide (HyO2) contributes to the atmosphere’s oxidizing capacity, which determines
the lifetime of atmospheric trace species. Measured bidirectional summertime HyO, fluxes from
the snowpack at Summit, Greenland, in June 1996 reveal a daytime HyO, release from the
surface snow reservoir and a partial redeposition at night. The observations also provide the first
direct evidence of a strong net summertime HyO4 release from the snowpack, enhancing average
boundary layer HyO5 concentrations approximately sevenfold and the OH and HO,
concentrations by 70% and 50%, respectively, relative to that estimated from photochemical
modeling in the absence of the snowpack source. The total HoO, release over a 12-day period
was of the order of 5x10' molecules m™2 s~! and compares well with observed concentration
changes in the top snow layer. Photochemical and air-snow interaction modeling indicate that
the net snowpack release is driven by temperature-induced uptake and release of HyO, as
deposited snow, which is supersaturated with respect to ice-air partitioning, approaches
equilibrium. The results show that the physical cycling of HyO5 and possibly other volatile
species is a key to understanding snowpacks as complex physical-photochemical reactors and has
far reaching implications for the interpretation of ice core records as well as for the
photochemistry in polar regions and in the vicinity of snowpacks in general.



1. Introduction

Hydrogen peroxide (H2O3) is a significant reservoir
for the gas phase oxidants OH and HO5 and is itself a
powerful oxidant in the liquid phase. It thus plays a
major role in determining the oxidizing capacity of the
atmosphere [Thompson, 1992]. In the last decade, ice
core records of HoO4y were established in part to pro-
vide a validation tool for global photochemical mod-
els investigating changing atmospheric composition
and chemistry [Sigg and Neftel, 1991; Thompson,
1992; Anklin and Bales, 1997]. However, the reliabil-
ity of these records was questioned when it was found
that measured atmospheric HoO2 concentrations at
Summit (72.6°N, 38.5°W, 3200m elevation) were
higher than predicted by gas phase photochemistry
alone and that HyOs concentrations in fresh snow
were higher than those in equilibrium with the at-
mosphere, suggesting considerable exchange of HoOq
between the snow and atmosphere [Conklin et al.,
1993; Neftel et al., 1995; Fuhrer et al., 1996; Mc-
Connell et al., 1997]. However, past studies have
failed to directly measure Hy O release from the snow-
pack [Bales et al., 1995a, 1995b; Fuhrer et al., 1996).
Further, there is strong evidence that formaldehyde
(HCHO) desorbs from surface snow in response to di-
urnal and seasonal temperature changes, leading to
H505 production [Fuhrer et al., 1996; Hutterli et al.,
1999; Couch et al., 2000]; this would also occur if
HCHO was produced by heterogeneous photochemi-
cal reactions in the snow [Fuhrer et al., 1996; Sum-
ner and Shepson, 1999]. To further complicate the
matter, it has recently been speculated that hetero-
geneous photochemical production of nitrogen oxides
(NO,) in snow might induce H2O4 production [Jones
et al., 2000; Honrath et al., 2000].

The present study had three goals. The first was to
directly determine HoO2 fluxes from the snowpack at
Summit with continuous gradient measurements and
to compare them with independent estimates based
on H5O5 concentration changes in the near surface
snow. The second goal was to test whether the mea-
surements are consistent with temperature-dependent
air-ice partitioning alone, using an existing transfer
model [McConnell et al., 1998]. The third goal was to
investigate the impact of measured HoO2 and HCHO
fluxes on atmospheric H,Os; and HCHO mixing ra-
tios using a photochemical model and to compare the
results with the measurements.

2. Methods

The work was carried out at an electrically heated
laboratory module situated 400 m SE of the main
structures at the Greenland Ice Sheet Project (GISP2)
Camp at Summit, Greenland (72.6° N, 38.5° W, 3200
m elevation) from June 4 to 20, 1996. H2O4 was con-
tinuously monitored in the air, with the instrument
intake line mounted on a lift located 4 m upwind of
the laboratory. The lift automatically switched the
intake line between heights of 0.06 m and 3.5 m above
the snow surface every 12 min. The 7m long 1/4”
perfluoroalkoxy (PFA) intake line was insulated and
heated to prevent condensation and was tested sev-
eral times during the field season for HoO5 losses and
contamination by comparing various intake lines of
different lengths. No artifacts were detected. Note
that the use of a single intake line instead of one at
each height reduces possible artificial concentration
gradients due to line losses. On June 20, HoO2 was
also measured in the firn air in the top few centime-
ters of the snowpack, by simply sticking the intake
line into a small hole in the surface snow that was
made with a polytetrafluoroethylene (PTFE) tool.

