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Abstract

The nitrogen (615N) and triple oxygen (617/180) isotopic composition of nitrate (NO;)
was measured year-round in the atmosphere and snow pits at Dome C (DC, 75.1°S,
123.3° E), and in surface snow on a transect between DC and the coast. Snow pit pro-
files of 6'°N (6180) in NO; show significant enrichment (depletion) of >200 (<40) %o
compared to the isotopic signal in atmospheric NO,, whereas post-depositional frac-

tionation in A17O(NO§) is small, allowing reconstruction of past shifts in tropospheric
oxidation pathways from ice cores. Assuming a Rayleigh-type process we find in the
DCO04 (DCO07) pit fractionation factors & of —=50+£10 (-71+£12) %o, 6+3 (9+2) %0 and
1+0.2 (2+0.6) %o, for 615N, 5'®0 and A17O, respectively. A photolysis model repro-
duces ¢ for 6 '°N within the range of uncertainty at DC and for lab experiments reported
by Blunier et al. (2005), suggesting that the current literature value for photolytic iso-
topic fractionation in snow is significantly underestimated. Depletion of oxygen stable
isotopes is attributed to photolysis followed by isotopic exchange with water and hy-
droxyl radicals. Conversely, '®N enrichment of the NO; fraction in the snow implies

'°N depletion of emissions. Indeed, §'°N in atmospheric NO; shows a strong de-
crease from background levels (4.4+£6.8%.) to —35.1%. in spring followed by recovery
during summer, consistent with significant snow pack emissions of reactive nitrogen.
Field and lab evidence therefore suggest that photolysis dominates fractionation and
associated NO; loss from snow in the low-accumulation regions of the East Antarctic
Ice Sheet (EAIS). The A0 signature confirms previous coastal measurements that
the peak of atmospheric NO; in spring is of stratospheric origin. After sunrise photoly-
sis drives then redistribution of NO, from the snowpack photic zone to the atmosphere
and a snow surface skin layer, thereby concentrating NO; at the surface. Little NO; is
exported off the EAIS plateau, still snow emissions from as far as 600 km inland can
contribute to the coastal NO; budget.
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1 Introduction

Nitrate (NO;) is the chemical species at the end of the oxidation chain of atmospheric
reactive nitrogen and is one of the dominant anions present in the polar snow pack
(Legrand et al., 1999). Therefore there has been vital interest in using the polar ice
core record of NO, concentrations to reconstruct past levels of atmospheric nitrogen
oxides (NO,=NO+NO,) and rates of stratospheric denitrification (Mulvaney and Wolff,
1993; Wolff and Delmas, 1995). Recent studies in the Arctic and Antarctic suggested
furthermore that the stable isotopic composition of NO; in snow has great potential
in providing constraints on NO; sources and NO, oxidation pathways (Hastings et al.,
2004; McCabe et al., 2007; Savarino et al., 2007; Kunasek et al., 2008; Morin et al.,
2008, 2009).

However, post-depositional processing of NO; leads to significant mass loss and
isotopic fractionation, especially at sites with low annual accumulation rates, and com-
promises a quantitative atmospheric interpretation of the ice core record (Mulvaney
et al., 1998; Rothlisberger et al., 2002; Wolff et al., 2008; Blunier et al., 2005). Re-
cently, the same NO; loss from snow was related to re-emission of oxidized nitrogen
species into the lower atmosphere above snow covered areas with a significant im-
pact on tropospheric oxidant chemistry, a discovery which triggered a suite of field and
lab studies (Grannas et al., 2007, and references therein). Post-depositional mass
loss and isotopic fractionation at sites of intermediate annual accumulation rates may
be less important (Hastings et al., 2004; Jarvis et al., 2008). However, a quantitative
understanding of the nature of post-depositional processes affecting NO; in snow is ur-
gently needed in order to a) to use the ice core record to reconstruct past atmospheric
composition and b) better understand current boundary layer chemistry above snow
surfaces.

Both photochemical and physical processes in the upper snow pack drive the ob-
served net loss of NO; (Rothlisberger et al., 2002), but relative contributions from UV-
photolysis of NO; and evaporation of nitric acid (HNO;) are still under debate. Model
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studies have shown that NO; photolysis on and in snow/ice surfaces can account for
observed volumetric fluxes and concentrations of NO and NO, above the Arctic and
coastal Antarctic snow pack (Wolff et al., 2002; Boxe and Saiz-Lopez, 2008). But ac-
cording to one model only up to 40% of NO; loss from the snow reservoir can be
achieved by photolysis (Wolff et al., 2002). A recent isotopic study on Antarctic snow
compared field and lab determined fractionation constants of the stable nitrogen iso-
tope in NO; and concluded that photolysis is not the main process leading to NO; loss
at the snow surface (Blunier et al., 2005).

The following simplified reaction scheme summarizes currently known NO, photo-
chemistry in snow:

NO; +hv — NO, + O™ (R1)
NO; + hv — NO; + O(°P) (R2)
NO, +hv — NO + O~ (R3)
NO, + OH — NO, + OH"~ (R4)

At surface relevant wavelengths (>290nm) NO; photolyses in an absorption band
centered around 302 nm (Chu and Anastasio, 2003) yielding NO, (Reaction R1) and
nitrite (NO,) (Reaction R2). NO, undergoes either photolysis with UV-absorption max-
ima around 318 nm and 354 nm (Reaction R3) or reacts with the hydroxyl radical (OH)
(Reaction R4) to produce NO and NO,, respectively (Boxe and Saiz-Lopez, 2008).
The oxide radical ion (O™) produced in Reactions (R1) and (R3) are immediately pro-
tonated contributing to the OH photo formation in snow (Anastasio et al., 2007). In
addition, nitrous acid (HONO) is formed at pH<7.

NO; + H* — HONO (R5)

Since Reaction (R1) exceeds Reaction (R2) by a factor 8 to 9 the dominant NO,
photolysis product is NO, followed by NO and HONO (Grannas et al., 2007).
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In this study we compare for the first time measurements of the stable isotopes
of oxygen and nitrogen in NO; from snow pits with year-round observations in atmo-
spheric NO; at Dome Concordia (from here on DC, 75.1° S, 123.3°E, 3233 m.a.m.s.|.).
Snow samples from a spatial survey on the East Antarctic ice sheet (EAIS) were also
included. The purpose is (a) to evaluate post-depositional isotopic fractionation to de-
termine the main process driving NO, loss from snow and (b) to discuss implications
for reactive nitrogen cycling above Antarctica and the interpretation of the ice core
record of NO, stable isotopes.

