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Abstract. Throughout the year 2001, aerosol sam- §1°Na=(—32.748.4)%.. Finally, during Period 1, iso-
ples were collected continuously for 10 to 15 days attope ratios reach minimum values for oxygen and in-
the French Antarctic Station Dumont d’Urville (DDU) termediate values for nitrogen:s180ysmow=63.2£2.5%o;
(66°40'S, 140°01 E, 40m above mean sea level). The ni- AY70=24.0t1.1%o; §1°Nair=—17.9+4.0%0). Based on the
trogen and oxygen isotopic ratios of particulate nitrate atmeasured isotopic composition, known atmospheric trans-
DDU exhibit seasonal variations that are among the mosfport patterns and the current understanding of kinetics and
extreme observed for nitrate on Earth. In association withisotope effects of relevant atmospheric chemical processes,
concentration measurements, the isotope ratios delineatwe suggest that elevated tropospheric nitrate levels during
four distinct periods, broadly consistent with previous stud- Period 3 are most likely the result of nitrate sedimentation
ies on Antarctic coastal areas. During austral autumn androm polar stratospheric clouds (PSCs), whereas elevated ni-
early winter (March to mid-July), nitrate concentrations at- trate levels during Period 4 are likely to result from snow
tain a minimum between 10 and 30ng#n(referred to  re-emission of nitrogen oxide species. We are unable to at-
as Period 2). Two local maxima in August (55ng# tribute the source of the nitrate during periods 1 and 2 to local
and November/December (165ng# are used to assign production or long-range transport, but note that the oxygen
Period 3 (mid-July to September) and Period 4 (Octoberisotopic composition is in agreement with day and night time
to December). Period 1 (January to March) is a transi-nitrate chemistry driven by the diurnal solar cycle. A precise
tion period between the maximum concentration of Periodquantification is difficult, due to our insufficient knowledge

4 and the background concentration of Period 2. Thesefisotope fractionation during the reactions leading to nitrate
seasonal changes are reflected in changes of the nitrogdormation, among other reasons.

and oxygen isotope ratios. During Period 2, which is
characterized by background concentrations, the isotope ra-
tios are in the range of previous measurements at mid-
latitudes: 580ysmow=(77.2£8.6)%0; A1'0=(29.8+4.4)%0;
819N air=(—4.44+5.4)%0 (meant one standard deviation). Pe-
riod 3 is accompanied by a significant increase of the oxygen

isotope ratios and a small increase of the nitrogen isotope ralnorganic particulate nitrate (p-NfJ and nitric acid (HNQ)

tio t0 5'80ysmon=(98.8:13.9)%0; AL70=(38.8c4.7)%0 and &€ ubiquitous in the atmosphere. Because of their high solu-
515N gir=(4.3£8.20%0). Period 4’is characterized by a min- bility and chemical stability, wet and dry depositions are the
imum 18N/14N ratio, only matched by one prior study of uIt?maFe sinks of these §pepies. Being the end-product of the
Antarctic aerosols, and oxygen isotope ratios similar to@Xidation of atmospheric nitrogen oxides (NNO+NO,),

Period 2: §180,smow=(77.2£7.7)%0; AYO=(31.13.2)%o: nitrate is formed via (1) hydroxyl radical (OH) oxidation of
' " NOg, (2) NO, oxidation to NOs followed by hydrolysis on

Correspondence tal. Savarino particles and/or (3) N@oxidation to NQ followed by H
(savarino@Igge.obs.ujf-grenoble.fr) abstraction from reduced species (Finlayson-Pitts and Pitts,