Gas phase measurements were done according to
Sigg et al. [1992] by drawing air (~ 1L min~—! (STP))
and pumping HyO, free water (0.4mL min~!) to-
gether into a coil scrubber, resulting in 100% H3O-
collection efficiency. Subsequently, the HyO5 con-
tent in the water was continuously analyzed by flu-
orescence spectrometry after derivatization with 4-
ethylphenol in the presence of peroxidase [Sigg et al.,
1992]. However, instead of raising the pH by adding a
NaOH solution with a separate channel, the sample-
reagent mixture was pumped through a short mem-
brane tubing (Accurel) that was suspended over a
25% NHj solution. Calibrations were performed twice
a day by running liquid standards through the coil
scrubber while it was flushed with HyOs-free air,
which was generated by pumping ambient air through
a MnOgy column. Those standards were compared
with liquid standards measured directly to check for
H505 losses in the coil scrubber. No losses were de-
tected. The detector was kept at 25°C +1°C. The
baseline was determined every hour by measuring
HyOs-free air through the intake line. Analytical pre-
cision, defined as 3 times the signal noise, was 40 pptv
and the accuracy better than 20%.

Sets of five surface snow samples were collected
daily at various times (Figure le). Each set repre-
sented a 2-cm-deep ”minipit” with a vertical resolu-
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tion of 0.5 cm and the top 0.5 cm layer sampled twice.
During high winds, drifting snow samples were col-
lected. However, it was not possible to distinguish
between pure drifting snow and the fresh snow that
apparently fell during those time periods, so that the
samples are potentially a mixture of both. Some pure
fresh snow samples were also collected in glass bottles
using a high density polyethylene funnel (Figure 1le).
Shallow firn cores extending down to 4m were also
collected. H505 and HCHO concentrations in the
various snow samples were simultaneously determined
according to Réthlisberger et al. [2000] in the field
within less than a day after sampling. A more detailed
description of the sampling procedures, a representa-
tive HoO5 concentration profile in the firn, and the
HCHO results are given by Hutterli et al. [1999]. Firn
temperatures were measured with a standard digital
thermometer (Technotherm 300, + 0.3°C).

Meteorological data were obtained from the GISP2

Automatic Weather Station at Summit (http://uwamrc.

ssec.wisc.edu/aws/awsproj.html).  Air  tempera-
tures were measured at 0.5 and 3.0 m, and wind speed
and wind direction were measured at 3m above the
snow surface. Ozone was measured as documented
previously [Bales et al., 1995b]. Fog observations
were made intermittently and thus reflect only a lower
limit for the number of actual fog events.

3. Models

Photochemical modeling was conducted using the
NASA Goddard Space Flight Center model [Stewart
and Thompson, 1996] adapted for Summit conditions
(72.3°N, 3km elevation, and mixed layer height of
100m [Neftel et al., 1995; Bales et al., 1995b]). A
simulation of the measured HoOy and HCHO [Hut-
terli et al., 1999] fluxes was also included in the model.
The model fluxes had the same maximum magnitude
and diurnal variation as the observations but were
assumed to have a sinusoidal form. In a box model,
these fluxes (molecules m~2s~1) must be converted
to sources (molecules m~3 s~1) and to this end we usu-
ally used a mixed layer height of 100 m to determine
the appropriate HoO; and HCHO source functions.
Such sources scale directly with the assumed mixed
layer height and some results for an assumed 200 m
value are indicated in the text and figures.

The lateral extent of the model domain is implicit
in an assumed mixing time, a parameter used to spec-
ify the coupling to the ambient atmosphere [Stewart
et al., 1983]. The mixing time is an e-folding time
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that, in absence of chemistry, would tend to equili-
brate the computed species in the box with the fixed
values in the ambient atmosphere. In the present
model the assumed mixing time is 1 year, so the box
is nearly isolated. Water vapor is calculated assum-
ing a relative humidity of 80%. Column-integrated
ozone amounts and ozone (Og), carbon monoxide
(CO), and methane (CHy) observations were used
at 3-hour intervals to constrain the model chem-
istry. The values are based on either satellite mea-
surements or measurements at remote sites in the
Northern Hemisphere from the National Oceanic and
Atmospheric Administration (NOAA) [GLOBAL-
VIEW-CH/, 1999] (data are available on www.cmdl.
noaa.gov/info/ftpdata.html). Ozone was further veri-
fied using the few available measurements at Summit.