2 Methods

Snow pits of 6m and 0.5m depth were sampled at DC on 15 January 2004 and 18
December 2007 at 2-5cm depth resolution. For the purpose of investigating post-
depositional isotopic fractionation we discuss only surface-near measurements from
the top 0.7m and will present the interpretation of the full DC04 profile in a future
manuscript. Samples were collected also from the top 10 cm of snow pack on the lo-
gistical ground traverse returning from DC to the french coastal station Dumont d’Urville
(from here on DDU, 66.7° S, 140.0° E, 40m.a.m.s.l.), in January 2004 (Fig. 2). Surface
snow samples represent between 1 (coast) and 13 (plateau) months of past net accu-
mulation due to the strong spatial gradient in precipitation (Pettre et al., 1986). Note
that sample sizes ranged from 0.3 kg in 2007 to 3kg in 2004.

In order to obtain 100 nmol of NO; for isotopic analysis snow samples were melted
and preconcentrated after Silva et al. (2000). This involved quantitative trapping of
NO; on 0.2ml of anion exchange resin (BioRad AG 1-X8) with an exchange capacity

of 1.2meq mi~", followed by elution with 5x2ml of NaCl solution (1M) yielding 100%

mass recovery within the analytical uncertainty. The 2004 snow samples were shipped

frozen in double-sealed plastic bags to a commercial freezer storage facility in France,

whereas 2007 samples were preconcentrated in the warm lab at DC before shipping

of refrozen aliquots. NO; concentrations were determined using a colorimetric method
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applied on a routine basis in continuous flow analysis of polar ice cores with a detec-
tion limit of 0.5ng g'1 and precision of <3% (e.g. Frey et al., 2006). Atmospheric NOy
was collected at DC between January 2007 and January 2008 at 2-weekly resolution
using a high-volume air sampler (Thermo Andersen GL 2000H) at 1.0 STP-m®min~",
following a similar experimental procedure as described in Savarino et al. (2007). The
atmospheric NO, collected on glass fiber filters represents the sum of atmospheric
particulate NO; (p-NO;) and gaseous nitric acid (HNO3). This method did not allow
to separate the two components of atmospheric NO;, since HNO4 readily adsorbs to
aerosols on the filters and second-stage filters showed either very low NO; concentra-
tions or none at all. After sample collection filters were stored frozen in clean 50 ml-
centrifuge tubes, before shipment to France. In our laboratory the collected NO; was
transferred quantitatively into solution by centrifuging the filters in 40 ml of ultra-pure
water.

We used the denitrifier method developed by Sigman et al. (2001) and Casciotti
et al. (2002) and further improved by Kaiser et al. (2007) to determine the nitrogen
and triple oxygen isotopic composition of NO (further details in Morin et al., 2008,
2009). In brief, sample NO, was quantitatively reduced into nitrous oxide (N,O) dur-
ing over-night incubation in concentrated solutions of Pseudomonas aureofaciens. We
employed an on-line method, where the N,O purged from the sample vials was de-
composed on a gold furnace at 900°C into O, and N, followed by gas chromatographic
separation and injection into an Isotope Ratio Mass Spectrometer (IRMS) (Thermo
Finnigan MAT 253). The oxygen isotope ratios were referenced against Vienna Stan-
dard Mean Ocean Water (VSMOW) (Baertschi, 1976; Li et al., 1988), whereas 15N/”’N
was measured against AIR (Mariotti, 1983). All isotopic measurements were corrected
using the international reference materials USGS 32, USGS 34 and USGS 35, which
are anchored to the VSMOW (AIR) reference for oxygen (nitrogen) isotopes (Bohlke
et al., 2003). The isotope ratios '’0/'°0, ®0/'0 and *N/'*N of NO, are reported
as 6-values, where 6=(Rg, /Asq—1), with R being the elemental isotope ratios in sam-
ple and standard, respectively. The oxygen isotope anomaly of NO; is here defined
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by its linear approximation as A''0=6""0-0.52x6"0. The overall accuracy of the
method was calculated as the best estimate for the standard deviation of the residuals
from a linear regression between measured standards and their expected values (after
Taylor, 1997, p. 187). Reported snow samples have average accuracies of 1.3, 0.6 and
0.4%. and filter samples of 1.4, 0.3 and 0.7%. for 6180, A17O, and 615N, respectively.

3 Results
3.1 Snow NO;

NO; concentrations drop in both snow pits within the top 50cm to less than 10% of
surface levels ranging from 240 to 325 ng g_1 (Fig. 1c). 615N(NO§) values increase by

>200%0 whereas 6 18O(NO; ) levels decrease by 20—40%. within the top 70 cm resulting
in a statistically significant anti-correlation between the two isotopes (r=-0.9, p<0.001)
(Fig. 1b, c). The A17O(NO§) profile exhibits periodic oscillations with an amplitude of
4-5%, (Fig. 1a), found also in two additional snow pits (Frey et al., 2009). Comparison
of the top and bottom values of A17O(NO§) in both snow pits reveals a decreasing
trend of more than 4%., from 28 to 24%. in 2004 and from 32 to 27%. in 2007 (Fig. 1a).

NO; concentrations in surface snow between DC and DDU range from 112 to

435ng g'1, with maxima occurring on the East Antarctic plateau (Fig. 2). 515N(N0;)
varies between —-13 and 37%., and shows a strong spatial gradient from negative
values below 2700m.a.m.s.l. (-8 to —4%.) to positive isotope ratios on the plateau
above 3000 m.a.m.s.l. (22—-34%.), with a transition zone of high variability (Fig. 2a).
6180(NO;) exhibits also a spatial gradient but weaker and of opposite sign, with low
isotope ratios on the East Antarctic plateau of <65%. and high levels of >75%. towards
the coast (Fig. 2b). However, the spatial correlation between the two isotopic ratios
is not significant (r=-0.4, p<0.2). The average +10 of A”O(NO;) is 30 £ 3 and no
significant spatial trend is detected (data not shown).
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3.2 Atmospheric NO;

Average (+10) levels in atmospheric NO; between February and July 2007 are

4.5(+£3.8)ng m~3, with local maxima in late winter (August—September) of 50 ng m™3
and in summer (December—January) of 142 ng m=3, very similar to the coastal record
at DDU in 2001 (Savarino et al., 2007) (Fig. 3b). The annual cycles of 6180(NO;) and