1 Introduction
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2000), and/or from (4) BrON&CIONO, hydrolysis (von its effect on the preservation of nitrate in snow, nitrate pho-
Glasow et al., 2004). tolysis, first documented by Honrath et al. (1999), is now rec-
Nitrogen oxides act as important catalysts, modulatingognized as an important regional source ofNédd HONO
the oxidative capacity of the atmosphere by their effect on(Jones et al., 2000; Domine and Shepson, 2002; Beine et
ozone levels. At the global scale, NQources are well- al., 2002; Davis et al., 2004a), with a possible enhancement
known, although a precise quantification is difficult (War- in emissions since the appearance of the stratospheric ozone
neck, 2000). Lightning, fossil fuel combustion, soil ex- “hole” (Jones and Wolff, 2003). Although the South Pole
halation, biomass burning and ammonia oxidation are theboundary layer is the most pristine on Earth (see for instance

major tropospheric sources. o8 oxidation and N photo- ISCAT special issue (Davis et al., 2004a)), these emissions
dissociation and photo-ionization constitute the upper atmo-imake it as oxidative as urban atmospheres (Monks, 2005).
spheric sources (Brasseur and Solomon, 1986). An intense research effort is currently devoted to understand

Despite decades of intense research, the source partitiorand quantify such emissions, including the post-depositional
ing of nitrate in polar regions remains unclear (Wolff, 1995). effects leading to remobilization of nitrate in snow (Dibb
The recent nitrate concentration increase observed in Greerand Whitlow, 1996; Mulvaney et al., 1998; Honrath et al.,
land ice cores is attributed to industrial f@missions inthe  2000b, 2002; Nakamura et al., 2000; Jones et al., 2000;
Northern Hemisphere (Mayewski et al., 1990). Such an in-Rothlisberger et al., 2000, 2002; Beine et al., 2002; Wolff et
crease has not been observed in Antarctica, suggesting that., 2002; Cotter et al., 2003; Burkhart et al., 2004; Blunier
nitrate in this region of the world is still dominated by natu- et al., 2005).

ral influences (Wolff, 1995). The low ratio of peroxyacetyl-  Wwith the recent advances of online mass spectrometry
nitrate (PAN, CHC(O)OONGQ) to NO and the low PAN  techniques (Brand, 1996) coupled with high sensitivity ni-
concentration at Antarctic costal sites argue for a weak intrate analysis (Sigman et al., 2001; Casciotti et al., 2002;
fluence of continental sources (Jacobi et al., 2000). At NeuKaiser et al., 2007), the stable isotope composition of polar
mayer, in February, Weller et al. (2002) demonstrated thahitrate has emerged as a new tool of investigation, comple-
methyl nitrate (CHONO;) and PAN, in a ratio of roughly menting concentration measurements. Because the nitrogen
1:1, are the two most abundant oxidized nitrogen {NO atom is conserved between N®ources and nitrate sinks,
species in the Antarctic troposphere, accounting for ca. 68%he nitrogen isotope composition is generally viewed as fin-
of the NG, budget (58 pmol mat*, with a possible oceanic  gerprint of NG, sources (Moore, 1977; Freyer, 1978, 1991
source for alkyl nitrate species (Jones et al., 1999)). WelletHeaton, 1990; Hastings et al., 2004), whereas the oxygen
etal. (2002) also recognized the predominance of organic niisotope composition is related to N®xidation pathways
trate (PAN + alkyl nitrate:40 pmol mot ) over inorganic  (Michalski et al., 2003; Hastings et al., 2003, 2005; Morin et
nitrate (HNG+p-NO; ~12 pmol mot 1), al., 2007).

Zeller and co-workers (McCracken et al., 2001; Zellerand |, an effort to resolve the origin and fate of nitrate in
Parker, 1981) have proposed Solar Proton Events (SPES) aSghtarctica, we report here on a year-long isotopic survey of
possible source of nitrate above Antarctica. However, thisniirate aerosols collected at Dumont d’Urville. This study
suggestion remains controversial (Herron, 1982; Legrandepresents the first comprehensive picture of nitrate isotopes
and Delmas, 1986; Jackman et al., 1990; Legrand and Kirchgnat combines the three isotopic rati§8l/24N, 70/160 and
ner, 1990; Palmer et al.,, 2001) and in any case, SPE shoultso 1605 The nitrogen and oxygen isotopes are used to probe
have only a discrete, time-limited impact on the nitrate bud-ptential sources of nitrate in Antarctica. The core of this
get. As aresult, stratospherie@ destruction and unspec-  gydy is dedicated to understanding the seasonal cycle of par-

ified tropospheric sources for background N@resumably  (cyjate nitrate (p-N@) concentrations at coastal Antarctic
biomass burning, lightning, and/or ocean) are believed to bg;ations.