The chemical mechanism used in the present mode
is similar to that of Stewart and Thompson [1996].
Oxidation of ethene has been added as have reactions
involving Cl and Br. As explained in the reference,
changing the reaction scheme in the model is han-
dled by a preprocessor and does not require any code
modification. The added reactions are all from De-
More et al. [1997]. To construct the continuity equa-
tions, the model uses 113 reactions and photolyses
rates among 48 variable species along with specified
physical production and loss terms for some species.
Photolysis rates are interpolated from table values
generated from the model of Madronich [1987]. These
tables are written as functions of column-integrated
ozone amounts and zenith angle. The kinetic data
used are mostly taken from DeMore et al. [1997] and
Atkinson et al. [1992]. The reactions are those follow-
ing the photolyses of Oz to produce O(!D) and the
subsequent reaction of some of the latter with water
vapor to form OH. In addition to methane, oxidation
of ethane (C3Hg) and ethene (CoHy) are included in
the model. Ethane values are maintained by an as-
sumed constant flux chosen to give nighttime values
in the 2-3 ppbv range consistent with the values mea-
sured by Jobson et al. [1994] during the Polar Sunrise
Experiment. Ethene values measured elsewhere may
be about a factor of 2 lower [Poisson et al., 2000] and
a flux adjusted to give ~1 ppbv nighttime values was
used. Both species are substantially oxidized during
the Arctic day. The overall odd nitrogen background
is maintained by a specified constant NO source and
is about 4 pptv (NO, ). Since ozone is constrained by
observed values in this model, the effect of varying as-
sumed NO,, source is small relative to that in a model
with ozone responsive to NO, changes. Methyl chlo-



ride (CH3Cl) and methyl bromide (CH3Br) are also
included in the chemistry to provide a basic source of
halogens. CH3Cl is held fixed at 600 pptv [Graedel
and Keene, 1995] and CH3Br at 10 pptv [Yokouchi
et al., 2000]. First-order loss of several species to the
ice/snow surface is computed using deposition veloc-
ities taken from the summary of Seinfeld and Pandis
[1998].

The numerical methods used in the model have
been described by Stewart [1993, 1995] and Stewart
and Thompson [1996]. The model was run in a time-
dependent mode constrained by observations. Tem-
perature, column-integrated ozone amount, and con-
centrations of methane, carbon monoxide, and ozone
were used to update the model at 3-hour intervals.
Reaction rates and physical source and loss values are
updated every 10 min during a simulation to ensure
that photolysis rates are computed at reasonable in-
tervals. The model has previously been employed in
Monte Carlo studies of modeling uncertainties [Stew-
art and Thompson, 1996] and in studies related to
snow-to-firn transfer of HyO9 at the South Pole [Mec-
Connell et al., 1998].

The transfer model described by McConnell et al.
[1998] was used to model the exchange of HoOy be-
tween the air and the snowpack. The simulation of the
uptake and release of HyO4 by snow as environmental
conditions change is simulated by the one-dimensional
advection-dispersion equation and grain-scale spheri-
cal diffusion. Both air-snow partitioning of HoO5 and
diffusion rates in ice are strongly temperature depen-
dent, with coefficients derived from independent labo-
ratory experiments [Conklin et al., 1993]. In addition
to temperature, rates of uptake and release are closely
related to grain size and firn ventilation.

In the simulations reported here, we used a 100-
layer model with layer thicknesses of 0.5 cm. Mea-
sured atmospheric concentrations at 3.5m provided
the upper boundary condition. Firn temperatures
were modeled using measured air temperatures and
diffusion into the snowpack [Schwander et al., 1997].
Comparison with measurements shows that modeled
values in the top few centimeters of the snowpack can
be off by up to a few degrees on certain days [Hut-
terli, 1999]. This can be explained with uncertainties
inherent in air and snow temperature measurements
and with the fact that potential radiation effects [Col-
beck, 1989] are not taken into account in the model.
However, measured temperatures in deeper layers are
reproduced within less than 0.5°C, indicating that av-
erage temperatures also of the top snow layers are ac-
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curately described on daily and longer term timescales
[Hutterli, 1999]. The uncertainties in the temperature
model thus do not significantly affect the average flux
estimates. However, on shorter timescales they may
have contributed to differences between the modeled
and measured HyO» firn air concentrations (Table 1).