A17O(NO§) compare well to those observed at DDU and South Pole (McCabe et al.,
2007; Savarino et al., 2007), showing broad maxima in late winter and early spring
of >100%. and >40%., respectively (Fig. 3d, €). The annual variability of 615N(NOg)
features moderate oscillations between -7 and 13%. around a February—July mean
of 4%. but interrupted by a gradual decrease starting at the end of August as surface
temperatures and UV-B radiation begin to rise, reaching strongly negative values with
a minimum of —35%. in mid-October, followed by a recovery to the February—July aver-
age by December (Fig. 3a, c). While April-October levels are almost indistinguishable
between DC in 2007 and DDU in 2001 and similar to those at Neumayer station ob-
served during the 1986-1992 period (Wagenbach et al., 1998), coastal 615N(NOg)
remains negative throughout the summer months and no recovery occurs as seen at
DC (Fig. 3c).

4 Discussion

4.1 Post-depositional isotopic fractionation

The DCO7 NO, snow profile is similar to those published previously, showing >90%
NOj; loss in the top 10 cm (Rothlisberger et al., 2000; Blunier et al., 2005), whereas in
2004 NO, concentrations exhibit a more gradual decline with depth (Fig. 1c). Spatial
variability in concentration profiles has been noted in on-going surface studies at DC
and is attributed to sastrugi formation and wind drift in the vicinity of the station (Frey et
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al., 2009). Regardless of the NO; profile, trends with depth of NO; stable isotopes are

similar in pits sampled in different years (Fig. 1). Some of the most extreme 615N(NO§)
values found so far in polar snow and ice are observed, exceeding the —18 to 200%-
range previously reported (Freyer et al., 1996; Heaton et al., 2004; Hastings et al.,
2004; Blunier et al., 2005). 6180(NO§) in surface snow from pit and spatial survey
samples ranges between 55 and 85%. and thus overlaps with measurements in the
high Arctic and Greenland (Heaton et al., 2004; Hastings et al., 2004), but drops at
depth to values below 30%. (Figs. 1b, 2b). A”O(NO;) values in snow pit and spatial
survey samples vary between 24 and 36%. (Fig. 1a), a range similar to measurements
in snow pits from South Pole and Summit, Greenland (McCabe et al., 2007; Kunasek
et al., 2008).

Most importantly, profiles of 5"°N (6180) in NO; in snow are strongly enriched (de-
pleted) compared to the isotopic signal registered in atmospheric NO;. The isotopic
atmospheric input above the Antarctic ice sheet shows spatial but no temporal variabil-
ity during the past decade (Fig. 3c—e) and pit profiles of the top 0.7 m of snow, equiva-
lent to about 10 yr, sampled in different years overlap (Fig. 1). From this we conclude
that post—depositional isotopic fractionation and not atmospheric trends control 5N
and 6'%0 in NO, at low-accumulation sites such as DC, leading to reproducible pro-
files as long as the boundary conditions remain unchanged. In the case of A17O(NO;)
post-depositional fractionation is significant, e.g. loss of the winter/spring maximum of
>40%. in atmospheric NO, (Fig. 3e), but less severe across the top 0.7m (Fig. 1a).
Although post-depositional effects in the upper snow pack erase any seasonal signal
in NO; concentrations and isotopic composition (Figs. 1, 3), we still find an oscillation
in A”O(NO;) with a mean periodicity of 2.3—-3.0yr based on the range of published
accumulation rates of 2.7—3.590m'2 yr'1 (Legrand and Delmas, 1988; Rothlisberger
et al., 2000) (Fig. 1a). A similar 2.7 yr cycle in A17O(NOg) has been detected previously
in a 26-yr snow pit record at South Pole, where accumulation rate is 8ﬂcsgcm'2 yr'1,
almost three times that at DC (e.g. Frey et al., 2006), and was speculated to be linked
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to stratospheric ozone variability (McCabe et al., 2007).

In order to compare between sites and lab experiments we estimate bulk fraction-
ation factors ¢ based on a Rayleigh—type process as described previously (Fig. 4,
Table 1, Blunier et al., 2005). The model assumes that NO; loss from the snow is
irreversible and emitted mass fractions are removed immediately. For clarity we repeat
here the equations used by Blunier et al. (2005). The isotope ratio (6 value) of the
NO; mass fraction f remaining in the snow A, (Ssnow) is related to the initial iso-
tope ratio Ry snow (8o snow) With £=(a-1) as the fractionation factor through the following
relationship:

R +1

snow 6SHOW

= =@ (1)
Ro,snow 60,snow +1

Regrouping and substitution of f=Cgnow/Co snows Where g snow 18 the initial surface
snow concentration and ¢, the concentration of fraction f remaining in the snow,
lead to expressions, which allow to estimate ¢ using a linear regression:

IN(6gnow + 1) = (a-1) In f + In(Egpon o + 1) @)
IN(Ggpow + 1) = (@-1) In Cqpop + [[N(Bgnowo + 1) = (@-1) /N Cgpow 0] (3)

We find in the DC04 (DCOQ7) pit fractionation factors ¢ of =50£10 (-71£12) %o, 6+3
(9£2) %o and 1£0.2 (2+0.6) %o, for 5N, 6'®0 and A'70O, respectively (Table 1). The
1-0 uncertainties were estimated by propagating the error in the isotopic ratios (Taylor,
1997). Although they are large due to local spatial variability (e.g. Blunier et al., 2005)
and sample resolution, it is found that sign and order of magnitude of ¢ for the oxygen
stable isotopes compare well to those determined in previous lab photolysis experi-
ments (Table 1, Fig. 4). In DC04 the ¢ for 5N compares well to the literature value of
-541+10%. reported for Dome C, whereas in DCO7 it falls above the upper end of the
cited range of uncertainty (Table 1, Fig. 4) (Blunier et al., 2005).
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The observed post-depositional fractionation is attributed to NO; mass loss from the
upper snow pack, as first suggested by Blunier et al. (2005) to explain the strong en-
richment of 515N(NO;) in snow at DC. Gas phase chemistry cannot be responsible for
two reasons. Firstly, reactions which favor nitrate production tend to minimize the frac-
tionation of 615N(NO; ) with respect to NO,, and therefore lead to isotopic ratios close
to those of atmospheric NO,, typically ranging between -9 and 13%. (Heaton et al.,
2004). And secondly, strongly positive 615N(NO; ) values have never been observed
in atmospheric NO; in Antarctica (Wagenbach et al., 1998; Savarino et al., 2007, this
study Fig. 3c).

