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Abstract

Throughout the year 2001, size-segregated aerosol samples were collected contin-
uously for 10 to 15 days at the French Antarctic Station Dumont d’Urville (DDU)
(66◦40′ S, l40◦01′ E, 40 m above mean sea level). The nitrogen and oxygen isotopic
ratios of particulate nitrate at DDU exhibit seasonal variations that are among the most5

extreme observed for nitrate on Earth. Associated with a late winter increase in the
concentration of particulate nitrate, δ18O and ∆17O reach as high as 111.5‰ versus
VSMOW and 41.1‰, respectively. These are best explained as a signal of strato-
spheric input, with halogen radicals extracting 17O- and 18O-rich terminal oxygen from
ozone and incorporating it into the nitrogen oxides, even if we are unable to reproduce10

this high ∆17O value with the current knowledge of isotopic anomaly transfers during
chemical reactions. This failure calls for the evaluation of polar ozone isotopic compo-
sition. During the late springtime peak in particulate nitrate, its δ15N falls to –46.9‰
versus atmospheric N2, suggesting that this peak results from snow re-emission, which
has been shown previously to enrich in δ15N the retained nitrate fraction in continental15

Antarctic sites.

1 Introduction

Inorganic particulate nitrate (p-NO−
3 ) and nitric acid (HNO3) are ubiquitous in the atmo-

sphere. Because of their high solubility and chemical stability, wet and dry depositions
are the ultimate sinks of these species. Being the end-product of atmospheric nitrogen20

oxide (NOx=NO+NO2) oxidation, nitrate is formed via (1) hydroxyl radical (OH) oxida-
tion of NO2, (2) NO2 oxidation to N2O5 followed by hydrolysis on particles and/or (3)
NO2 oxidation to NO3 followed by H abstraction from reduced species (Finlayson-Pitts
and Pitts, 2000), with some contributions from (4) BrONO2/ClONO2 hydrolysis (von
Glasow et al., 2004).25

NOx acts as an important catalyst, modulating the oxidative capacity of the atmo-
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sphere by the control it exerts on ozone levels. At the global scale, NOx sources are
well established, although a precise quantification is difficult (Warneck, 2000). Light-
ning, fossil fuel combustion, soil exhalation, biomass burning and ammonia oxidation
are the major tropospheric sources. N2O oxidation and N2 photo-dissociation and
photo-ionization constitute the upper atmospheric sources (Brasseur and Solomon,5

1986). Despite decades of intense research, the source partitioning of nitrate in po-
lar regions remains unclear (Wolff, 1995). The recent nitrate concentration increase
observed in Greenland ice cores is attributed to industrial NOx emissions in the north-
ern hemisphere (Mayewski et al., 1990). Such an increase has not been observed in
Antarctica, suggesting that nitrate in this region of the world is still dominated by natural10

influences (Wolff, 1995). The low ratio of peroxyacetylnitrate (PAN, CH3C(O)OONO2)
to NOx and the low PAN concentration at Antarctic costal sites argue for a weak influ-
ence of continental sources (Jacobi et al., 2000). Jones et al. (1999) demonstrated that
methyl nitrate (CH3ONO2) is the most concentrated oxidized nitrogen (NOy) species in

the Antarctic troposphere (37 pmol mol−1) and suggested an oceanic source for this15

species. They also showed that predominance of organic nitrate (PAN + alkyl ni-
trate ≈60 pmol mol−1) over inorganic nitrate (HNO3+p-NO−

3≈20 pmol mol−1). Zeller and
co-workers (Dreschhoff and Zeller, 1998, 1990; Laird et al., 1982; McCracken et al.,
2001a, b; Zeller and Dreschhoff, 1995; Zeller et al., 1986; Zeller and Parker, 1981) have
proposed Solar Proton Events (SPE) as a possible source of nitrate above Antarctica.20

However, this suggestion remains controversial (Herron, 1982; Jackman et al., 1990;
Legrand and Delmas, 1986; Legrand and Kirchner, 1990; Palmer et al., 2001) and in
any case, SPE will have only a discrete, time-limited impact on the nitrate budget. As
a result, stratospheric N2O destruction and unspecified tropospheric sources for back-
ground NOx (presumably biomass burning, lightning, and or ocean) are believed to be25

the only significant sources of Antarctic nitrate (Wagenbach et al., 1998; Wolff, 1995).
It should be borne in mind that none of the degradation products of organic nitrates are
expected to form directly inorganic nitrate (Finlayson-Pitts and Pitts, 2000; Shallcross
et al., 1997) but they are most probably a source of NOx.
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The quantification of nitrate sources in polar regions is complicated by the fact that
nitrate is not irreversibly trapped in snow. Neubauer and Heumann (1988) were the first
to recognize that nitrate in surface snow undergoes strong post-depositional processes
such as photolysis and evaporation leading to its loss from the snow, which has been
confirmed by a number of other studies (Dibb and Whitlow, 1996; Mulvaney et al., 1998;5

Röthlisberger et al., 2002; Wagnon et al., 1999). Beyond its effect on the preservation
of nitrate in snow, nitrate photolysis is now recognized as an important source of NOx
and HONO (Beine et al., 2002; Cotter et al., 2003; Davis et al., 2004a, b; Dibb and
Whitlow, 1996; Domine and Shepson, 2002; Honrath et al., 2000a, 2002, 1999; Jones
et al., 2000; Mulvaney et al., 1998; Wagnon et al., 1999), with a possible enhancement10

in emissions since the appearance of the stratospheric ozone “hole” (Jones and Wolff,
2003). Although the South Pole boundary layer is the most pristine on Earth (see
for instance ISCAT special issue – Davis et al., 2004b), these emissions make it as
oxidative as urban atmospheres (Monks, 2005). An intense research effort is currently
devoted to understand and quantify such emissions, including the post-depositional15

effects leading to remobilization of nitrate in snow (Beine et al., 2002; Burkhart et
al., 2004; Dibb and Whitlow, 1996; Honrath et al., 2002, 2000b; Jones et al., 2000;
Mulvaney et al., 1998; Nakamura et al., 2000; Röthlisberger et al., 2000, 2002; Cotter
et al., 2003; Wolff et al., 2002).

With the recent advances of online mass spectrometry techniques (Brand, 1996;20

Casciotti et al., 2002; Sigman et al., 2001), the stable isotope composition of po-
lar nitrate has emerged as a new tool of investigation, complementing concentration
measurements. Because the nitrogen atom is conserved between NOx sources and
nitrate sinks, the nitrogen isotope composition is generally viewed as fingerprint of
NOx sources (Freyer, 1978, 1991; Hastings et al., 2004; Heaton, 1990; Moore, 1977),25

whereas the oxygen isotope composition is related to NOx oxidation pathways (Hast-
ings et al., 2003, 2005; Michalski et al., 2003; Morin et al., 2006).

In an effort to resolve the origin and fate of nitrate in Antarctica, we report here
on a year-long isotopic survey of nitrate aerosols collected at Dumont d’Urville. This
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study represents the first comprehensive picture of nitrate isotopes that combines the
three isotopic ratios 15N/14N, 17O/16O and 18O/16O. The nitrogen and oxygen isotopes
are used to probe potential sources of nitrate in Antarctica. The core of this study
is dedicated to the understanding the seasonal cycle of particulate nitrate (p-NO−

3 )
concentrations at coastal Antarctic stations.5

2 Sampling site and experimental procedure

2.1 Sampling site

A detailed description of the sampling location can be found in Wolff et al. (1998). We
provide here the principal characteristics. Dumont d’Urville (DDU) (66◦40′ S, 140◦01′ E)
is located on a small island (Ile des Pétrels, 0.45 km2), 1 km North of the Antarctic10

mainland. The site is located in the Pacific sector of Antarctica, facing Australia. During
summer, the island is partly snow-free with gneiss rock outcrops. Such rocks produce
little mineral aerosols in the sub-micrometer size range.