Molecular diffusion within the firn air was param-
eterized according to Hutterli et al. [1999], with typi-
cal H,O diffusivities of the order of 2.2x10~®> m? s~ 1.
The initial concentration of HoO5 in the snowpack
was based on surface snow measurements for the top
2 cm and a snowpit profile of concentration from 2 cm
to 50 cm depth, sampled in the same area as the sur-
face snow measurements on June 4 [Hutterli et al.,
1999]. HoO5 was assumed to initially be distributed
uniformly within the snow grains. This simplification
might have an impact on the modeled fluxes in the
first few days. However, it is not expected to influ-
ence the total HoO9 release because the initial HyOq
distribution within the snow grains adapts fast due
to the high diffusion rates at the measured tempera-
tures.

4. Results and Discussion

4.1. Atmospheric Measurements

Atmospheric HoO5 showed a distinct diurnal cycle
closely linked to temperature with hourly Ho Oy mix-
ing ratios averaging 1.4ppbv (range 0.09-4.6 ppbv)
for both heights (Figure la), consistent with prior
summertime measurements [Bales et al., 1995b; Sigg
et al., 1992]. From June 4 to 16, wind speed was
generally below 5m s~! (Figure 1d), and fog built up
during nearly every night, resulting in rime deposi-
tion.

During this period, HyO5 gradients in the air above
the snow showed a distinct diurnal cycle with pos-
itive values (uptake) from evening to midnight and
negative values (release) during the rest of the day
(Figures 2a and 2b). Hy0, gradients were generally
between +0.1 ppbv m~! (Figures 1b and 2b), with an
average of -0.020 ppbv m~! which is below the de-
tection limits of earlier studies [Bales et al., 1995b].
From June 17 to 21 there was less nighttime cool-
ing, higher daily mean temperatures (Figure 1c) and
wind speeds were up to 15m s~ !, resulting in drifting
snow and a higher variability and no distinct diur-
nal cycle in the HoOgy gradients (Figures la and 1b).
The lifetime of HyO5 of less than 2 days at Sum-
mit in summer and the remoteness of the site limit
the potential impact of long-range transport of HoOq
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on atmospheric concentrations at Summit. However,
the meteorological conditions during the period after
June 16 indicated more vigorous long range transport
(i.e., lower transport times of air masses from poten-
tial direct HoO9 sources to Summit). A contribution
from H5Os enriched air masses to the high concentra-
tions during this period can thus not be excluded.

H505 fluxes were determined from the gradient

measurements and diffusion coefficients calculated based

on the Monin-Obukhov similarity theory according to

F= _Kzzégﬁ = - s %v (1)
z ¢(z/L) 0z

where C is the atmospheric concentration, z is the
height, F' is the particle flux, K, is the turbulent dif-
fusion coeflicient, & (set to 0.40) is the von Karman
constant, wu, is the friction velocity, and ¢(z/L) is
an empirically determined function defining the flux-
profile relationship, which is assumed to depend only
on the stability parameter z/L, with L the Monin-
Obukhov length [Seinfeld and Pandis, 1998]. Vari-
able u, was obtained iteratively following King et
al. [1996], using the same parameters and integrated
¢ functions that were determined empirically over
the Antarctic ice shelf at Halley station for stable
and neutral conditions [King and Anderson, 1994].
For unstable conditions the ¢ functions proposed by
Hogstrom [1988] were used. Finally, the fluxes F were
obtained by integrating (1) from measurement heights
z1 to z3 and inserting the observed atmospheric con-
centrations C(z1) and C(z2).

Implicit in the above flux calculations is the as-
sumption of a constant flux at all heights at any
given time. For unstable to moderately stable con-
ditions this is justified by the long characteristic
times of chemical reactions involving HyOs (lifetime
of ~43hours at Summit in summer) compared to
transport time between the measurement heights (sec-
onds to minutes). This also holds for HCHO (life-
time 3.7 hours at Summit in summer) released by the
snowpack, which represents a potentially significant
radical source increasing HoOo production [Hutterli
et al., 1999]. Stable conditions, with K. values less
than 0.1% of those for unstable conditions, do not
contribute significantly to the average HoO5 flux and
can thus be neglected.