the only significant sources of Antarctic nitrate (Wolff, 1995;
Wagenbach et al., 1998). It should be borne in mind that none
of the degradation products of organic nitrates are expected
to form inorganic nitrate directly (Shallcross et al., 1997; 2 Sampling site and experimental procedure
Finlayson-Pitts and Pitts, 2000), but they are most probably
a direct source of NQ 2.1 Sampling site

The quantification of nitrate sources in polar regions is
complicated by the fact that nitrate is not irreversibly trappedA detailed description of the sampling location can be found
in snow. Neubauer and Heumann (1988) were the firsin Wolff et al. (1998). We provide here the principal char-
to recognize that nitrate in surface snow undergoes postacteristics. Dumont d’Urville (DDU) (680 S, 14001 E)
depositional processes, confirmed later by a number of otheis located on a small island (lle degtRels, 0.45 krfy), 1 km
studies and attributed to photolysis and/or evaporation (DibbNorth of the Antarctic mainland. The site is located in the Pa-
and Whitlow, 1996; Mulvaney et al., 1998; Wagnon et al., cific sector of Antarctica, facing Australia. During summer,
1999; Rothlisberger et al., 2002; Udisti et al., 2004). Beyond the island is partly snow-free with gneiss rock outcrops. Such
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rocks produce little mineral aerosols in the sub-micrometerthe seasonal variation and does not affect the calculation of
size range. the weighted averagevalues.

Some 12000 Adlie penguins nest on this inland during  There is no “clean sector” defined due to the small size
the summer, from the end of October to late February. Aof the island. During brief periods of waste incineration at
large population of Adlie penguins is also present onislands the station, the HVAS was stopped by the operators. Wa-
around DDU, with a total population estimated at 60000 genbach et al. (1998) have conducted an exhaustive survey
individuals. In addition, some 7000 Emperor penguins sitof coastal Antarctic nitrate, including the DDU site. Com-
through the winter at this site. Technical and scientific staff parison of concentration profiles at different locations in and
numbers fluctuate between about 60 in the summer and aboround DDU led these authors to conclude that neither the
20 in the winter. station activities nor the dense penguin colonies were likely

The meteorological climatology at DDU is described in a source of nitrate contamination in the local atmosphere.

detail by Konig-Langlo et al. (1998). In summer, DDUissur-  ope plank control sample was collected at the start of the
rounded by open ocean water. The average surface air teMsa50n. This blank was treated identically to the samples, i.e.,
peratures range from1°C in January to-17°C in winter,  he cascade impactor was loaded with regular filters, except
with a mean annual temperature-e11°C. The annual mean a1 the HVAS was not turned on. Comparison of this blank
surface wind speed is 9.5 m’s with no clear seasonal varia- ith samples shows that the contamination it is at most 10%
tions. Strong katabatic winds dominate at DDU, favoring the gnq 694 of the wintertime and summertime concentration re-
120-160 wind sector. Southerly air mass advection from gyectively, with 4% on average. The isotopic composition
the Antarctic interior occurs up to 2km altitude throughout ot the blank was measured as 0l 80y smon=65.7%o:

the year, isolating the marine boundary layer from lower Iat-A170221_2%0;515Nair:_1_0%0_ For each filter sample, this
itude air masses above it. The tropopause is located betweel);nk was subtracted using an isotopic mass balance, based

9 and 11 km altitude, slightly higher from September to Oc- 4, the plank concentration and its isotopic composition.
tober. DDU is at the edge of the polar vortex and strong zonal

winds (50 ms1) prevail above 10 km from late autumn to
end of winter.