Some 12 000 Adélie penguins nest on this inland during the summer, from the end
of October to late February. A large population of Adélie penguins is also present15

on islands around DDU, with a total population estimated at 60 000 individuals. In
addition, some 7000 Emperor penguins sit through the winter at this site. Technical
and scientific staff numbers fluctuate between about 60 in the summer to about 20 in
the winter. There is no “clean sector” defined due to the small size of the island, but
analyses have shown only sporadic nitrate contamination by station activities and no20

nitrate contamination by the penguin population (Wagenbach et al., 1998).
The meteorological climatology at DDU is described in detail by König-Langlo et

al. (1998). In summer, DDU is surrounded by open ocean water. The average surface
air temperatures range from −1◦C in January to −17◦C in winter, with a mean annual
temperature of −11◦C. The annual mean surface wind speed is 9.5 m s−1, with no clear25

seasonal variations. Strong katabatic winds dominate at DDU, favoring the 120–160◦
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wind sector. Southerly air mass advection from the Antarctic interior occurs up to 2 km
altitude throughout the year, isolating the marine boundary layer from lower latitude
air masses above it. The tropopause is located between 9 and 11 km altitude, slightly
higher from September to October. DDU is at the edge of the polar vortex and strong
zonal winds (>50 m s−1) prevail above 10 km from late autumn to end of winter.5

2.2 Sample collections

A Thermo Andersen (formerly Graseby-Andersen) high-volume air sampler (HVAS;
model GL 2000H) equipped with a four-stage cascade impactor and a backup glass
fiber filter was used to collect size-segregated atmospheric particles. The cascade im-
pactor was mounted with four slotted 12.7 cm×17.8 cm glass fiber filters in series with10

an additional 20.3 cm×25.4 cm backup fiber glass filter to collect the finest particles.
The primary purpose of the cascade impactor is to separate and analyze sea-salt and
non sea-salt sulfate aerosols (to be analyzed in the future).

The HVAS was situated on a platform, 1 m above ground, 50 m away from the shore
and 20 m away from the closest building (Labo 3). It was usually operated at 1.3 to15

1.5 m3 per minute (calibrated prior to deployment) for 10 to 15 successive days (20 000
to 30 000 m3/sample) to ensure sufficient amount of aerosols (nitrate, sulfate) for iso-
topic analysis. During the brief periods of waste incineration at the station, the HVAS
was stopped by the operators. One blank was incorporated into the collection process.
The blank was treated identically to the samples, i.e. the cascade impactor was loaded20

with regular filters, except that the HVAS was not turned on.

2.3 Nitrate extraction and analysis

All glass fiber filters were pre-cleaned by an overnight soak and several rinses with
ultra pure water (Millipore, 18 MΩ cm), dried in a class 10 000 clean room and finally
stored in clean plastic food storage bags (Ziploc) before being shipped to Antarctica.25

After each collection, filters were removed from the cascade impactor in a clean hood
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and stored in clean 50 ml-centrifuge tubes at −20◦C. Samples were transported frozen
back to our laboratory in Grenoble for extraction of soluble species.

Before sample extraction in Grenoble, the filters were inspected visually. In some
cases, penguin feathers or brown ornithological soil were found on the first stage of the
impactor. These filters were disregarded. The four slotted filters (SF) were grouped to-5

gether while the backup filter (BF) was treated individually. In this manner, filters were
processed according to the diameter of the aerosols collected, with BF representing
particle sizes smaller than 1µm cutoff and SF greater than 1µm. Filters were placed
with 40 ml of ultra-pure water in a centrifugal filter unit (Millipore Centricon plus-70) for
15 min, shaken a few times and filtered at 3000 g in a centrifuge. Thus, more than10

98% of the initial water volume can be recovered. Small quantities (200µl) of sam-
ple solution were taken and diluted 200 times for ion chromatography analysis. NO−

3
concentrations were determined using the ion-chromatography system described in
Preunkert et al. (2001) and used to calculate atmospheric nitrate mass concentrations.

After quantification, a predetermined volume of sample was extracted (0.5 to 8 ml) to15

secure 200 nmol of nitrate for isotopic analysis. The remainder of the sample was kept
frozen and archived for future analysis.

15N/14N and 18O/16O isotope ratio analyses were performed by conversion of nitrate
to N2O using the denitrifier method and direct isotope analysis of the N2O (Casciotti
et al., 2002; Sigman et al., 2001). The triple oxygen isotopic composition (17O/16O,20
18O/16O) was measured with a novel method based on on-line conversion of N2O (from
the denitrifer method) to O2 in a gold furnace at 800◦C (Kaiser et al., 2006b1). For the
denitrifier method alone, we used a nominal nitrate amount of 20 nmol N, whereas the
N2O decomposition method required 50 nmol N to ensure good reproducibility.

1Kaiser, J., Hastings, M. G., Houlton, B. Z., Röckmann, T., and Sigman, D. M.: Triple oxygen
isotope analysis of nitrate using the denitrifier method and thermal decomposition of N2O, Anal.
Chem., submitted, 2006b.
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2.4 Isotopic expressions

Isotopic compositions are reported as delta values relative to an international reference
material:

δ =
Rspl

Rref
− 1 (1)

where Rspl is the elemental isotope ratio of the sample and Rref the elemental isotope5

ratio of the reference material. In case of nitrate, R can refer to either 15N/14N, 17O/16O
or 18O/16O. Atmospheric nitrogen (N2) has been established as the international refer-
ence for 15N/14N ratios (Mariotti, 1983, 1984). For oxygen isotopes, Vienna Standard
Mean Ocean Water (VSMOW) is the international reference material.

The oxygen isotopic system offers three stable isotopes, allowing a comparison of10

their respective behavior. Most kinetic and equilibrium processes, such as isotopic ex-
change or diffusion, fractionate isotopes according to their relative mass differences
and form linear arrays in a three-isotope plot of δ17O versus δ18O with a slope of ap-
proximately 0.52. This is called a mass-dependent isotope effect (Bigeleisen, 1952;
Matsuhisa et al., 1978). Thiemens and Heidenreich III (1983) discovered that ozone15

formation does not follow a mass-dependent relationship and that 17O had an anoma-
lous enrichment in comparison to 18O. Explaining the cause of the 17O isotope anomaly
in ozone remains a major challenge in physical chemistry (Brenninkmeijer et al., 2003).
Since ozone is a strong oxidant and found nearly everywhere in the atmosphere, many
other atmospheric species, including nitrate (Michalski et al., 2003), have been shown20

to possess anomalous 17O/16O ratios (Thiemens et al., 2001), inherited from O3.
Several expressions have been proposed for the quantification of 17O isotope

anomaly (Farquhar et al., 2000; Kaiser et al., 2004; Miller, 2002; Thiemens, 1999).
In the present study, we use the non-approximated and reference-independent expres-
sion proposed by Miller (2002) and Kaiser et al. (2006a, 2004), and the exponent from25
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Barkan and Luz (2005), rounded in accordance with our analytical precision:

∆17O =
1 + δ17O(
1 + δ18O

)λ − 1 with λ = 0.528 (2)

3 Results

We present data from 27 collection periods at DDU, covering the period from 6 Jan-
uary 2001 to 22 December 2001. In parallel to our collection, an aerosol monitoring5

program (AMP) has been in operation since 1991, measuring the ionic composition of
the aerosol continuously with year-round daily observations. Measurements of mete-
orological data, lidar aerosol and ozone concentrations, solar flux at ground level and
vertical profiles of temperature, ozone, solar flux, wind direction and wind speed are
performed regularly. These datasets were used whenever appropriate.10

3.1 Data treatments

The analysis showed that blank levels were at most 10% and 6% of the wintertime and
summertime concentration respectively, with 4% on average. For each filter sample,
the blank was subtracted using an isotopic mass balance, based on the blank concen-
tration and its isotopic composition.15

Jourdain and Legrand (2002) and Rankin and Wolff (2003) have used size-
segregated analysis of nitrate particles in coastal Antarctica. Both studies seem to
indicate that p-NO−

3 is formed locally by the interaction of HNO3 with sea-salt parti-
cles or eventually with NH3 in summer at DDU, the latter being emitted by the dense
penguin population (Legrand et al., 1998). Size mass distribution of particle nitrate20

shows a quasi mono-modal mode centered at 1µm (Jourdain and Legrand, 2002).
The results from the BF and SF show significant differences, but a similar seasonal
cycle (Fig. S1 in supplemental materials – http://www.atmos-chem-phys-discuss.net/
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6/8817/2006/acpd-6-8817-2006-supplement.pdf). As we are mostly interested in the
variations throughout the year, it is therefore justified to merge both datasets into one,
weighting the isotopic composition of the BF and SF filters by the corresponding filter
loadings. Further analysis of other collections archived in our laboratory will be used at
a later stage to investigate the differences between the isotopic composition of nitrate5

retained by the BF and SF filters, respectively.

3.2 Atmospheric concentration of inorganic nitrate aerosols

Atmospheric nitrate concentrations were calculated from the aerosol filter loading and
the air volume pumped through the filter, assuming a constant flow rate throughout the
year. For most samples, the field operators did not record the ending date of sampling,10

in which case we assume that the collection was running until the starting date of the
following sample. The concentration data obtained from the HVAS could therefore be
up to a factor of two higher for isolated samples but, because the seasonal pattern
of the atmospheric concentration varies by a factor of 16, this potential error has a
negligible impact on the interpretation of the seasonal variation and does not affect the15

calculation of the weighted average δ values. For the same reasons, temperature and
pressure correction of the sample volume was neglected.