Average HoOs fluxes for each hour of the day
for the 12-day period between June 4 and 16 are
shown in Figure 2c. Nighttime fluxes are lower due
to more stable stratification compared to daytime,
when temperature gradients show stratification be-
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coming unstable (Figure 2e). Two outliers, when high
wind in combination with a very strong negative tem-
perature gradient led to unreasonably high mixing,
were removed from the 164 hourly values. Values
for K., ranged from less than 107° to 0.9m?s~!
with an average of 0.13m?s~! for the 12-day pe-
riod (K., values lower than the typical molecular
diffusivity of 2.4x1075m?s™! for H,O, under Sum-
mit conditions were replaced by this value for consis-
tency; however, this had no effect on the flux calcu-
lations). The average flux (+ standard deviation of
the mean) during this period was (4.94:0.9)x 1013 m—2
s71 ((6.3£1.3)x10¥ m =251 including the outliers).
Error propagation calculations based on the meteo-
rological data indicate an uncertainty of the average
flux of less than a factor of 2.

)

4.2. Photochemical Model Runs

Without including HoO5 and HCHO fluxes from
the snowpack, the gas phase photochemical model re-
sults predict average summertime mixing ratios of
approximately 0.21 and 0.024 ppbv for HyO- and
HCHO, respectively for Summit (Figure 3). This is
about one seventh and one tenth of the observed 1.4
and 0.23ppbv [Hutterli et al., 1999], respectively.
This inability of gas phase photochemistry to repli-
cate the observed summer high-latitude HoO5 and
HCHO mixing ratios has been encountered in other
model studies [e.g., Fuhrer et al., 1996]. HoO4 fluxes
in the observed range of 1.5x10'3 to 5x 103 m=2s~!
increase the HoOy mixing ratios to 1.3-3.3 ppbv (0.8-
1.8 ppbv) and HCHO mixing ratios to 0.039-0.061 ppbv
(0.033-0.055 ppbv), respectively, assuming a typical
mixing height of 100m (200m) for Summit [Bales
et al., 1995b]. Inclusion of the reported HCHO flux of
1x101¥m~=2s~1 [Hutterli et al., 1999] into the model
adds an additional 0.06 ppbv of HCHO and increases
H505 by about 0.1 ppbv (100 m mixing height), con-
sistent with estimates from earlier model simulations
[Hutterli et al., 1999]. While modeled HyO4 levels
fall within the observed range, modeled HCHO con-
centrations are lower than observed. The combined
effect of the HyOy and HCHO fluxes increases the
OH and HO5 concentrations by ~70% and ~ 50%,
respectively (100 m mixing height).

While the measured diurnal variation in atmo-
spheric HyO5 is about a factor of 4 (~0.4 to ~1.6 ppbv),
the gas phase photochemistry alone results in a diur-
nal change of only 20%, indicating that heterogeneous
processes are also taking place. Including a strong
heterogeneous deposition due to fog formation and



taking into account the generally lower mixing height
at nighttime would increase this amplitude as well as
alter the flux - mixing ratio relationship shown in Fig-
ure 3 (see section 4.5).

Although the details of halogen activation mech-
anisms are not completely understood, the role of
halogen atoms in Arctic photochemistry is well es-
tablished [Rudolph et al., 1999; Boudries and Bot-
tenheim, 2000]. This role is episodic and is associated
with ozone depletion events [Solberg et al., 1996].
There is neither direct or indirect evidence for halo-
gen atom involvement during the time of the Summit
observations, nor evidence ruling out such involve-
ment. We have therefore performed a few model runs
to estimate the effect that reactions involving chlorine
might have on HoO5 and HCHO mixing ratios. The
oxidation of CH3Cl and CH3Br by OH, included in
all model runs, does not produce enough active halo-
gen to influence the mixing ratios of other species.
We have therefore included a chlorine source to main-
tain a Cl atom concentration of the order of 10'° m—3
[Rudolph et al., 1999]. This increased the HyO2 and
HCHO mixing ratios by 0.9 and 0.18 ppbv, respec-
tively, due to Cl atom reaction with methane and
other hydrocarbons. Without considering the effect
of the observed HoO5 and HCHO fluxes, a Cl atom
concentration similar to that inferred by Jobson et al.
[1994] increases computed peroxide and formaldehyde
concentrations to within about 20% and 13%, respec-
tively, of their observed values. This suggests that
halogen photochemistry may, when considered in con-
junction with observed H,O3 and HCHO fluxes, help
resolve discrepancies in the magnitude of observed
and computed concentrations. A potential source of
Cl atoms may be the proposed HCI volatilization from
snow [Wagnon et al., 1999]. However, the reaction
of HCI with OH producing Cl atoms appears to be
too slow to provide a major Cl source. Due to lack of
evidence for halogen involvement at the time of the
Summit observations, we have not attempted a best
fit of observed HyO5 and HCHO fluxes and halogen
sources to modeled concentrations.