NO; mass loss from snow and therefore isotopic fractionation is thought to be gov-
erned by evaporation of HNO3; and NO; photolysis. The extent of post-depositional
processing by either mechanism is in turn controlled by local accumulation rate, tem-
perature, UV radiation and snow physical properties. Wind driven redistribution of
surface snow and forced ventilation due to wind pumping may contribute as well, but
are less important on a dome with average annual wind speeds of 2.8 m s A previ-
ous comparison has shown that at wind speeds of <3m s~ ! molecular diffusion rather
than forced ventilation from wind pumping determines vertical movement of trace gas
chemical species through the open snow pore space (Frey et al., 2005).

Surface snow samples from the DC-DDU traverse indicate to a first order that frac-
tionation increases as annual accumulation rates decrease (data from Pettre et al.,
1986). 615N(N05) are negatively correlated with annual accumulation rates (r=-0.67,
p<0.01) in agreement with previous findings from Antarctic ice cores (Freyer et al.,
1996), whereas 6180(NO§) shows a positive correlation (r=0.68, p<0.01). NO; losses
were also observed at South Pole, where surface snow NO; exceeds all concentration
spikes preserved in the top 6 m (McCabe et al., 2007). The top snow layer, repre-
senting the most recent year of snow accumulation, shows a A17O(NO§) of 29.9%.
(median of reported max and min values of year round monthly sampling), close to
30.4%o in atmospheric NO, (median of reported max and min value), whereas at depth
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A'O(NO;) is depleted by 4-5%. similar to our finding at DC (McCabe et al., 2007).

At Summit, Greenland, a site with a mean annual accumulation rate of 25¢g cm'zyr'1
(Dibb and Fahnestock, 2004), up to 30% post-depositional loss of NO, was observed

(Dibb et al., 2007). However, according to one study, 615N(N05) and 6180(NO;) did
not change significantly over a period of 5 months, the time between initial deposition
and burial to 30 cm depth by subsequent snow fall (Hastings et al., 2004).

Below we discuss in more detail how evaporation and photolysis determine the signal
of stable isotopes in NO; preserved in snow.

4.2 Mechanisms of isotopic fractionation in snow

It is instructive to recall what is known about location and chemical form of NO; within
snow grains. NOj; is found not only in the bulk crystal, but is adsorbed also at the top
of or dissolved within the so-called quasi liquid layer (QLL) on the grain surface (e.qg.
Grannas et al., 2007, and references therein). In fresh snow the distribution within the
snow grain depends on the specific deposition process, but is not well constrained by
bulk concentrations alone (Rothlisberger et al., 2002). For example, at DC snow grains
at the surface have a specific surface area of 400—450 cm? g’1 (Gallet et al., 2009) and
potential HNO3 coverage is estimated to be 1 x10"® moleccm™ (Hudson et al., 2002),
which yields a NO; concentration of 420-475 ng g'1. Thus, concentrations observed in
surface snow would be consistent with NO, being located entirely on the grain surface
(Fig. 1c).

Regarding the chemical form we know that in present-day Antarctica and past inter-
glacials NO; occurs predominantly as HNO; as opposed to the salt Ca(NOg), during
glacials (Legrand et al., 1999). It has been suggested that HNO5; newly adsorbed on
ice ionizes in a 2-step process,

HNOj g + HpOq = HNOj; - H,0,9 = NOj . + Hy0%, (R6)

where subscripts g, s, ad and aqg denote gas, surface, adsorbed and solvated (aque-
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ous) species, respectively (Pursell et al., 2002). Molecular dynamics simulations pro-
vide support for the notion that nitrate at the air-water interface remains molecular
HNOj, whereas it dissociates when embedded at various depths within the aqueous
layer (e.g. Thomas et al., 2007; Wang et al., 2009). The pH and ionic strength control
acid dissociation but are not well characterized in the QLL. However, in the bulk snow
crystal we can assume the pH range of natural waters and an acid dissociation con-
stant pK, of —1.19 and find that the ionic form dominates with less than 1x107%% of
total nitrate occuring as molecular HNO,.

This is important since all forms of nitrate in Reaction (R6) will photolyze, at the
surface and very likely also within the snow grain, whereas only molecular HNO4 will
evaporate from the surface (Sato et al., 2008).

4.2.1 Evaporation

Surface and wind-driven sublimation are important components of the surface mass
balance in Antarctica and can remove up to 20% of annual snowfall at DC (Frezzotti
et al., 2004), similar to estimates for the entire ice sheet (Dery and Yau, 2002). While
insoluble chemical species will be enriched, volatile species will be removed depend-
ing on their volatility. Since surface snow at DC in summer is supersaturated in NO,
with respect to atmospheric HNO5 (Rothlisberger et al., 2002) one expects physical
loss, but the time scale of that loss is somewhat uncertain. Summer pit profiles of NO,
concentrations look always similar (Fig. 1c, Blunier et al., 2005) and concentrations
in fresh snowfall exceed those at depth typically by 1-2 orders of magnitude, indicat-
ing that NO, deposited in winter must be driven out of the snow within the following
spring and summer. However, some observational evidence suggests that the physi-
cally driven loss of molecular HNO3 from the snow matrix is a slow process. Dissolution
of HNO; and therefore also release across the air-QLL interface was observed to oc-
cur within minutes (Pursell et al., 2002). But on the snow grain scale, HNO; diffusion
measured in ice is too slow to explain rapid loss of NO; over one season. For example,
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the ice diffusion constant D, of HNO3 at DC in summer is 25x107"em?®s™" (Thibert
and Domine, 1998) and yields for typical snow grain diameters d of 0.05-0.1cm an
average diffusion time 7=d? (2 Do)‘1 of 1.5-3yr. In another study evaporation rates
of dilute acids were measured above frozen solutions and found to be primarily con-
trolled by the degree of dissociation with vapor pressure being of second order (Sato
et al., 2008). This explained that evaporative losses were lowest for highly dissociated
acids such as hydrochloric acid (HCI) and not detectable for HNO5; during 96 h long
experiments (Sato et al., 2008).