Figure 1a shows a comparison between the HVAS nitrate concentration time series
and the one obtained by the AMP (M. Legrand and S. Preunkert, personal commu-
nication, 2006) for the year 2001. Data of the AMP have been averaged over each20

HVAS collection period in order to facilitate the comparison. We observe no signifi-
cant difference between the two time series despite very different sampling conditions
(Table 1). Atmospheric concentrations of particulate nitrate show a strong seasonal
cycle: From January to March (period 1), concentrations decrease steadily and reach
a background concentration level (≈12 ng m−3) during the winter (period 2). From mid25

July to September (period 3), concentrations increase to a peak of ≈50 ng m−3. This
moderate concentration increase at this time of the year is a significant and general
observation observed around Antarctica (Wagenbach et al., 1998). Finally, October to
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December (period 4) is characterized by the occurrence of a major concentration peak,
with concentrations reaching ≈170 ng m−3. The observed seasonal pattern of p-NO−

3
concentration in 2001 at DDU is in line with any other year analyzed so far (Rankin
and Wolff, 2003; Wagenbach et al., 1998). However, DDU is known to be a place with
high atmospheric ammonia and sea-salt concentrations (Jourdain and Legrand, 2002;5

Legrand et al., 1998; Wagenbach et al., 1998), leading to an alkaline bulk aerosol year-
round. Recent measurements (Jourdain and Legrand, 2002) using denuder techniques
revealed that partitioning between gaseous HNO3 and particulate nitrate is close to 1:1.
Such a high gaseous fraction may interfere with the alkaline bulk aerosols deposited
on the filter, generating erroneously high p-NO−

3 measurements. Until direct isotopic10

measurement is performed on gaseous HNO3, the impact of such a compound on the
isotopic composition of the bulk nitrate collected on filter media will remain unknown.
Such a remark is also valid for other nitrogen oxide gases such as PAN, NOx, N2O5,
HONO, HO2NO2, CH3ONO2 (NOy family), even if in this list only CH3ONO2, PAN, NOx
and HNO3 seem to be concentrated enough (Jacobi et al., 2000; Jones et al., 1999)15

to have the potential to interfere with the sampled aerosol. At this stage no evaluation
can be made on such interferences, and the atmospheric community is restricted to
the interpretation of what it is recovered on the filters (Schaap et al., 2002; Wagenbach
et al., 1998).

3.3 Isotopic measurements and reproducibility20

Table 2 provides the measured values of the concentration, δ15N, δ18O and ∆17O.
Standard deviation is estimated based on replicate measurements of a subset of sam-
ples (i.e. 0.2‰ for δ15N, 0.5‰ for δ18O (denitrifier method; Casciotti et al., 2002), 0.3‰
for δ18O and 0.9‰ for ∆17O (N2O decomposition method, Kaiser et al., 2006b1). As a
general observation, the isotopic ratios show strong seasonal patterns, in line with the25

concentration and represent the most extremes values ever reported for nitrate.
Nitrate aerosol δ15N values range from −46.7 to +10.8‰, with its minimum during

late springtime. This seasonal pattern is identical to the one previously reported by
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Wagenbach et al. (1998) at Neumayer (Fig. 1b). To the best of our knowledge, the low
δ15N nitrate values observed during the late spring concentration peak have only been
documented in Antarctic environments (i.e. sediment, snow, air) (Michalski et al., 2005;
Wada et al., 1981; Wagenbach et al., 1998).

Our δ18O measurements also show an extended range of values, spanning from5

about 62 to 110‰ with relatively good agreement between the two analytical meth-
ods (direct N2O, Casciotti et al., 2002, and gold decomposition of N2O, Kaiser et al.,
2006b1) used in the present study (Fig. 1c). Like δ15N, this upper limit represents
the highest 18O enrichment ever reported for nitrate in natural environments (Hastings
et al., 2003, 2005, 2004; Heaton et al., 2004; Kendall, 1998; Michalski et al., 2005,10

2004a, b, 2003; Morin et al., 2006). Fewer studies exist on ∆17O due to the difficulty
of measuring the less abundant 17O isotope. ∆17O values span from 16.2 to 41.0‰
(Table 2 and Fig. 1d). Again, this is the largest range ever observed (Alexander et
al., 2004; Michalski et al., 2005, 2004a, b, 2003; Morin et al., 2006), only matched by
recent measurements of atmospheric nitrate at the South Pole (McCabe et al., 20062).15

These graphs show that the four periods established from the concentration measure-
ments re-appear in the isotope profiles. In Table 3, we give the principal characteristics
for each period. Figure 2 summarizes the above presentation. In this figure, ∆17O is
plotted against δ15N along with the nitrate atmospheric concentration. The four periods
established from the time-series are clearly visible. Each period bears its own concen-20

tration, nitrogen and oxygen isotopic characteristics in a seasonal cycle that follow a
cycle-type evolution in this plot.

As expected, there is a strong correlation between nitrate δ18O and ∆17O (Fig. 3),
showing that δ18O is essentially the result of the isotopic identity of the O atoms be-
ing transferred from ozone and that fractionations during these transfers are of only25

marginal importance.

2McCabe, J. R., Thiemens, M. H., and Savarino, J.: Discovery of a proxy of the Ozone hole
variability in South Pole Antarctic snow: The role of nitrate oxygen isotopes, Geophys. Res.
Lett., submitted, 2006.
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4 Discussion

Due to the remoteness of the Antarctic continent, three sources of nitrate are deemed
most important: stratospheric input, continental background (biomass burning, light-
ning) sources (Wolff, 1995) and possibly the ocean (Jones et al., 1999). The only real
effort to interpret the seasonal pattern of p-NO−

3 in Antarctic atmosphere was given by5

Wagenbach et al. (1998), who based their interpretation on cosmogenic/radioactive
tracers (3H, 7Be, 10Be, 210Pb), spatio-temporal variability of concentrations and ni-
trogen isotopes. With the notable exception of the late spring peak, they conclude
that concentration time series can be accounted for by a combination of strato-
sphere/troposphere exchange and tropospheric background sources. Wagenbach et10

al. (1998) also evaluated the possible role of snowpack reemission during the late
spring months, but they dismissed this source based upon both flux estimates and
lack of knowledge of the exact loss mechanism responsible for the reemission. The
unexplained late spring concentration peak is presumed to be a consequence of Polar
Stratospheric Cloud (PSC) subsidence. This proposition is based on the extreme 15N15

depletion of the nitrate (δ15N=−50‰) at this time of the year, backed by an estimation
of HNO3 downward flux from this source. As we will see, this interpretation is incon-
sistent with our best understanding of the N isotope systematic of N2O destruction, the
dominant source of NOx in the stratosphere, the specific timing of stratospheric inputs
to the Antarctic troposphere, as well as snow post-depositional effects.20

4.1 The stratospheric source for nitrogen oxides

4.1.1 Mass flux

Winter denitrification of the Antarctic stratosphere is well established (Fahey et al.,
1990; Santee et al., 1995; Van Allen et al., 1995). As daylight wanes, gas-phase
HNO3 accrues in the Antarctic stratosphere, mainly via reaction of nitrogen pentoxide25

(N2O5) with H2O on preexisting aerosols. At the end of winter, when stratospheric
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temperatures drop below 195 K (von Savigny et al., 2005), ClONO2 decomposition
(hydrolysis or reaction with HCl) becomes a significant source of gaseous nitric acid
(Sander et al., 2003; S. Bekki, personal communication, 2006). When its vapor pres-
sure reaches the threshold for formation of PSC clouds, gaseous HNO3 condenses to
the solid phase. Based upon satellite observations, Muscari et al. (2003) calculated for5

the entire 1995 polar vortex, which encompasses approximately the entirety of Antarc-
tica (von Savigny et al., 2005), a drop in the NOy column corresponding to a total loss of

∆N=(6.3±2.6)×107 kg. Assuming that this nitrogen is entirely in the form of HNO3 and
completely lost into the troposphere (Muscari et al., 2003; Santee et al., 2004), such
an injection corresponds to an increase of the HNO3 burden of (28.4±11.7)×107 kg.10

Assuming that this injection occurs continuously during 90 days (cf. 3H data from Wa-
genbach et al., 1998) between August and October into the entire Antarctic troposphere
(area 16 million km2, tropospheric column of 10 000 m), we calculate a constant input
above background of about 20 ng m−3 d−1 during late springtime. Assuming a lifetime
of about a week for the nitrate, we find an additional steady state atmospheric con-15

centration of about 140 ng m−3. Assuming that this contribution is partitioned equally
between gaseous nitrate and particulate nitrate, as observed for extant nitrate load,
an additional contribution of about 70 ng m−3 can be expected, a reasonable value in
comparison with the observed late winter concentration increase of 38 ng m−3 and the
crude character of this calculation.20

A similar conclusion was reached by Wagenbach et al. (1998) using independent
data. It is therefore conceivable to consider PSCs as a possible source of the late
spring concentration peak. In support of this hypothesis, Wagenbach et al. (1998)
invoked the highly depleted 15N of the late spring nitrate peak, similar to our present
observations. Since such low δ15N values had not been reported anywhere else on the25

planet, Wagenbach et al. (1998) interpreted this anomalous δ15N value as evidence
of a PSC signature. However, this interpretation is rendered implausible by recent
findings on stratospheric N2O isotope chemistry and its consequences for the isotopic
composition of upper atmospheric NOy, as explained in the following.