4.3. Firn Air

Firn air measurements 5cm below the snow sur-
face on June 20 revealed HyOs mixing ratios up to
3.5 times atmospheric concentrations, consistent with
H50 release by the snow grains (Table 1). Note that
due to the porous nature of the firn, the firn air mea-
sured is a mixture of atmospheric and firn air, and
mixing ratios represent lower limits for actual val-
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ues. Modeled firn air concentrations for correspond-
ing times and depths agree with the measurements
with differences less than 20% (Table 1). The latter
are explainable by uncertainties in the surface snow
concentrations after June 18 (no minipit data) and
the uncertainties in the modeled snow temperatures
in the top layers. Previous firn air measurements
deeper down (below 25 cm) revealed values near or be-
low the atmospheric level [Bales et al., 1995a], which
is consistent with lower temperatures and lower HoO5
concentrations in those firn layers.

4.4. Snow

H50O5 concentrations in the surface snow layers
generally decreased with depth and replicate samples
from the top layer had relatively low variability (Fig-
ure le). The drifting snow samples (open circles in
Figure le), which could also contain fresh snow (see
methods), showed concentrations up to 1200 parts per
billion by weight (ppbw). Up to and including June 16
snow falls were light and not expected to contribute
significantly to the surface snow samples. Fresh snow
collected the night of June 17 had concentrations be-
tween 415 ppbw and 720 ppbw (stars in Figure le).
Pit measurements revealed the typical seasonal HoO4
signal with high values (~350 ppbw) in summer layers
and low values (~50 ppbw) in winter layers [Hutterli
et al., 1999]. All previous summer peak values in the
pit profile were below 400 ppbw.

The strong HoO5 decrease in the top 2-cm snow
layer (Figure le) from June 6 to June 16 corresponds
to a mean HyOy flux of 3.3x10¥ m=2s~! (snow den-
sity 350kgm ™3, decrease of 23ppbwd~!). Simulat-
ing the uptake and release of HoOs from the snow
with the transfer model as environmental conditions
change shows that deeper layers also significantly con-
tributed to the net flux. Both air-snow partition-
ing and rates of uptake and release are related to
grain size. While the latter was not measured, us-
ing effective grain radii within published values led
to a good agreement between the modeled and mea-
sured evolution of the near-surface snow profiles (Fig-
ure 4). As near-surface snow grain radii are signif-
icantly smaller than at depth [Waddington et al.,
1996], the top 0.5 cm snow layer was set to a constant
100 pm, while only the values for the deeper layers
were varied. Table 2 summarizes the model results.
The minipit data (and the corresponding flux esti-
mate) were best reproduced with effective snow grain
radii of about 120 um (Figure 4) for those layers. In
this case, with a modeled flux from the top 2 cm snow
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layer of 3.2x101¥ m=2s71 (3.3x10¥ m~2 57! from the
minipit measurements), the modeled total net flux
from the snowpack was 4.6x10"3m~=2s~!. This is
in excellent agreement with the independently deter-
mined average flux based on the gradient measure-
ments (4.9x101¥ m=2s71), thus confirming physical
uptake/release as the dominant process. Note that
if the net HyO5 flux revealed by the gradient mea-
surements was due to heterogeneous photochemical
H50O5 production in the snowpack, the snow would
tend to take up the produced HoOy [Conklin et al.,
1993], leading to an increase rather than the observed
decrease of HyO5 concentrations in the snow. Be-
cause the combination of grain size and HyOo diffu-
sivity in ice determines the release of HoOs, instead
of adjusting the grain size, the temperature depen-
dance of the diffusivity could be varied within its
uncertainty range as well (changing the diffusivities
within a factor of 2-3). While this alters the value
of the optimal effective grain size, it does not signif-
icantly affect the resulting fluxes. By adjusting the
grain size, the model is tuned to account implicitly
also for other temperature-dependent processes, such
as evaporation and condensation of water vapor on
ice crystal surfaces, which are expected to affect the
H50O5 uptake and release through cocondensation and
coevaporation [Sigg et al., 1992].