DDU is known to be a place with high atmospheric am-

monia and sea-salt concentrations (Legrand et al., 1998; Wa-
genbach et al., 1998; Jourdain and Legrand, 2002), leading
to an alkaline bulk aerosol year-round. Recent measurements
(Jourdain and Legrand, 2002) using denuder techniques re-

A Thermo Andersen (formerly Graseby-Andersen) high- vealed that partitioning between gaseous HN@d particu-

volume air sampler (HVAS: model GL 2000H) equipped late nitrate is close to 1:1. Such a high gaseous fraction may

with a four-stage cascade impactor and a backup glass fibdpterfere with the alkaline bulk aerosols deposited on the fil-

filter was used to collect size-segregated atmospheric partt€!> 9énerating erroneously high p-N@easurements. Until

cles. The cascade impactor was mounted with four slottediréctisotopic measurement is performed on gaseousdiNO
12.7cmc17.8cm glass fiber filters in series with an addi- the impact of such a compound on the isotopic composition

tional 20.3 cmx25.4 cm backup fiber glass filter to collect of the bulk nitrate collected on filter media will remain un-
the smallest particles. known. This remark is also valid for other oxidized nitrogen

d compounds such as NOPAN and organic nitrates which

The HVAS was situated on a platform, 1 m above ground, ! ; )
50m away from the shore and 20 m away from the closespave the potential to interfere with the sampled aerosol. At
this stage no evaluation can be made on such interferences,

building (Labo 3). It was usually operated at 1.3 to 1.5 cubic . o : )

meter per minute (calibrated prior to deployment) for 10 to and the atmospheric community is restricted to the interpre-

15 successive days (20000 to 30 00Usample) to ensure tation of what it is recovered on the filters (Wagenbach et
al., 1998; Schaap et al., 2002), keeping in mind that other

sufficient amount of aerosols (nitrate, sulfate) for isotopic "’ :
analysis. oxidized nitrogen compounds may have also been trapped.

Atmospheric nitrate concentrations were calculated from
the aerosol filter loading and the air volume pumped through2-3  Nitrate extraction and analysis
the filter (corrected to standard temperature and pressure,
STP,T=273.15K, p=101325 Pa) assuming a constant flow All glass fiber filters were pre-cleaned by an overnight
rate throughout the year. For most samples, the field operasoak and several rinses with ultra pure water (Millipore,
tors did not record the end date of sampling, in which case wel8 M2 cm), dried in a class 10000 clean room and finally
assume that the collection was running until the start date obtored in clean plastic food storage bags (Ziploc) before be-
the following sample. The concentration data obtained froming shipped to Antarctica. After each collection period, filters
the HVAS could therefore be by up to a factor of two too low were removed from the cascade impactor in a clean hood and
for isolated samples, but because the seasonal pattern of tlstored in clean 50 ml-centrifuge tubes -aR0°C. Samples
atmospheric concentration varies by a factor of 16, this po-were transported frozen back to our laboratory in Grenoble
tential error has a negligible impact on the interpretation offor extraction of soluble species.

2.2 Sample collections and controls
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Before sample extraction in Grenoble, the filters were in-2.4 Isotopic scales and definitions
spected visually. In two cases, penguin feathers or bird fae-
ces were found on the first stage of the impactor. These filterésotopic compositions are reported as delta values relative to
were discarded. However, only marginal nitrate mass loss isin international reference material:
expected from the coarse aerosol mode collected on this filter
stage (Jourdain and Legrand, 2002). The four slotted filterss = sy Q)
(SF) were grouped together while the backup filter (BU) was Rref