8830

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/8817/2006/acpd-6-8817-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/8817/2006/acpd-6-8817-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
6, 8817–8870, 2006

Isotopic constraints
of atmospheric
Antarctic nitrate

J. Savarino et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

4.1.2 Nitrogen isotopes in stratospheric NOx and nitrate

N2O is destroyed in the stratosphere mainly by photolysis in the atmospheric UV “win-
dow region” between 185 and 220 nm. This reaction accounts for 90% of its loss (Min-
schwaner et al., 1993) (Reaction R1). Chemical reactions with electronically excited
oxygen atoms, O(1D), are an additional stratospheric N2O sink. This last reaction5

shows two exit channels, one “re-active” producing NO (Reaction R2a), the other “in-
ert” leading to the formation of N2 and O2 (Reaction R2b) (Cantrell et al., 1994; Sander
et al., 2000).

N2O + hν → N2 + O(1D)(90%) (R1)

N2O + O(1D) → 2NO(6%) (R2a)10

N2O + O(1D) → N2 + O2(4%) (R2b)

Precursors of lower stratospheric HNO3 are NOx produced by the reaction N2O+O(1D)
and NOx produced following N2 photo-ionization and photo-dissociation in the thermo-
sphere, mesosphere and upper stratosphere (Brasseur and Solomon, 1986; de Zafra
and Smyshlyaev, 2001; Funke et al., 2005; Orsolini et al., 2005; Stiller et al., 2005).15

According to these authors, NOx sources above the stratopause represent just a few
per cent of the amount produced by in situ N2O oxidation (Santee et al., 2004).

Neglecting this upper atmosphere contribution, the nitrogen isotope composition of
stratospheric NOx can be estimated from the degree of N2O destruction in the strato-
sphere and the isotopic fractionation associated with the reaction N2O+O(1D) (Kaiser20

et al., 2002a; Toyoda et al., 2004). After mathematical calculation and integration, one
obtains (see Appendix A for details):

δ15N(NO) =
(

1 + 15εR2a

) 1 + δ15N(N2O)0

1 + 15εsinks

1 − f1+15εsinks

1 − f
− 1 (3)
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In this analytical expression, the first term in brackets describes the fractionation
due to Reaction (R2a) while the second term expresses the fractionation of N2O
by all its sink processes. Because PSCs can be formed up to an altitude of 25 km
above DDU (Santacesaria et al., 2001) and slowly subside from this altitude, we use
the averaged fractionation constant observed for Antarctica by Toyoda et al. (2004):5
15εsinks=−31‰. For f, we use the value of (0.15±0.06), corresponding to a mixing ratio
of N2O of (50±20) nmol mol−1 (altitude ≈25 km) (Toyoda et al., 2004), and initial strato-
spheric δ15N(N2O)0 of (6.7±0.1)‰ with µ(N2O)0=(320±1) nmol mol−1 (Kaiser et al.,
2003a; Röckmann and Levin, 2005). This calculation yields an average stratospheric
δ15N(NO)=(19±3)‰ with the uncertainty based on the largest variable parameter: f10

(±40%). δ15N(NO) is actually a lower limit, because it does not take into account the
influence of transport processes such as mixing or diffusion.

Considering that more than 90% of NOy is eliminated from the stratosphere during
the denitrification process (Fahey et al., 1990; Muscari et al., 2003), it is expected
that δ15N(p-NO−

3 )≈δ15N(HNO3)≈δ15N(NO)=(19±3)‰. This result excludes the strato-15

sphere as the source of heavily depleted 15N nitrate in late spring (Fig. 1c), a result
already suggested by Heaton et al. (2004) based on a similar reasoning.

4.1.3 Oxygen isotopes in stratospheric nitrate

Michalski et al. (2003) developed the first theoretical framework for understanding of
the triple oxygen isotopic composition of atmospheric nitrate. The theory is based on20

the oxygen isotopic anomaly transfer of the oxygen isotope anomaly of O3 to NOx and
subsequently to HNO3. The first step relies on the oxygen isotope transfer during pho-
tostationary equilibrium between NOx and O3. Lyons (2001), using an atmospheric
chemistry model to investigate the propagation of this oxygen isotopic anomaly up
to the mesospheric oxygen-bearing species, have predicted the isotope anomaly of25

stratospheric NOx. Recently, Zahn et al. (2006) improved and updated the isotopic
anomaly transfer scheme between O3 and NOx. However, in both models, the authors
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assume that NO reacts only with the terminal atom of O3, a hypothesis contradicted by
experimental observations (van den Ende et al., 1982; Viswanathan and Raff, 1983)
and recently discussed in Morin et al. (2006) for its isotopic implications. In a set of lab-
oratory experiments (manuscript in preparation), we have observed the macroscopic
anomaly transfer of ∆17O(NO2)≈0.8 ∆17O(O3). No data are currently available for the5

isotopic composition of stratospheric Antarctic ozone. A re-evaluation of the most-
recent isotope measurements for stratospheric ozone from the Northern Hemisphere
with a three isotope exponent of 0.528 gives a range from 25.0 to 38.9‰ (Krankowsky
et al., 2000; Lämmerzahl et al., 2002; Mauersberger et al., 2001). Combining these
observations with our experimental ∆17O transfer rate, ∆17O(NO2) is expected to vary10

in the range of 20.0 to 31.1‰.
Two oxidation pathways lead to the formation of nitric acid in the dark polar winter

stratosphere (Fig. 4). The first involves the heterogeneous hydrolysis of N2O5, i.e.
pathway (2) listed in the Introduction. Oxygen atoms mass balance shows that this
route leads to ∆17O(HNO3)=5/6 ∆17O(NO2) (Michalski et al., 2003), thus in the range15

of 16.6 to 25.9‰. The other reaction pathway involves ClONO2 and BrONO2 (Hanson
and Ravishankara, 1991; Sander et al., 2003) when vortex temperature falls below
195 K in winter (pathway (4) in the Introduction):

X + O3 → XO + O2 (R3)

XO + NO2 → XONO2 (R4)20

XONO2 + (HCl)ads → HOX + HNO3 (R5)

where X=Cl or Br. Morin et al. (2006) showed that, in this case, because halogen radi-
cals abstract directly a terminal oxygen atom in ozone during Reaction (R3) (Toohey et
al., 1988; Zhang et al., 1997) and that these atoms are more enriched in heavy isotopes
than the bulk ozone molecule (Janssen, 2005), ∆17O(XO)=∆17O(O3)terminal=(30.0–25

46.7)‰, assuming Janssen’s approach and identical enrichment for 17O ozone iso-
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topologues. Thus, we have for the nitric acid made off XONO2 (Morin et al., 2006)

∆17O(HNO3)=1/3∆17O(XO) + 2/3∆17O(NO2) (4)

which gives a range of 23.3 to 36.3‰. Thus, it appears that very high oxygen isotopic
anomalies of inorganic nitrate (up to 41‰), a unique characteristic of Antarctic nitrate
(McCabe et al., 20062; Michalski et al., 2005), cannot be explained by the current5

knowledge, even if we take into account the halogen chemistry. Yet, it should be borne
in mind that the ozone isotopic dataset used here may not be representative of Antarctic
stratospheric ozone due to the unique chemistry and photolysis conditions prevailing in
the vortex. Furthermore, the anomaly of the terminal oxygen atoms in O3 may actually
be higher (Tuzson, 2005). The bottom line, however, is that stratospheric chemistry is10

the only clear candidate to explain such high ∆17O(NO−
3 ) (Fig. 4).

4.1.4 Relevance of atmospheric transport dynamics

Santacesaria et al. (2001) provided a detailed statistical analysis of PSC occurrence
above DDU. From their observations, after the end of July, PSC clouds are often ob-
served within 1 km of the tropopause. A weak tropopause barrier generally character-15

izes this time of the year (Fig. 5) (see also König-Langlo et al., 1998) and injection of
stratospheric material into the troposphere is facilitated at the end of July.