The very strong depletion of the surface snow lay-
ers between June 16 and June 18 (177 ppbwd 1, cor-
responding to 2.5x10* m=2s71) are coincident with
high temperatures, very high wind speeds, and el-
evated atmospheric HyO2 mixing ratios, consistent
with the temperature-dependent uptake/release hy-
pothesis. Increased sublimation rates expected dur-
ing such conditions would accelerate the HyOo deple-
tion in the snow. Part of the depletion could also be
due to a removal of the top snow layer by the wind
and/or its mixing with lower concentration drifting
snow. However, this alone would not explain the ele-
vated atmospheric mixing ratios. The concurrence of
high HyO5 concentrations in fresh and drifting snow
samples with high atmospheric values further stress
the close link between the two.

Deposition of fresh snow could explain the higher
surface snow layer concentration after June 18. The
early June increase in surface snow HoO5 concentra-
tion occurred during an exceptional fog event lasting
from June 4, 22:30 Local Standard Time (LST; UT -
2hours) through June 6, 04:00 LST that deposited
~1cm of surface hoar. The concentration was in the
range of previous fog and hoar measurements (680 up
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to 2550 ppbw), agreed with that based on cocondensa-
tion theory [Sigg et al., 1992] and was supersaturated
with respect to air-snow equilibrium [Conklin et al.,
1993; McConnell et al., 1997].

Thus fresh snow and extensive fog deposition can
result in higher concentrations in surface snow and
can temporarily mask the long-term HyO, release.
The previously reported net H,O5 increase in surface
snow over a 17-day-long period without fresh snow
deposition [Bales et al., 1995b] does not exclude a re-
lease. Over the 17-day period, the surface snow con-
centration revealed HoOo enrichments in the course
of a day consistent with the reported fog deposition,
followed by gradual decreases over several days as ex-
pected from the uptake/release hypothesis.

4.5. Fog

While the transfer model reveals a temporary HoOo
uptake by the cold surface snow on many nights, it
is plausible that fog deposition dominates nighttime
H505 depletion from air [Sigg et al., 1992; Bergin
et al., 1996]. Heterogeneous deposition due to fog
formation, which occurred on virtually every night
during the first 12 days of the measurements, and the
lower mixing heights at night can explain the discrep-
ancy. This is supported by sporadic observations in
the field linking the fast HoO2 depletion in the air to
the formation of radiative fog. In fact, modeled fog
formation and deposition suggested a complete deple-
tion of atmospheric HyO in the air [Bergin et al.,
1996] which is in contradiction to our measurements.
However, these measurements may represent HoOs in
the air and in fog droplets, as no attempt was made
to prevent the latter from entering the system. This
indicates that during fog events much of the HyOg9
may be present in the fog droplets.

Nighttime ground fog strongly influences atmo-
spheric H, O, mixing ratios and also impacts the sur-
face snow concentrations. However, apart from the
exceptional fog event from June 4 to June 6 discussed
in the previous section, the impact of fog deposition
on surface snow appeared to be small. Specifically,
during the June 6 to 16 period, fog observations,
minipit measurements and visual surface snow inspec-
tion do not indicate a significant impact of fog depo-
sition on the surface snow HoOs concentrations. One
exception might have been the fog event on June 9.
After this event, fresh surface frost and an increase
in surface snow concentrations exceeding the general
spatial variability was seen. However, accounting for
the potential additional H2O2 release following fog



deposition increased the HoO4 flux estimate based on
the minipit measurements by less than 10% and was
therefore neglected.

Fog droplets that are in or close to Henry’s equilib-
rium with the air become highly oversaturated when
they freeze. Though rime and surface hoar start re-
leasing HyoO4 right after formation, the HoO9 escaping
into the atmosphere is immediately scavenged again
by depositing fog droplets and redeposited until the
fog droplet flux to the surface stabilizes or decreases,
which occurs before air temperatures rise [Bergin
et al., 1996]. This change in water flux would thus
explain why the snowpack started to release HsOq
around midnight, hours before the temperature began
to rise (Figure 2). Sigg et al.’s [1992] suggestion that
the reevaporation of freshly formed hoar was respon-
sible for the rise of the HyO5 mixing ratios only holds
after the temperature starts to rise. Bergin et al.
[1996] attributed the morning increase of HyOs in the
air to downmixing of higher concentration air from
above the fog. However, the atmosphere generally re-
mained stable until around 07:00 LST (Figure 2¢) and
downmixing is incompatible with the direction of the
measured gradients.