treated individually. In this manner, filters were processedwhereRSpl is the elemental isotope ratio of the sample and
according to the aerodynamic diameter of the aerosols colg . the elemental isotope ratio of the reference material. In
lected with larger particles(1 um aerodynamic cutoff di-  the case of nitrateR can refer to eithetSN/24N, 170/160 or
ameter, given by the impactor manufacturer) preferentiallyl8g/160 Atmospheric nitrogen (N has been established as
collected on SF filters. The primary purpose of the cascad@ne international reference f&N/24N ratios (Mariotti, 1983,
impactor is to separate and analyze sea-salt and non sea-salig4). For oxygen isotopes, Vienna Standard Mean Ocean
sulfate aerosols (to be analyzed in the future). Water (VSMOW) is the international reference material.
Filters were placed with 40 ml of ultra-pure waterinacen-  Tpe oxygen isotopic system offers three stable isotopes,
trifugal filter unit (Millipore Centricon plus-70) for 15min,  jlowing a comparison of their respective behavior. Most ki-
shaken a few times and filtered at 30009 in a centrifugenetic and equilibrium processes, such as isotopic exchange
Thus, more than 98% of the initial water volume can be re-q; gitfusion, fractionate isotopes according to their relative
covered. Small quantities (2Q0) of sample solution were 55 differences and form linear arrays in a three-isotope
taken and diluted 200 times for ion chromatography anal-p|ot of In(1+5170) versus In(1#80) with a slope between
ysis. NG concentrations were determined using the ion-g 5 ang 0.531 (Young et al., 2002). This is called a mass-
chromatography system described in Preunkert et al. (2001yependent isotope effect (Bigeleisen, 1952; Matsuhisa et al.,
and used to calculate atmospheric nitrate mass concentrag7g). Thiemens and Heidenreich 11l (1983) discovered that
tions. ozone formation does not follow a mass-dependent relation-
After quantification, a predetermined volume of sample ship and that’0 had an anomalous enrichment in compari-
was extracted (0.5 to 8 ml) to secure 200 nmol of nitrate forggp, 19180, Explaining the cause of tH€0 isotope anomaly
isotopic analysis and shipped frozen to Princeton University;n ozone remains a major challenge in physical chemistry
The remainder of the sample was kept frozen and archivedgao and Marcus, 2001; Brenninkmeijer et al., 2003) and is
forlfutulr4e analysll83. o _ beyond the scope of this paper. Since ozone is a strong ox-
°N/*N and O/"0 isotope ratio analyses were per- jgant and found nearly everywhere in the atmosphere, many
formed by conversion of nitrate to using the denitrifier  other atmospheric species, including nitrate (Michalski et al.,
method and direct isotope analysis of theON(Sigman et 2003), have been shown to possess anomaitDAeO ra-
al., 2001; Casciotti et al., 2002). The triple oxygen isotopictios, inherited from @ (Thiemens et al., 2001).
composition {'0/*°0, *¥0/*°0) was measured with anovel  geyerg| expressions have been proposed for quantifying
method based on on-line conversion ofN(from the den- the 170 isotope anomalyA70) (Thiemens, 1999; Farquhar

itrifer method) to Q using & gold tube held at 880 ina ¢t 51 2000; Miller, 2002; Kaiser et al., 2004). In the present

tube furnace (Kaiser et al., 2007). For the denitrifier methOdstudy, we use the linear definition with a mass-dependent co-
alone, we used a nominal nitrate amount of 20 nmol “itrateeﬁicient of 0.52:

whereas the BO decomposition method required 50 nmol
nitrate to ensure good reproducibility. AY0=517"0—0.525%80 2)
Despite significant differences, the analysis of BU
and SF samples show a similar seasonal cycle for allThe motivation of this choice are firstly, to be consistent with
isotopic ratios (Fig. S1 and Table S1 in supplementalprevious published works on the same topic (Michalski et al.,
materials: http://www.atmos-chem-phys.net/7/1925/2007/ 2003; Alexander et al., 2004; McCabe et al., 2005a; Morin et
acp-7-1925-2007-supplement.zipAs we are mostly inter- al., 2007) and secondly, to allow easy mass balance calcula-
ested in the variations throughout the year, it is therefore justion based om\’O measurements. The most suitable value
tified to merge both datasets into one, weighting the isotopiof the coefficient depends on the process under considera-
composition of the BU and SF filters by the correspondingtion, since different kinetic and equilibrium isotope fraction-
filter loadings. Further analysis of other collections archivedation processes are characterized by different relationships
in our laboratory will be used at a later stage to investigatebetween In(13170) and In(1$80) (for instance, Miller,
the differences between the isotopic composition of nitrate2002; Young et al., 2002; Angert et al., 2003; Assonov and
retained by the BU and SF filters, respectively. Brenninkmeijer, 2005). There is no single atmospheric pro-
cess that could be held responsible for producing mass de-
pendently fractionated nitrate and it is therefore not possible
to establish a single most suitable coefficient for nitrate. We
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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 above20m away from building “Labo 3”, 1 m above
ground ground