Tritium (3H) contained in water is a reasonable tracer of stratospheric water. 3H is
mainly produced in the lower stratosphere by cosmic ray and exhibits a much higher
abundance in stratospheric water vapor than tropospheric water (Ehhalt et al., 2002).20

At Halley Bay station (Antarctica), 3H in precipitation peaks during period 3 (July–
October) (Wagenbach et al., 1998). On the other hand, the maximum of p-NO−

3 , at-
tributed by Wagenbach et al. (1998) to PSC subsidence, peaks in late spring (period 4).
In the Antarctic, unlike the Arctic, denitrification is accompanied by a simultaneous de-
hydration of the stratosphere in late winter (Fahey et al., 1990; Santee et al., 1995). If25

both 3HHO and the late spring p-NO−
3 peaks are presumed to be stratospheric in origin,
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their maxima should be simultaneous. For two species that are injected into the tropo-
sphere in a gaseous form, the observed time lag is difficult to reconcile with a common
(stratospheric) source for both species, a failing already mentioned by Wagenbach et
al. (1998).

4.2 Tropospheric nitrate5

4.2.1 Nitrogen Isotopes

In other parts of the world, δ15N ranges between −20 to +20‰ in particulate nitrate
(Burns and Kendall, 2002; Campbell et al., 2002; Fogel and Paerl, 1993; Freyer, 1978,
1991; Freyer et al., 1996; Hastings et al., 2003; Heaton, 1987; Hoering, 1957; Koba et
al., 1997; Moore, 1977; Pichlmayer et al., 1998; Russel et al., 1998), nitrate in Arctic10

snow or ice (Hastings et al., 2005, 2004; Heaton et al., 2004), alpine ice (Freyer et
al., 1996), and NOx (Heaton, 1990; Moore, 1977). With the notable exception of the
period 4, DDU δ15N values are in this typical range. There is probably information in
variations within this range but the N isotope systematic of the atmospheric N cycle of
Antarctica are not yet well enough known to make use of the more subtle variations.15

4.2.2 Oxygen isotopic anomaly

Usual tropospheric chemistry has a lower efficiency mechanism to transfer O3 oxy-
gen atoms to the nitrate product. Moreover, tropospheric ozone shows a tendency to
a lower isotopic anomaly than stratospheric ozone (Irion et al., 1996; Johnston and
Thiemens, 1997; Krankowsky et al., 1995; Lämmerzahl et al., 2002; Mauersberger20

et al., 2001). For these reasons, tropospheric-produced nitrate is expected to have
lower isotopic anomalies than stratospheric-produced nitrate (Fig. 4). Recently, Morin
et al. (2006) suggested that a high anomaly is also possible in the troposphere. In-
deed, in the springtime Arctic boundary layer, characterized by significant levels of
BrO, BrONO2 hydrolysis can become a major route of HNO3 formation. As in the case25
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of stratospheric chemistry, such oxidation pathways involving halogen chemistry can
enhance the oxygen isotopic anomaly transfer from precursors to products. However,
satellite-derived tropospheric BrO maps (Richter et al., 2002) show that the DDU area
never experiences significant BrO blooms. The DMSO/DMS ratio at DDU does show
an anomalous increase which may be related to the fast oxidation of DMS to DMSO5

by BrO (von Glasow and Crutzen, 2004), but only in August (M. Legrand, personal
communication, 2006). In addition, air masses reaching DDU mainly originate from the
interior of the continent (König-Langlo et al., 1998) and are not exposed to marine BrO-
enriched conditions for a long period. Such halogen chemistry seems therefore to be
marginal, but needs further investigation. During nighttime formation of HNO3, more10

oxygen atoms of ozone are incorporated. Based on Michalski’s observations, ∆17O
ranges from 28 to 30‰ and 22 to 25‰ in the troposphere for wintertime and summer-
time, respectively (Michalski et al., 2003) (see Fig. 4 for the complete scheme). Com-
paring these tropospheric ranges with our ∆17O seasonal cycle, it appears that with
the notable exception of period 3, all other periods are compatible with tropospheric-15

produced nitrate.

4.3 Snowpack emissions

In their study, Wagenbach et al. (1998) considered snowpack emissions as a source
of atmospheric nitrate but because of incomplete data at the time, they did not con-
sider this source to be significant. Since their work, a better understanding of the fate20

of nitrate in snow has been achieved. At high accumulation sites (>30 cm of snow
a−1), nitrate and its isotopic signature are rather well conserved (Hastings et al., 2004;
Röthlisberger et al., 2000, 2002). On the other hand, at low accumulation sites like
Dome C (snow accumulation ≈10 cm a−1), photolysis and reemission of nitrate domi-
nate, leading to a sharp decrease in concentrations, accompanied by emission of NOx25

and NOy. Such process was also observed during the ISCAT 2000 project at South
Pole (Dibb et al., 2004).
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4.3.1 Mass flux

All inland sites with low snow accumulation (<20 cm a−1) show roughly the same sharp
decrease in nitrate concentration (Dibb et al., 2004; Röthlisberger et al., 2000; Wagnon
et al., 1999) with values dropping from almost 1000 ng g−1 at the surface down to 40–
60 ng g−1 at few cm depth. In order to estimate the correct emission flux into the atmo-5

sphere, the rate for such a decrease needs to be evaluated. In the Vostok (Wagnon
et al., 1999) and Dome C (Röthlisberger et al., 2000) records, background values are
reached at a depth equivalent to roughly a year of accumulation, i.e. 3 and 10 cm depth,
respectively. On the other hand, at South Pole (Dibb et al., 2004), background concen-
trations are reached at a depth of 10 cm, namely 1/3 of the annual accumulation. These10

observations seem to indicate that the loss of nitrate in surface snow is not a continu-
ous process that extends all year-round. Photolysis and thermodynamical equilibrium
are the two major processes controlling the nitrate concentration in snow (Blunier et
al., 2005; Burkhart et al., 2004; Dibb et al., 2004; Honrath et al., 2000a; Jones et
al., 2000; Mulvaney et al., 1998; Röthlisberger et al., 2000; Wagnon et al., 1999).15

Photolysis will be active only during the light season from October to March. For the
latter process, Röthlisberger et al. (2002) suggested that surface uptake and conser-
vation seem to be dominated by equilibrium process in determining the concentration
of nitrate in snow. Since this process has a strong negative temperature dependence,
escape of HNO3 from the surface snow grains is expected to be at maximum when20

temperature rise suddenly from −60◦C in September to −30◦C in December (http:
//polarmet.mps.ohio-state.edu/RIME-01/pdf docs/dc14 report05.pdf). We can there-
fore reasonably assume that the entire process loss (photolysis + diffusion) reaches
its climax during this period (90 days). Based on published concentration profiles at
Vostok, Dome C and South Pole (Dibb et al., 2004; Röthlisberger et al., 2000; Wagnon25

et al., 1999), we estimated an average nitrate loss of ∆[NO−
3 ]average=(300±100) ng g−1,

occurring in the first (10±5) cm of snow. Limiting this process to an area where ac-
cumulation is lower than ≈20 cm of snow per year, i.e. 6 million km2 (Wagenbach et
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al., 1998), we calculated a source emission of ∆N=(1.2±1.0)×107 kg of NOy using

a surface snow density of 0.3 g cm−3. Such an estimation has to be compared with
∆N=(6.3±2.6)×107 kg for the PSC source calculated by Muscari et al. (2003) or NOx

snow emission of ∆N=0.76×107 kg estimated by Jones et al. (2001). Because snow
is a surface emission source and summers are characterized by temperature inversion5

in the Antarctic boundary layer (Fig. 5), this source can easily accommodate the late
spring concentration peak observed at DDU. If such a quantity is emitted in 90 days
(late springtime/yearly summertime), into a 1000 m tropospheric column, a concentra-
tion of ∆[HNO3]≈38 ng m3 d−1 during this period is added to the background situation
over the entire Antarctic (16 million km2), assuming a total conversion of NOy to nitric10

acid and neglecting any meridional transport. Such increase is similar to the one cal-
culated for the PSC source. Using a nitrate lifetime of seven days and a 1:1 partitioning
between gaseous and particulate nitrate, we would expect an increase of the particu-
late nitrate concentration of 133 ng m−3, in good agreement with the observed increase
of 120 ng m−3.15

4.3.2 Nitrogen isotopes of snowpack emissions

Recently Blunier et al. (2005) performed a survey of the 15N/14N of nitrate in DC snow.
They observed a sharp increase in δ15N, concomitant with the depletion of nitrate con-
centration. In the first 15 cm of snow, the δ15N(NO−