No experimental € values for ice(water)-vapor phase fractionation are currently avail-
able, but in analogy to the stable isotopes in water (H,O) one would expect net enrich-
ment of both nitrogen and oxygen stable isotopes in the NO; fraction remaining in the
snow phase. Since evaporation of HNO3 occurs in the molecular form (Sato et al.,
2008), one might argue that the required recombination of NO; with a proton (Re-
action R6) induces depletion of the heavy oxygen isotopes in NO;. This will be the
case if O,N'®0-H is energetically much favored over O,N'°O-H. As a first-order esti-
mate we calculate shifts in the vibrational frequencies v for the O-H (3550 cm'1) and
O-NO, (647 cm™') stretching modes in HNO; 4 as a result of substituting 10 with 80
(Table 3). Approximation of v of the heavier isotopologue using the known relationship
between vibration frequencies and reduced masses of a harmonic oscillator (e.g. Criss,
1999) yields shifts of 1 cm™' and 26cm™’, for the O-H and O-NO, stretching modes,
respectively. This indicates that isotopic replacement increases mostly the N-O bond
strength, whereas the impact on the O-H bond is negligible. Dissociation/recombination
of HNO; will therefore enrich the heavy oxygen isotopes in the ionic form.

From the above we conclude that evaporation/sublimation of HNO3 should lead to
enrichment of all the heavy isotopes in the NO; fraction remaining in the snow. Esti-
mating the order of magnitude of evaporative ¢ values for HNO; isotopologues proves
more difficult. For 6 18O(HzO) the ice-vapor phase fractionation factor € was measured
previously in the lab (Neumann et al., 2008) and is close to that predicted by an em-
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pirical model (Majoube, 1970). Using the model and the annual temperature cycle at
DC we estimate ¢ values ranging from —18%. in summer to —34%. in winter (Majoube,
1970). If 6'°N(NO3) fractionated in a similar way upon evaporation then & would be
less negative than the bulk fractionation factors observed in the field (Table 1). Lab ex-
periments suggest that fractionation from evaporation/sublimation is likely to be small,
since no fractionation of oxygen stable isotopes was observed when cells filled with
snow samples were flushed for several hours with helium gas (McCabe et al., 2005).

4.2.2 Photolysis

We evaluate photolytic fractionation by applying the theory of photo-induced isotopic
fractionation effects (PHIFE) (Miller and Yung, 2000). This general framework was orig-
inally developed to explain enrichment of all the rare heavy isotopologues observed in
stratospheric N,O, a molecule whose main sink is photodissociation (Yung and Miller,
1997). The physical principal underlying PHIFE is that every isotopologue has its
unique spectroscopic signature. Substitution of an atom by its heavier isotope causes
an increase in reduced mass and therefore a red shift in the vibrational frequencies
and a reduction in zero point energy (AZPE) of the molecule (Miller and Yung, 2000).
This explains small blue shifts in the UV absorption spectra of the heavier isotopo-
logues, which in turn lead to measurable differences in isotopic fractionation (Miller
and Yung, 2000). PHIFE can be applied to aqueous NO, due to its continuous UV
absorption spectrum (Chu and Anastasio, 2003) and lack of predissociation (Miller and
Yung, 2000, and references therein). We consider first the nitrogen staple isotopic
enrichment and discuss oxygen further below.

5"°N

Since experimental spectral data on the heavy NO; isotopologues in water or snow are

currently not available, we estimate the UV absorption spectrum of aqueous 15NO;

by shifting measured spectral absorptivities of 14NO:; (Chu and Anastasio, 2003)
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by the difference in zero point energy (ZPE) between the respective isotopologues
(Fig. 5a, Yung and Miller, 1997). ZPE is calculated using ZPE=0.5 v;, where v;
refers to the normal vibration frequencies. Vibrational frequencies for some isotopo-
logues of aqueous NO, were determined previously through measurement (Begun
and Fletcher, 1960) and ab initio calculations (Casciotti, 2009) (Table 2). Using the
data of (Begun and Fletcher, 1960) we derive a AZPE of —44.85 cm™', equivalent to
an average blueshift of 0.5nm in the 280-360 nm region (Fig. 5a, Table 2). Convo-
lution of spectral actinic flux /(1), computed with the radiation transfer model TUV4.4
(http://www.acd.ucar.edu/TUV, Madronich and Flocke, 1998) for conditions at Dome
C in January 2004, quantum yield ¢, estimated for —30°C after Chu and Anastasio
(2003) and the respective spectral UV absorptivity o, (Fig. 5a) yields 14NO; (15NOg )

photolysis rates j () of 7.65 (7.29)x 1078 s™" (Fig. 5b):

Aj
i= | o) @, 1) 2 @)
]

Calculated photolysis rates are about 80% of recent field measurements at DC
(J. L. France, personal communication, 2008) and the resulting e=(j’/j)—1 of —48%o
is close to bulk fractionation factors derived from pit profiles (Fig. 5b, Tables 1, 2).
We obtain a similar € when we use the vibrational frequencies calculated by Casciotti
(2009) (Table 2). Examination of the spectral (1) shows that below 302 nm depletion
should occur, however due to the nature of /(1) enrichment dominates (Fig. 5b). These
estimates are significantly larger than the reported ¢ value of —11%. derived from lab
photolysis experiments (Table 1, Blunier et al., 2005; Jacobi et al., 2006). In these artifi-
cial snow made from dilute solutions of NaNO3 was used, but additional tests replacing
the salt solution with HNO; did not indicate any sensitivity of € to the chemical form of
NO; (H. W. Jacobi, personal communication, 2008).

However, we suspect that ¢ for § 15N(NO; ) was significantly underestimated by Blu-
nier et al. (2005) due to the experimental set up employed. First, irradiated snow
samples were kept in closed cells and therefore photolysis products NO, and OH not
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flushed from the cell likely participated in reformation and deposition of NO, thereby
reducing isotopic fractionation (Jacobi et al., 2006). NO; reformation is consistent with
NO; concentrations never dropping below 10% of the starting levels, even after pro-
longed irradiation (Jacobi et al., 2006). Second, the UV spectrum of the lamp used
in the experiments was significantly different from the solar one and no cut-off filters
were used. It therefore extended to 230 nm and showed a secondary maximum around
302 nm (Fig. 5a, Jacobi et al., 2006). Significant contributions from shorter wavelengths
to spectral actinic flux will lead to less enrichment or even depletion as the shape of
the spectrally resolved (1) shows (Fig. 5b), resulting in a decrease of €. Replacing the
spectral irradiance for DC (Fig. 5a) with that of the UV lamp used by Jacobi et al. (2006)
we obtain ¢ values of —8 to —9%. (Table 2), very close to the lab results by Blunier et al.
(2005).