Filter media #47 mm, 0.4.m PTFE 20.3cm25.4cm glass filter, mounted with four

slotted 12.7 cnx 17.8 cm glass filter in series (im-
pactor stages)
Pump flow 0.01 Mmin—1 Typically 1.2 ¥ min—1

therefore use the value of 0.52, which represents a good avecrease steadily and reach a background concentration level
age of mass-dependent coefficients expected and observed af ~12 ng m 2 during March to mid July (period 2). From
nature (Matsuhisa et al., 1978; Barkan and Luz, 2003; Kaisemid July to September (period 3), concentrations increase to
et al., 2004; Weston, 2006). a peak of55 ng n3. This moderate concentration increase
Analytical uncertainty (1 standard deviation) is estimatedat this time of the year is a significant and general observation

based on replicate measurements of a subset of samplebserved around Antarctica (Wagenbach et al., 1998). Fi-
and amounts to 0.2%. fa3'°N, 0.5%. for 8180 (denitrifier  nally, October to December (period 4) is characterized by the
method (Casciotti et al., 2002)), 0.9%. f6t80 and 0.5%  occurrence of a major concentration peak, with concentra-
for AT70O (N>O decomposition method, Kaiser et al., 2007). tions reaching=165ngnT3. The observed seasonal pattern

of p-NOj concentration in 2001 at DDU is in line with any

other year analyzed so far (Wagenbach et al., 1998; Rankin
3 Results and Wolff, 2003).

We present data from 27 collection periods at DDU, covering3 >
the period from 6 January 2001 to 22 December 2001. In par-"

allel to our collection, an aerosol monitoring program (AMP) . : .
has been in operation since 1991, measuring the ionic Com]’able 2 and Fig. 1 provide the measured values of the nitrate

; 15 18 17 .
position of the aerosol continuously with year-round daily concentrations§™N, 50 andA™O. As a general obser

observations. Measurements of meteorological data, Iidarﬁgovr\:i’trt]hti;S((:);(r)]rc):gnrt?zg':ij;ssh;r\ﬁiSrtéo?gsiﬁ?fr?g?rl]g;tfigzynlz
aerosol and ozone concentrations, solar flux at ground level P

and vertical profiles of temperature, ozone, solar flux, Windvalugs ever reportlid for nitrate. .
direction and wind speed are performed regularly. These Nitrate ?e.r050<5 "N values range fr9m46.9to +10.8%o,
datasets were used whenever appropriate. with its minimum in November. This seasonal pattern is

identical to the one previously reported by Wagenbach et

3.1 Atmospheric concentration of inorganic nitrate al- (1998) at Neumayer (Fig. 1b). To the best of our knowl-
aerosols edge, the lows'®N nitrate values observed during the late

spring concentration peak have only been documented in
Figure la shows a comparison between the HVAS nitrateAntarctic environments (i.e. soil, snow, air) (Wada et al.,
concentration time series and the one obtained by the AMPL981; Wagenbach et al., 1998; Michalski et al., 2005).
(M. Legrand and S. Preunkert, personal communication, Our 180 measurements also show an extended range of
2006) for the year 2001. Data of the AMP have been av-values, spanning from about 60 to 111%. with relatively
eraged over each HVAS collection period in order to facil- good agreement between the two analytical methods (direct
itate the comparison. Overall, both time series agree wellN,O (Casciotti et al., 2002) and catalytic decomposition of
despite very different sampling conditions (Table 1). A N0 on gold (Kaiser et al., 2007)) used in the present study
comparison with other published seasonally-resolved con{Fig. 1c and Table S1 dittp://www.atmos-chem-phys.net/
centrations (Wagenbach et al., 1998) shows no major dis7/1925/2007/acp-7-1925-2007-supplemenj.zifrhe aver-
crepancies of the main temporal features even if this lat-age 180 value measured by the decomposition method is
ter study depicts maximum concentration measurementg1.7+3.4)%o higher than the directJ0 measurement. This
(INO31=(41£11) ng n3) lower than the more recent obser- is more than expected based on the measurement uncertainty
vations ([NG;]=(116.4+41.1)ng nr3). Atmospheric con- and the cause cannot be explained quantitatively at the mo-
centrations of particulate nitrate show a strong seasonal cyment (Kaiser et al., 2006), but the conclusions drawn here are
cle: From January to March (period 1), concentrations de-ot altered in any way by the choice of th0 measure-