3 ) rises dramatically from +10 to
+200‰, deducing an apparent net isotope effect of εsnow=−54‰ for the post deposi-20

tional processes acting on nitrate.
Blunier et al.’s data indicate that NOx and nitric acid emitted by the snow in the central

plateau of Antarctica should be depleted in 15N isotope. Applying an isotopic Rayleigh-
type fractionation for Dome C snowpack with εsnow=−53.9‰ (Blunier et al., 2005), the
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average δ15N(HNO3)emitted is

δ15N(HNO3)emitted =
(

1 + δ15N0

) 1 − f
15εsnow+1

1 − f
− 1 (5)

with f, the mass fraction of the residual nitrate remaining in the snow and δ15N0, the
nitrogen isotopic composition of surface snow nitrate. Taking f as 0.7±0.2 (i.e., 30%
lost of nitrate occur during the late spring/early summer months, see Sect. 4.3.1.), and5

δ15N0≈12‰ (Blunier et al., 2005), one find average δ15N of HNO3 emitted in the order
of −34±6‰, a value very close to the isotopic composition of the late spring nitrate
peak at DDU but inaccessible for stratospheric nitrate. All published atmospheric nitrate
15N so far never displayed such low δ15N values (Heaton et al., 2004, and references
therein), with the notable exception of Antarctica. We are unaware of a physical or10

chemical process in the atmosphere capable of generating such 15N-depleted nitrate.

4.3.3 Oxygen isotopes of snowpack emissions

McCabe et al. (2006)2 gave the first comprehensive oxygen isotopic survey of Antarc-
tic nitrate. The comparison between seasonal composition in aerosol, surface snow
and snow pit at South Pole indicates that the isotopic composition of atmospheric ni-15

trate is transferred to the surface snow (McCabe et al., 20062). The annual average
∆17O(NO−

3 )=28.8‰ in 2003, as preserved by firn snow, compared well with the an-
nual average, 29.3‰, obtained with monthly surface snow sample of the year 2004.
Such observation coupled with laboratory experiments (McCabe et al., 2005) suggest
a good preservation of the ∆17O(NO−

3 ) in snow. Flux model study (Wolff et al., 2002)20

indicate that photolysis and thermodynamically-controlled (e.g. diffusion) processes
are quantitatively equivalent in snow. It can be deduced therefore that flux emission
of NOy from the snow will be essentially in the form of NOx and HNO3 in equal pro-
portion. The NOx will lead to a summer tropospheric-type oxygen isotopic signature
of nitrate, i.e. ∆17O(NO−

3 )tropo summer≈26‰ (McCabe et al., 20062), during transport25

8839

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/8817/2006/acpd-6-8817-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/8817/2006/acpd-6-8817-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
6, 8817–8870, 2006

Isotopic constraints
of atmospheric
Antarctic nitrate

J. Savarino et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

from inland to the coast, whereas reemitted HNO3 should keep its mean annual iso-
topic anomaly in snow, i.e. ∆17O(NO−

3 )snow≈29‰, giving an average ∆17O≈27.5‰ for
the reemitted HNO3 reaching the coast. Such values compare well with the average
December ∆17O(NO−

3 ) of nitrate aerosols observed at DDU (28‰, Fig. 1d). Oxygen
isotopic anomaly of reemitted nitrate is therefore not in contradiction with the idea of5

the snow being the main source of late spring nitrate peak.
König-Langlo et al. (1998) have discussed in details the meteorology of DDU. Year-

round, ground level air mass flows are characterized by katabatic winds where large
quantities of cold and dry air are drained from the central plateau of Antarctica. Ver-
tical profiles of meridional winds show that such flows take place up to an altitude of10

approximately 2 km and are well organized throughout the year. A similar shear in the
wind field structure is observed for the zonal winds, with ground level flows governed by
easterly wind drift, switching to westerly above 2 km height. This particularity of DDU
area strongly limits direct advections of oceanic air masses and further suggests that
the Antarctic plateau is the main source of air reaching DDU station.15

4.4 Seasonal variations

Summarizing all the information developed in the latter sections, we obtain the following
main observations:

– stratospheric PSC nitrate should possess an isotopic composition of
δ15N(NOy)strato>(19±3)‰ and ∆17O(NOy)strato=(23–36)‰,20

– the isotopic composition of tropospheric nitrate is best constrained by
δ15N(HNO3)=(−20 to +20)‰ and ∆17O from 28 to 30‰ and 22 to 25‰ for win-
tertime and summertime, respectively,

– snow-emitted nitrate (including nitrate formed by conversion of its snow-emitted
precursors such as NOx) is expected to possess δ15N(NO−

3 )emitted≈−34±6‰ and25

∆17O(NO−
3 )emitted≈27.5‰
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– nitrate source fluxes from snow and PSCs are both compatible with late spring
nitrate concentration peaks

– air mass meteorology at DDU is dominated all year-round by inland drift

– subsidence and penetration of PSC into the troposphere occur during the win-
tertime/springtime transition when the tropopause barrier is weak and the lower5

stratosphere very cold

4.4.1 Periods 1 and 2

From January to July, corresponding to our period 1 and 2, Wagenbach et al. (1998),
using radionuclide tracers, estimated the relative contribution of tropospheric and
stratospheric sources to be roughly 1:1, with some variability from month to month.10

At this time of the year, the stratospheric input is the result of air mass intrusions. We
are unable to prove or disprove such estimation. The nitrogen isotopic signature of tro-
pospheric nitrate overlaps the stratospheric range (Heaton et al., 2004; Moore, 1974),
it is therefore impossible from our dataset to distinguish the exact influence of these
two reservoirs. We cannot draw firm conclusions about the slow increase in δ15N from15

−20 to 10‰ between January and end of August. We note however that during this
period, the average temperature drops from 0 to −15◦C and kinetic isotopic effects as-
sociated with inter coupling of NOy species and decline of photochemistry might be an

explanation for this trend in δ15N values.
The oxygen isotopic anomaly indicates two different regimes, with ∆17O ranging be-20

tween 20–25‰ and 27–30‰ for summer and fall, respectively. Figure 6 exhibits the
oxygen isotopic anomaly versus the erythemal UV doses (MED) received at ground
level in 2001 in this coastal Antarctic site. Erythemal UV doses are used here as an
indicator of sunlight intensity. As sunlight wanes, ∆17O (NO−

3 ) increases. ∆17O ranges
observed during period 1 and 2 (lower line in Fig. 6) are in good agreement with the25

ones reported by Michalski et al. (2003) for summer and winter, respectively. We there-
fore suggest that the oxygen isotopic anomaly of nitrate from January (high MED) to
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July (low MED) is the result of tropospheric NOx chemistry, as modeled by Michalski
et al. (2003) and suggested by Hastings et al. (2003, 2004), and such results could be
a powerful technique to constrain oxidant fields in this part of the world. This indicates
that the winter source of nitrate is most presumably local oxidation of background NOx,
probably generated by organic nitrates.5

4.4.2 Period 3

This period is characterized by a small but significant enhancement of particulate ni-
trate concentration. Such an increase is in phase with 3H activity of the snow found in
the coastal site of Halley Bay, a marker for stratospheric water. Oxygen isotopic anoma-
lies of nitrate peak at this time of the year and are best explained by stratospheric-10

produced nitrate, taking the upper limit of prognosticated oxygen isotopic signature
for this reservoir. At this stage, however there are too many unknowns to go beyond
these qualitative arguments, especially in absence of measurements of the isotopic
composition of ozone in the Antarctic vortex.

Because of the overlap between nitrogen isotopic composition of stratospheric and15

tropospheric-produced nitrate, 15N signatures of the period 3 do not bring new infor-
mation but at least are compatible with a stratospheric origin.