With regard to the speciation of total nitrate in (Reaction R6) we consider also the
case that molecular HNOj is subject to photolysis (e.g. Huber, 2004).

HNO, + hv — NO, + OH (R7)

We use observed vibration frequencies for molecular, gaseous HNO; 4 (Guillory and
Bernstein, 1975) and following the results of Casciotti (2009) assume that they do not
differ much from those of HNOg - H,0,4 or HNO3 - H,O,,. The measured o, spectrum
of HNQg 4 is interpolated to DC summer temperatures (Rattigan et al., 1992). We find
€ values of —92 and —65%. for vibration frequencies of matrix-isolated HNO3 4 and
observed in nitrogen (N,), respectively (Table 3). These values are significantly more
negative than those derived from DC snow pits (except DC07) and lab experiments
(Tables 1, 3). Therefore nitrogen isotope fractionation is best explained by photolysis
of ionic NO;.
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5'%0and A0

Using the same approach, we calculate also ¢ for the stable isotopes of oxygen in
NO;. Even though the only vibrational frequencies of NO; isotopologues available
were measured on microcrystalline KNO3 (Chakraborty et al., 1999), use of those is
warranted for two reasons. First, due to the ionic K-O bond NO; in KNO3 exhibits
similar geometry and therefore similar frequencies (Chakraborty et al., 1999, Table 2).
Second, differences in observed v between solid KNO; .y and aqueous NO, _  are

3,aq
small, much smaller than when compared with NO from ab initio calculations (Ta-

3.aq
ble 2). While we obtain ¢ values for '®N similar to the results discussed above, ¢ for 20
range between —10 and —20%. (Table 2). Thus, PHIFE predicts enrichment for all the
heavy isotopes of NO, and therefore fails to explain the depletion of stable oxygen iso-
topes in NO, observed in the field and lab (Tables 1, 2). It should be noted that the v; 4
(NO-O stretching mode) are significantly shifted to the blue upon isotopic substitution
of %0 with 80 (Table 2). This indicates weakening of the N-O bond and would explain
depletion of the heavy oxygen isotope in the case that al the red-shifted vibrational
frequencies contribute less to ZPE than assumed by the equation used above.

As opposed to >N we argue that oxygen stable isotopes will be affected by not only
photolysis but also matrix effects. Previous lab photolysis experiments using isotopi-
cally labeled water suggested that oxygen isotope depletion is the result of isotopic
exchange with reservoirs depleted in heavy oxygen during secondary NO; formation
(McCabe et al., 2005). Photolytically formed NO, and NO (Reactions R1—-R4) are re-
oxidized in aqueous phase reactions with the OH radical, produced mostly from H,O,
photolysis (Anastasio et al., 2007), and water, e.g. in the QLL, to NO; and NO,, re-
spectively. 6 18O(HQO) of Antarctic snow is <-40%. (Masson-Delmotte et al., 2008) and
580 of the OH radical likely similar due to rapid exchange with H,O in the aqueous
phase (Meijer and Li, 1998). Isotopic exchange with OH and H,O also explains the
decrease of A17O(NO;) since both reservoirs have A'”O close to zero (McCabe et al.,
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2005, and references therein).
4.3 NO; recycling above snow in Antarctica

We have shown that photolysis can explain ¢ values derived from field observations
and lab experiments, where evaporation/sublimation was minimal or not occuring at
all. Since fractionation is associated with mass loss, this is strong evidence for UV-
photolysis being the main process that drives NO, out of the snow pack at DC and very
likely across the low accumulation regions of East Antarctica. This has implications
for the interpretation of the annual variability of isotopic ratios in atmospheric NO,
(Fig. 3) and atmosphere-snow cycling of NO, above the EAIS. In Antarctica, primary
NO; sources are thought to be sedimentation of polar stratospheric clouds (PSCs)
in late winter and a background tropospheric source from lightning, biomass burning
and the ocean (Wagenbach et al., 1998; Savarino et al., 2007). On the one hand, the
spring maximum of atmospheric NO; concentrations observed on the coast and now
also inland (Fig. 3b) was recently attributed to a stratospheric source based on the
AWO(NO;) signature (Fig. 3e, Savarino et al., 2007). On the other hand, it has been
suggested that the coastal summer maximum of NO; concentrations (Fig. 3b) has
its origin in reoxidized snow emissions of reactive nitrogen advected from the interior
of Antarctica (Savarino et al., 2007). This was based on the argument that surface
snow enrichment implies emissions depleted in 15N(NO;) along with the observation
of strongly negative 6" in atmospheric NO; in summer. Strongly negative 6" in
atmospheric NO; from snow emissions have been observed also in the Weddel sea
sector and the Arctic (Morin et al., 2008, 2009).

To understand better the significant difference in the annual cycles of atmospheric
615N(NO;) between DC and the coast (Fig. 3c) we apply again the Rayleigh model
to calculate 615N(NO§ ) in the snow and emission fraction as a function of NO; mass
loss (Fig. 6, e.g. Criss, 1999). We use an ¢ of —54%. and as the initial 615N(NO§) in
snow a value of 19%. expected in late winter snow fall from a previous estimate for
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stratospheric NO; (Savarino et al., 2007). We consider two emission scenarios, one,
immediate removal after release i.e. via horizontal transport (case 1, Fig. 6) and two,
accumulation of emissions above the local snow surface, equivalent to the integration of
all emissions from case 1 (case 2, Fig. 6). Continuous NO; loss leads to strong isotopic
enrichment in the snow fraction consistent with the isotopic ratios found in the upper
snow pack (Figs. 6, 1c). However, the profiles of NO; concentration and 615N(NO;)
indicate that NO; loss is not uniform with depth (Fig. 1c). We therefore suggest the ex-
istence of two regions, a skin layer with isotope ratios close to atmospheric equilibrium
and high NO, concentrations and the snow pack underneath strongly depleted in NO;

and therefore enriched in 6 '°N.