5. Conclusions

While heterogeneous photochemical HyO5 produc-
tion in snow can not be excluded, our results show
that physical processes are necessary and sufficient
to explain the HoOy measurements in snow and air.
They show that polar snow and most likely clean,
dry snow in general acts as a reservoir for atmo-
spheric H,O5. High concentrations of HoO9 are in-
corporated into snow when it forms (cocondensation,
riming). Once on the ground, the HyO2 both de-
gasses from the snow as it approaches equilibrium
and cycles between the atmosphere and surface snow
in response to the diurnal temperature cycle and the
deposition/evaporation of water. This (re)cycling in-
creases the average HoO5 concentration by a factor of
7 above what it would be without a snowpack source,
thus contributing ~85% of the HyO3 in the planetary
boundary layer during the warm part of the day at
Summit in summer 1996. The cycling also causes a
significant depletion from the air at night. Much of
the nighttime atmospheric HoO2 may be present in
fog droplets, where it represents a strong oxidant that
may significantly enhance sulfate deposition [Bergin
et al., 1996]. Slow HyOs degassing from snow ac-
counted for the decrease in surface snow concentra-
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tions, although modeling studies indicate that the
snow is generally buried before reaching equilibrium
with the atmosphere at Summit.

This release does not only significantly increase the
oxidizing capacity in the planetary boundary layer
but also in the firn air in the top snow layers, possi-
bly affecting heterogeneous (photo-)chemistry at the
snow crystal surfaces. The temperature dependence
of the HoO4 release suggests a strong seasonal varia-
tion of the fluxes with generally higher values during
the warmer months modulated by the timing and con-
centration of snow accumulation. It further implies
that volatile contaminants physically removed from
the atmosphere and immobilized in the snow during
winter could be partially reemitted in spring while
snow temperatures rise. In order to understand the
photochemistry in the polar boundary layer and to
quantitatively interpret chemical ice core records of
volatile species, highly nonlinear physical processes
as well as heterogeneous photochemistry in the snow-
pack must be considered and their impact on regional
to global scale assessed.
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Figure 1. Results of HoO5 and meteorological measurements at Summit. Diamonds below the time axis indicate
reported fog, and stars indicate snow precipitation. (a) Atmospheric HoOy mixing ratios. (b) Corresponding HoO4
gradients between 3.5 and 0.06 m. Open circles are measurements at fixed height of 3.5 m, which do not represent
gradients, but rather the variability of the HoO5 mixing ratios in the air on timescales of the gradient measurements
(~20min). (c) Air temperature (3m). (d) Wind speed (3m). (e) HyO2 concentrations in the top snow layers in
parts per billion by weight (ppbw). Drifting snow is a mixture of fresh and wind-blown snow.

Figure 2. Average diurnal cycles in Local Standard Time (LST) for the period from June 4 to June 16, 1996 (hour
of day averages are based on 10-min data). (a) Atmospheric HyO2 mixing ratios. (b) Corresponding HyO5 gradients
between 3.5 and 0.06 m with standard deviation of the mean. (c¢) Calculated HyO4 fluxes from the snowpack. (d)
Air temperature. (e) Air temperature gradient.

Figure 3. Modeled atmospheric HoO, and HCHO mixing ratios as a function of HoO9 fluxes for two mixing
heights. Solid lines indicate results calculated without a HCHO flux, and dotted lines indicate results calculated
with a HCHO flux of 1x102¥ m~=2s7 1.

Figure 4. Measured and corresponding modeled (solid lines) HoOy concentrations in the surface snow using a
grain size of 120 um (100 um for the top layer).



Table 1. Comparison of the June 20 HyO5 Firn Air
Measurements With Model Results®

Time, Air Temperature, C,, Cyq, C;Zﬁfd,

LST °C ppbv  ppbv  ppbv
1000 -12 0.60 2.1 1.7
1600 -11 0.76 1.8 1.9
2400 -20 0.62 1.0 0.9
#Cq, atmospheric HoO2 mixing ratio; Cq, firn air HoO»

mixing ratio; C’}'}l"d, modeled firn air HoO2 mixing ratio,

0-2.5 cm average.
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Table 2. Modeled Mean H5O5 Fluxes From the
Snowpack Between June 6 and 16

Grain Size,? Foem,® Fiotal,*
pm 1013 m—2s7! 1013 m—2s7!
100 3.52 5.68
120 3.24 4.61
150 2.98 3.70
180 2.80 3.19
250 2.56 2.59

#Grain size fixed at 100 gm in the top 0.5 cm.
PH,0, flux from the top 2 cm snow layer.

“Total HoO2 flux from the snowpack.
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