Flux calculations performed previously do not contradict this suggestion. We esti-
mated the additional concentration per day to be around 30 ng m−3. Such a value at
first glance seems to overestimate the observed increase of late winter atmospheric20

concentration relatively to the period 4 concentration increased. However, it should be
borne in mind that part of this stratospheric nitrate will be stored temporarily and/or
permanently in snow. Measurements suggest that the Antarctic plateau receives 2.4–
5.7 kg N km−2 a−1 from denitrification (Muscari et al., 2003) among which 2.1 kg N
km−2 a−1 are buried as nitrate, based on ice core analysis (Legrand and Kirchner,25

1990). Meteorology of PSC above DDU further supports the hypothesis of a strato-
spheric source for the late winter concentration peak.
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4.4.3 Period 4

Considering arguments developed above, we propose that the late spring nitrate peak
is not the result of PSC sedimentation. The striking feature of the 15N profile are the
negative values observed during period 4 (Fig. 1b). Such low values are in remark-
able contrast with the tropospheric range and call for a distinctive process peculiar to5

Antarctica since no other parts of the world show such depletion (Heaton et al., 2004).
Estimation of the nitrogen isotopic composition of reemitted NOy from the snow strongly
suggests that snow emission is responsible for the late spring concentration peak. We
are not aware of any other source capable of producing such low 15N isotopic ratios,
especially in the atmosphere.10

Oxygen isotopic anomalies during this period is compatible with snow emissions
if one assumes an equal mixture of snow-emitted HNO3 and snow-emitted NOx, the
former having the mean annual oxygen isotopic signature of inland snow, the latter
acquiring a tropospheric signature during transport from inland to the coast. This sug-
gestion offers a possible explanation for the offset observed in Fig. 6, with summertime15

nitrate still possessing a fraction with a stratospheric-type oxygen isotopic composition.
Inland drift of air masses is symptomatic of the DDU wind field. Our estimate of NOy

fluxes from the snow support our conclusion, based on concentration profiles observed
at different low accumulation sites.

5 Summary and conclusions20

Year-round aerosol collections of inorganic particulate nitrate have been analyzed for
their isotopic content. This study constitutes the first comprehensive isotopic survey of
atmospheric nitrate in coastal Antarctica. Using the bacterial denitrifier technique, the
δ18O, ∆17O and δ15N have been precisely measured on small samples. Size segre-
gated analysis show no fundamental seasonal variation differences between particle25

size fractions below and above 1µm, even if some significant disparities exist punc-
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tually. In the absence of multiple year analysis, we ignored these disparities and we
have preferred to treat the mass and isotopic weighted average signal. Applying cur-
rent knowledge on the origin of the ozone oxygen isotopic anomaly (∆17O) and the 15N
fractionation constants in the stratosphere and snow, we have established the main
isotopic characteristics of tropospheric, stratospheric, and snow reservoirs of nitrate. A5

comparison between our isotopic dataset and the isotopic signature of these sources
suggests the following scenario:

1. The precise source of background concentrations of atmospheric nitrate is not
identifiable. However, the δ18O and ∆17O of background atmospheric nitrate are
compatible with nitrate formed predominantly in the local troposphere, with iso-10

topic variations being explained by sunlight-driven changes in the mechanism of
NOx oxidation to HNO3.

2. Evaluation of the stratospheric isotopic composition of nitrate revealed that the
secondary peak around August–September is most likely associated with polar
stratospheric cloud sedimentation.15

3. Snow reemissions of NOx and nitric acid from the interior of the Antarctic continent
seem to be the principal cause of the major late spring peak. Only this source has
all the characteristics necessary to generate atmospheric nitrate that is highly
depleted in 15N.

Our new scenario, backed by mass balance calculations, reconciles the observed si-20

multaneity between tritium and nitrate. Furthermore, it confirms the potentially higher
oxygen isotopic anomaly of the stratosphere over the troposphere. However, only mea-
surements of the stratospheric ozone isotopic composition inside the polar vortex will
definitely permit accurate quantification and influence of the denitrification process in
Antarctic boundary layer.25

In summary, the dynamic of atmospheric inorganic nitrate in coastal Antarctic bound-
ary layer can be described by a stable tropospheric background source with the strato-
sphere injecting large amounts of nitrate via polar stratospheric clouds denitrification
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in late winter, with the majority of it captured and trapped in the snow until the ther-
modynamical conditions of spring/summer times allow its release from this buffered
reservoir. Such a scenario could be further tested as follows: Late winter in the Antarc-
tic plateau should be characterized by a high concentration of gaseous nitric acid. Data
to test this prediction are not currently available. We want to emphasize that particu-5

late nitrate measurements will not be a suitable measurement to reveal such seasonal
features in inland sites. Nitric acid has a high affinity to alkaline aerosols, therefore
revealing more the seasonal cycle of aerosols than the nitric acid concentration vari-
ability. We expect other tropospheric trace gases to be also influenced by snowpack
emissions in summer on coastal sites, a phenomenon already observed for formalde-10

hyde (HCOOH) and hydrogen peroxide (H2O2) (Frey et al., 2005; Riedel et al., 2005).

Appendix A

Estimation of nitrogen isotopic composition of polar stratospheric nitrate

The 15N/14N ratio of stratospheric N2O can be described empirically by a Rayleigh15

fractionation equation (Kaiser et al., 2002a, 2006a; Rahn and Wahlen, 1997; Toyoda
et al., 2004):

ln
δ15N(N2O) + 1

δ15N(N2O)0 + 1
=15 εsinks ln

µ(N2O)

µ(N2O)0
(A1)

where δ and µ(N2O) are the isotopologue ratio and mixing ratios of N2O, respectively,
with the subscript “0” referring to the initial value before decomposition (i.e. in the tro-20

posphere). εsinks
3 is the apparent fractionation constant between N2O and the overall

3The definition of fractionation constant we adopted here is the one commonly used in geo-
chemistry, i.e. the definition using the ratio of the heavy isotope over the light isotope (ε). For
publications using the reverse ratio (ε′), we use the relation ε=(−ε′)/(ε′+1) to recalculate the
fractionation constant according to our definition.
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destruction processes, which is related to the overall rate constant of the decomposition
reaction involving heavy (kh) and light (kl ) N2O isotopologues and binds the isotopic
composition of N2O and the products:

15εsinks =
kh
kl

− 1 =
δ15N(products) − δ15N(N2O)

1 + δ15N(N2O)
(A2)

Isotopic fractionation of N2O during photo-dissociation and oxidation-reduction have5

been studied intensively (Johnston et al., 1995; Kaiser et al., 2002b, 2003b; Miller and
Yung, 2000; Rahn and Wahlen, 1997; Röckmann et al., 2000; Zhang et al., 2000), and
these studies yielded a high quality dataset to estimate the 15N composition of the N2O
decomposition products.

For Reaction (R1), the process controlling the N2O concentration, but exerting no10

impact on stratospheric NO isotopic composition, laboratory experiments give a range
of 15εR1 between −48.5‰ and −34.8‰ at 233 K (Kaiser et al., 2002b; Röckmann et
al., 2001; Toyoda et al., 2004), a relatively high fractionation constant for an irreversible
process. Kaiser et al. (2002a) showed that the isotopic fractionation constant for (R2)
reactions is 15εR2=k(15N14NO)/k(14N2O)–1=−5.5‰, and is insensitive to temperature15

and pressure. Reaction (R2a) is the main source of NOy in the stratosphere and ex-
plains the correlation observed between NOy and N2O concentration in the strato-
sphere (Muscari et al., 2003). Therefore, only this branch (R2a) needs to be consid-
ered here to estimate the 15N/14N of stratospheric NOy. Kaiser et al. (2002a) have
estimated, based on transition state theory, the isotopic fractionation constant of the20

(R2a) exit channels. This reaction is characterized by a 15εR2aof −8.1‰. Rearranging
equation Eq. (A2), and applying it to Reaction (R2a) gives:

δ15N(NO) = δ15N(N2O)
(

1 +15 εR2a

)
+15 εR2a ≈ δ15N(N2O) +15 εR2a (A3)

Since |15εR2a| is small compared to |15εR1| and since Reaction (R2a) represents only
6 to 9% of the total N2O sinks (Fahey et al., 1990; Muscari et al., 2003), δ15N(N2O)25
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in the stratosphere is mainly controlled by Reaction (R1) and not by Reaction (R2a).
From Eq. (A3), it appears that the isotopic composition of NO in the stratosphere closely
parallels N2O nitrogen isotopic profile for all δ15N(N2O) observed but shifted by −8.1‰.
Combining Eq. (A1) and Eq. (A3), the analytic expression of δ15N(NO) as a function of
fractionation constants and N2O concentration is obtained:5

δ15N(NO) + 1

δ15N(N2O)0 + 1
=
(

1 +15 εR2a

)( µ(N2O)

µ(N2O)0

)15εsinks

(A4)

Defining f=µ(N2O)/µ(N2O)0, the average isotopic composition of NO produced by Re-
action (R2a) at any given f (i.e. altitude or N2O mixing ratio) is obtained by integrating
Eq. (A4):

δ15N(NO) + 1

δ15N(N2O)0 + 1
=
(

1 +15 εR2a

) ∫f
1 f

15εsinksdf

f∫
1
df

(A5)

10

after integration and rearrangement, we finally have:

δ15N(NO) =
(

1 + 15εR2a

) 1 + δ15N(N2O)0

1 + 15εsinks

1 − f 1+15εsinks

1 − f
− 1 (A6)
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Table 1. Sampling and analytical methodologies for the aerosol collections used for the high-
volume and low volume aerosol collector.