The assumption of isotopic equilibrium at the surface is supported two-fold. First,
photolysis dominating NO; loss from the snow pack implies that reactive nitrogen re-
leased to the open snow pore space and atmosphere occurs mainly as NO, or HONO,
as opposed to gaseous HNO; in the case of evaporation. Physical interaction with the
snow crystal surface will be much smaller for the former than for the latter. Gas phase
molecular diffusion with characteristic times on the order of minutes suffices to quickly
transfer the photolysis products upward through the firn-air column into the atmosphere
above the snow, where eventually all reduced species are oxidized again to NO; and
redeposited to the surface. The photochemical lifetime of NO, in summer above the
plateau is short with ~15h (Davis et al., 2008), consistent with rapid recycling at the
surface and thereby establishing isotopic equilibrium. Second, 615N(NO;) values in
the skin layer at DC in summer are close to those found in atmospheric NO; (Frey et
al., 2009). It should be noted that this is apparently not the case for the top samples
in the DC04 and DCOQ7 pits, as they are enriched compared to the atmospheric signal
(Figs. 1c, 3c). However, this is due to the chosen sample depth resolution, since col-
lection including snow from below the skin layer (e.g. the top 0.5cm) will necessarily
result in increased isotopic ratios.

Calculated isotope ratios of emissions in case 2 match best the observed recovery
from strongly negative 615N(NOg ) to back ground levels in atmospheric NO, at DC
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(Figs. 3c, 6). The exact match with December observations is fortuitous and depends
on the initial isotopic ratio chosen for winter snow fall. However, extremely positive
615N(N05 ) as predicted by case 1 scenario have never been observed. Therefore, we
conclude that no significant mass export i.e. by horizontal transport is likely to occur
neither at DC nor above the entire EAIS plateau region, where environmental parame-
ters are similar (Figs. 3, 6). One implication of minimal NO; export off the EAIS plateau
is that transport strength, a parameter considered to further complicate the interpreta-
tion of NO; ice core records (Wolff et al., 2008), is likely not to play an important role
for ice cores recovered from that region.

As discussed above, NO; loss from the snow pack is much smaller in regions with
higher annual accumulation rates (Dibb et al., 2007), including those close to the coast.
According to the model 615N(NO§) of emissions remain therefore strongly depleted,
consistent with observations during spring and summer at all coastal sites (Figs. 3c,
6). Surface snow collected towards the coast shows also negative 615N(NOg ), as ex-
pected from isotopic equilibrium between atmosphere and snow (Fig. 2a). However, it
is not possible to distinguish between case 1 and 2, thus leaving open the possibility of
NO; export and emissions from a region reaching as far inland as the 2700 m contour
line could contribute to the DDU summer maximum (Figs. 2a, 6), consistent with the
hypothesis stated by Savarino et al. (2007).

5 Conclusions

Findings from the first combined atmosphere-snow study of the comprehensive NO,
stable isotopic composition in Antarctica have important implications for our ability to in-
terpret the isotopic signal preserved in snow and ice and our understanding of reactive
nitrogen cycling in the low accumulation regions of EAIS.

First, profiles of nitrogen (oxygen) stable isotopes of NO; in surface-near snow at
DC show strong enrichment (depletion) compared to the isotopic signal registered in
atmospheric NO; and thus reflect post-depositional fractionation associated with NO,

12579

ACPD
9, 12559-12596, 2009

Nitrate photolysis
and
atmosphere-snow
cycling

M. M. Frey et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/12559/2009/acpd-9-12559-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/12559/2009/acpd-9-12559-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

mass loss rather than atmospheric trends. In contrast, post-depositional effects on
A”O(NO;) signal in snow are relatively small. Although the stratospheric source sig-
nature and information on seasonal changes in NO, formation pathways (e.g. Morin
et al., 2008) are not preserved, atmospheric trends of lower frequency (e.g. the 2.7 yr
cycle) survive post-depositional processing. It therefore seems possible to reconstruct
past shifts in tropospheric oxidation pathways from the A”O(NO; ) record preserved in

ice cores. On the other hand, use of 6180(NO§) as a tracer for atmospheric NO, oxi-
dation pathways (e.g. Hastings et al., 2005; Jarvis et al., 2008) is discouraged, due to
its sensitivity to post—depositional fractionation. Second, we provide strong evidence
that UV—photolysis is the dominant process responsible for the NO; loss from snow

observed at DC. 615N(NO§ ) fractionation associated with the mass loss can be ex-
plained quantitatively by NO; photolysis alone. Lab values reported previously are too
low as the UV lamp used is not representative for the solar surface spectrum at DC
(Blunier et al., 2005). We attribute the observed depletion of oxygen stable isotopes in
NO; to matrix effects, which require also NO, photolysis followed by isotopic exchange
between photolysis products and H,O and OH. Isotopic effects from evaporation will
likely be small, however require still experimental quantification. Third, as a conceptual
model for NO; recycling in the atmosphere-system for DC and the entire EAIS where
annual accumulation is low we suggest the following: stratospheric NO; is deposited to
the surface in late winter in a shallow surface snow layer of approximately uniform con-
centration and 615N(NO;). The increase in surface UV—radiation in spring then initiates
a photolysis driven redistribution process of NO;, which continues throughout the sunlit
season resulting in almost complete depletion of the bulk reservoir. This leads then in
summer to a strongly asymmetric distribution of total NO; within the atmosphere-snow
column as noted previously (Wolff et al., 2002), with the bulk residing in a skin layer
and only a small fraction in the atmospheric column above it.

On going year-round atmosphere-snow studies and summer intensive campaigns at
DC will contribute to the development of a quantitative model and specifically address
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time-scales and mass fluxes involved in the NO; redistribution process. Further lab
studies are needed also to quantify the evaporative fractionation factor for nitrogen and
oxygen stable isotopes in NO; .
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Table 1. NO; stable isotope fractionation factors &% observed in surface snow at Dome C and

recent lab photolysis experiments.

ACPD
9, 12559-12596, 2009

Temp., °C e, Reference
A"O(NO;) 6'°0O(NO;)  6'°N(NO3)

Dome C

-54 0.9+0.2 6.4+£2.5 -49.8+10.4 DCO04 pit (this study)

-54 2.0+0.6 8.8+2.1 -71.0411.7 DCO7 pit (this study)

-54 - —  =58.9+9.7 Blunier et al. (2005)

Laboratory

-5° 5.3+5.4 6.9+1.3 —  McCabe et al. (2005)

-30° 1.2+0.3 7.0£1.6 — McCabe et al. (2005)

-5° -0.2+0.2 4.8+4.9 — McCabe et al. (2005)

-30° 0.3+0.3 2.2+0.7 — McCabe et al. (2005)

-20° - - —11.4%1.4 Blunier et al. (2005)

Nitrate photolysis
and
atmosphere-snow
cycling

M. M. Frey et al.

# respective 1-o uncertainties of ¢ values are based on propagation of the error in isotopic
ratios (this study, after Taylor, 1997), Monte Carlo analysis (results from Blunier et al., 2005)

and standard deviation of all experiments (results from McCabe et al., 2005) .