Low-Vol Hi-Vol

Collection interval 1–3 days 10–15 days
Location At the rear of building “Labo 3”,

1.8 m above ground
20 m away from building “Labo 3”,
1 m above ground

Filter media ∅47 mm, 0.4µm PTFE 20.3×25.4 cm glass filter, mounted
with four slotted 12.7×17.8 cm
glass filter in series (impactor
stages)

Pumping flow 0.01 m3 min−1 Typically 1.2 m3 min−1
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Table 2. Weighted average of the two size ranges for δ15N, δ18O, ∆17O, and atmospheric mass
loading of nitrate as recorded at Dumont d’Urville in 2001. δ18O values are the ones obtained
by the N2O decomposition method (Kaiser et al., 2006b1). Standard deviations are 0.2, 0.9 and
0.5‰ for δ15N, δ18O, ∆17O, respectively (see text for details).

Datesa Atmospheric concentration (ng m−3) δ15N (‰)/air δ18O (‰)/SMOW ∆17Ob (‰)

6 Jan 2001 41.8 −20.4 63.2 23.6
16 Jan 2001 13.6 −18.4 63.2 20.8
30 Jan 2001 26.5 −22.3 64.1 23.0
9 Feb 2001 21.7 −11.9 59.8 20.5
19 Feb 2001 17.3 −16.6 66.8 22.8
5 March 2001 10.1 −11.4 61.6 16.2
27 March 2001 11.3 −6.7 78.0 25.8
10 April 2001 17.7 −11.4 85.0 28.9
19 April 2001 11.5 −7.6 85.6 30.1
5 May 2001 16.2 0.5 86.3 30.6
16 May 2001 10.8 0.0 75.2 27.4
31 May 2001 9.5 0.5 71.0 26.2
18 June 2001 12.7 0.7 77.6 30.6
6 July 2001 22.9 5.0 70.2 27.4
19 July 2001 14.7 9.9 103.4 38.3
3 Aug 2001 57.0 6.4 97.9 34.8
7 Aug 2001 23.1 10.0 111.5 40.5
22 Aug 2001 50.8 10.8 111.0 41.0
12 Sep 2001 36.4 −0.1 100.8 36.5
27 Sep 2001 56.8 −12.3 98.1 36.7
9 Oct 2001 60.3 −21.1 91.2 35.7
23 Oct 2001 95.8 −28.9 84.9 31.3
2 Nov 2001 85.1 −46.9 74.9 27.7
16 Nov 2001 156.8 −36.0 72.6 30.4
28 Nov 2001 165.3 −29.3 74.3 28.5
14 Dec 2001 151.8 −28.9 72.3 27.5
22 Dec 2001 99.5 −38.2 70.7 27.0

a Starting date of collection
b Calculated using Eq. (2) (see text)
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Table 3. Principal statistics of the four periods defining the seasonal cycles of inorganic nitrate
particles at DDU.

Period 1
(Jan to March)

Period 2
(March to mid
July)

Period 3
(mid-July to Sep)

Period 4
(Oct to Jan)

NO−
3 (ng g−1)

Max 41.8 22.9 57.0 165.3
Min 13.6 9.5 23.1 60.3
Mean±s.d. 24.2±11.0 13.7±4.2 44.8±14.8 116.4±41.1

δ15N (‰)
Max −11.9 9.9 10.8 −21.1
Min −22.3 −11.4 −12.3 −46.9
Mean±s.d. −17.9±4.0 −2.0±7.0 3.0±9.5 −32.7±8.4

δ18O (‰)
Max 66.8 103.4 111.5 91.2
Min 59.8 61.6 97.9 70.7
Mean±s.d. 63.4±2.5 79.4 ±11.5 103.9±6.9 77.2±7.7

∆17O (‰)
Max 23.6 38.3 41.0 35.7
Min 20.5 16.2 34.8 27.0
Mean±s.d. 22.1±1.4 28.2±5.5 37.9±2.7 29.8±3.1
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Fig. 1. From the top to bottom: top banner symbolizes the nighttimes and daytimes of the year.
(a) Particulate nitrate concentration as recorded by our HiVol aerosol sampler (red) and by the
aerosol monitoring program (green). For the latter, data has been averaged according to the
same time window than the HVAS collection time. Concentrations exhibit a strong seasonal
variation with maximum observed in late spring (Nov–Dec). A significant secondary peak is ob-
served in late winter (Aug–Sep) (b) δ15N(NO−

3 ) as observed by this study (blue) compared with
the published data of Wagenbach et al. (1998). Both profiles are very similar and display strong
negative δ15N values in late spring. (c) Same as (b) but for δ18O. We have used two techniques
to measure δ18O(NO−

3 ). The former uses the thermal decomposition of N2O on gold (black line)
and the analysis is performed on produced O2, the latter uses directly N2O as the working gas
(pink line). There is an excellent match between the two techniques. As for 15N, δ18O(NO−

3 )
values vary seasonally with their maximum observed in late winter (ca. +110‰). A secondary
peak is observed during polar sunset (April–June). (d) Same as (c) but for ∆17O(NO−

3 ). ∆17O

values exhibit the same feature than δ18O with a maximum value of ca. +40‰ in late winter.
This is one of the highest oxygen isotopic anomalies ever recorded for nitrate.
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3 ) at DDU over the course of year 2001, showing the sea-

sonal variations in both N and O isotopic compositions. The size of the circles corresponds
to the atmospheric particulate nitrate concentrations. The four periods discriminated from the
concentration time series are highlighted in terms of their isotopic characteristics and show that
distinct isotopic signatures are associated with each of them, hence justifying this separation
into separate periods. Periods 1 and 2 are best explained by tropospheric isotopic chemistry.
Period 3 corresponds to stratospheric nitrate injection while period 4 is explained by inland
snow re-emissions.
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Fig. 3. Correlation between δ18O and ∆17O. The good correlation between these two variables
indicates that δ18O is the result of ozone oxygen atom transfer and not by a secondary mass
dependent fractionation process.
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Fig. 4. Chemical cycling of nitrogen oxides (NOx) in the stratosphere and troposphere. As
described in the text, the δ15N signature in of stratospheric NO is gained from the dissocia-
tion reactions of N2O, the primary stratospheric NOx source (top left). Then, NO enters the
chemical interactions cycle with ozone and halogen oxides (bottom left) and the resulting NO2
acquires an isotopic anomaly dependent on the reactivity of NO with respect to oxidant species
(O3, XO). NO2 is then converted in to nitric acid through different pathways, incorporating dif-
ferent amounts of O3-derived oxygen atoms, hence leading to varying isotopic anomalies. This
scheme constitutes the high range of ∆17O values. The tropospheric scheme is based on
previous work of Michalski et al. (2003) where nitrate get its oxygen isotopic anomaly only
from ozone interaction. Nighttime and daytime NOx chemistry lead to medium and low ranges
of ∆17O values. Oxygen atoms are color coded according to their isotopic anomaly, deter-
mined by the reaction between parent molecules. Homogeneous and heterogeneous reactions
are not specified in these schemes, since some may proceed both pathways (e.g. BrONO2

+ H2O→HONO2+HOBr). This has no major influence on the 17O anomaly budget presented
here since gas-to-particle conversions are expected to obey mass-dependent relationships.
Only isotopically significant reaction products are shown in this figure.
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Fig. 5. Typical temperature profiles at four different periods of the year measured by ballon
sounding above DDU in 2001. At ground level, there is a year-round inversion layer (h≈1 km)
while during the late winter/early spring period, the tropopause barrier (h≈11 km) is weaker than
the rest of the year (Data courtesy of Christine David, Service d’Aéronomie, Paris), favoring
intrusion of stratospheric air masses into the troposphere.
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Fig. 6. Yearly cycle of ∆17O(NO−
3 ) as a function of local insolation (proportional to daily mini-

mum erythemal dose (MED). The size of the circles refer to the concentration of atmospheric
nitrate for each sample. Maximum MED correspond to summer conditions, while minimum
MED (0) correspond to winter conditions. ∆17O shows a tendency to higher values in winter
and lower values in summer, consistently with the developments by Michalski et al. (2003) and
the details given in the text. Late winter values (increasing MED) are shifted to higher ∆17O
values because of the influence of the stratosphere: the denitrification occurring in mid-winter
leads to a sudden increase by ca. 8‰ in ∆17O values, with a little concurrent concentration
increase (period 3, see text for details). The large concentration peak (largest circles in the
figure) is still isotopically influenced by the stratospheric source of nitrate to a lower extent, due
to snowpack processing and tropospheric oxidation mechanisms for re-emitted NOx (period 4,
see text for details).
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