® artificial snow of 620 ug g'1 USGS-35 (NaNQ;), >70% NO; loss after 12—48 h irradiation.

¢ artificial snow of 620 ug g'1 KNO;, >70% NO; loss after 12—48 h irradiation.

4 artificial snow of 560 ng g‘1 NaNOg, max. 90% NO; loss after 5h irradiation (Jacobi et al.,

2006).
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Table 2. Normal vibrational frequencies of NO; isotopologues used to calculate photolytic
fractionation factors ¢.

ACPD
9, 12559-12596, 2009

Nitrate photolysis

and
NO; ., NO; .o KNOj3 4o atmosphere-snow
“NO;  ®NO;  ™NO;  ®NO; KM“NO,  K'®NO;  KN'0;0 cycling
v, cm™’ M. M. Frey et al.
vy 1089.31  1089.31  1049.2 1049.2 1049.0 1049.0 1030
Vo 829.003 807.405 830.9 809 834.3 811.133  822.6
Vs 1438.45 140462 13756 1343.7 13575 13230 1370
Vs 1438.68 1404.82 1375.6 1343.7 13575 13230 1370
Vs 708514 706.678 7168 7148 71585 713.4 699.6
Ve 708.8 706.953 716.8 7148 715.85 713.4 699.6
ZPE,cm™'  3106.379 3059.893 3032.45 2987.6 3015.0 2966.417 2995.9
AZPE,cm™'  -46.486 -44.85 -48.583 -19.1
€ at DC, -49.3 -47.6 -515 -20.3
e Lab, -8.4° -8.1° -8.8° -10.3'

& aqueous phase ab initio calculations (Casciotti, 2009).

b aqueous phase observations (Begun and Fletcher, 1960).

¢ average IR wavenumbers observed on microcrystalline KNO, isotopologues (Chakraborty
et al., 1999).

4 with /(1) modeled for conditions at DC in January 2004 (see text).

© with /(1) of the UV lamp used in lab photolysis experiments by Jacobi et al. (2006) (see text).
" with /(1) of the UV lamp used by McCabe et al. (2005).
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Table 3. Normal vibrational frequencies of gaseous HNO, isotopologues used to calculate

photolytic fractionation factors ¢ (Guillory and Bernstein, 1975).

a
b
c
d

ACPD
9, 12559-12596, 2009

Nitrate photolysis
and
atmosphere-snow
cycling

M. M. Frey et al.

HNO, 4 HNOg ,°
H'*NO; H™NO, H'NO; H"NO,
Vi, cm™
vy 3490 3488 3550 3550
v, 1697 1659 1708 1672
Vs 1343 1339 1330 1327
v, 1311 1294 1324 1321
Vs 902 892 879 871
Ve 767 746 762 744
v, 660 658 647 647
Vg 597 594 579 578
v 479 479 456 456
ZPE,cm™' 5623 5574  5617.5 5583
AZPE,cm™'  -485 -34.5
€ at DC®, -92.4 -64.7
e Lab®, -39.0 -27.7

matrix-isolated gas phase observation.
gas phase observation in N,.

with /(1) modeled for conditions at DC in January 2004 (see text).
with /(1) of the UV lamp used in lab photolysis experiments by Jacobi et al. (2006) (see text).
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Fig. 1. A'70, 60 and 6'°N of NO; at Dome Concordia, East Antarctica. Top panels (a—c):
mass-weighted averages +10 (symbols and shaded area) in the annual cycle of atmospheric
NO; in 2007. Bottom panels a—c: NO; in snow from pits collected in 2004 and 2007 with
errorbars indicating the analytical error. NO; snow concentrations are shown in bottom panel
of ¢ (dashed and solid lines). The depth-age scale is based on measured densities and a mean
annual accumulation rate of 2.7 gem™2 yr™' (Réthlisberger et al., 2000).
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Fig. 2. Spatial distribution of 615N(NO;), 6180(NOg) and NO, concentrations in surface snow
between Dome Concordia and Dumont d’Urville.
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Fig. 3. Atmospheric NO; at DC in 2007 and coastal records at DDU (Savarino et al., 2007)
and Neumayer (NM) (Wagenbach et al., 1998): (a) DC air temperature and modeled daily UV-B
(280-320 nm) for observed and a constant (290 DU) O5 column density (black and grey lines)
(b) NOj concentrations, (c) §'°N(NO;), (d) 6'°O(NO3) and (e) A'’O(NO;) at DC and DDU in
2001 (closed and open symbols, respectively). Cross symbols in (c) are mean 615N(NO; ) at
NM from 1986—1992 and errorbars the 10 interannual variability.
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Fig. 4. Rayleigh model fit to observations of A'’0, 6'0 and 6'°N of NO; in surface snow at
Dome C to estimate the bulk fractionation constant ¢ (Table 1). Error bars are smaller than the

symbols.
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Fig. 5. Photoinduced fractionation effects (PHIFE) of 615N(NOg) at Dome C: (a) UV absorption

spectra of aqueous 14NO; (Chu and Anastasio, 2003) and 15NO; (estimated with ZPE shift)
and modeled spectral actinic flux at DC on 15 January 2004 allow to calculate (b) photolysis
rates for both NO, isotopologues and the photolytic fractionation factor ¢. The spectrum of the
UV lamp used in lab experiments by Jacobi et al. (2006) is shown for comparison (a).
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Fig. 6. Modeled 615N(NO;) in snow and emissions against the remaining NO, mass fraction
in snow. Squares represent atmospheric NO; measured at DC in October and December

2007. Expected NO; losses in the study area (areas shaded in grey) are based on annual
accumulation rate (Blunier et al., 2005; Dibb et al., 2007). Emission scenarios considered are
immediate removal after release (case 1) and accumulation of emissions above the local snow
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surface, equivalent to the integration of all emissions from case 1 (case 2).
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