Isotopic measurements
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http://www.atmos-chem-phys.net/7/1925/2007/acp-7-1925-2007-supplement.zip
http://www.atmos-chem-phys.net/7/1925/2007/acp-7-1925-2007-supplement.zip

1930 J. Savarino et al.: Isotopic constraints of atmospheric Antarctic nitrate

Table 2. Weighted average of the two size rangessfoiN, §180, A170, and atmospheric nitrate concentration recorded at Dumont d’Urville
in 2001.5180 values are those obtained by theNdecomposition method (Kaiser et al., 2007). Standard deviations are 0.2, 0.9 and 0.5%o
for §19N, 5180, A170, respectively (see text for details).

Date$ Atmospheric concentration, §1°Ngjr (%)  §180ysmow (%)  AL70P (%)
corrected to STP (ng 1)
6 Jan 2001 43.1 —-20.4 63.1 25.0
16 Jan 2001 13.8 -18.4 62.9 23.0
30 Jan 2001 27.5 —22.3 63.9 24.7
9 Feb 2001 22.1 -11.9 59.6 225
19 Feb 2001 17.5 —16.6 66.6 24.7
5 March 2001 10.3 -114 60.9 20.0
27 March 2001 11.1 —6.7 77.6 28.5
10 April 2001 17.4 -11.4 84.7 31.7
19 April 2001 11.1 —7.6 85.2 32.8
5 May 2001 15.7 0.5 86.0 33.3
16 May 2001 10.5 0.0 74.9 30.1
31 May 2001 9.2 0.5 70.6 28.7
18 June 2001 12.3 0.7 77.4 32.9
6 July 2001 22.4 5.0 70.0 29.3
19 July 2001 14.2 9.9 103.1 41.1
3 Aug 01 55.0 6.4 97.6 37.3
7 Aug 2001 22.8 10.0 111.4 43.0
22 Aug 2001 49.2 10.8 110.9 43.1
12 Sep 2001 355 -0.1 100.7 38.6
27 Sep 2001 55.1 -12.3 98.0 38.9
9 Oct 2001 58.5 -21.1 91.1 37.4
23 Oct 2001 94.8 —28.9 84.8 32.8
2 Nov 2001 84.3 —46.9 74.8 29.0
16 Nov 2001 158.3 —-36.0 72.6 31.7
28 Nov 2001 165.3 —-29.3 74.2 29.7
14 Dec 2001 154.9 —28.9 72.2 28.8
22 Dec 2001 101.5 —38.2 70.6 28.3

@ Starting date of collection
b Calculated using Eq. (2) (see text)

ment technique. Like the low*®N values at the other end centration. The four periods established from the time-series
of the scale, this80 peak of 111%. attained in August rep- are clearly visible. Each period bears its own concentration,
resents the most extrent80 enrichment ever reported for nitrogen and oxygen isotopic characteristics in a seasonal cy-
nitrate in natural environments (Kendall, 1998; Hastings etcle that follows a cyclical evolution in this plot.

al., 2003, 2004, 2005; Michalski et al., 2003, 2004a, b, 2005; There is a strong correlation betwedtO and A0
Heaton et al., 2004; Morin et al., 2007). Fewer studies exist(Fig. 3). This is an indication that the oxygen isotopic com-
on A0 due to the difficulty of measuring the less abundantposition of NG, and atmospheric nitrate is mostly controlled
170 isotope.A170 values span from 20.0 to 43.1%o0 and fol- by oxygen atom transfers and little impacted by fractiona-
low the §180 profile (Table 2 and Fig. 1d). Again, this is the tion linked to specific chemical reactions : if fractionation
largest range ever observed (Michalski et al., 2003, 2004aprocesses (either mass-dependent or mass-independent, in a
b, 2005; Alexander et al., 2004; Morin et al., 2007), only variety of proportions depending on the mechanisms) were to
matched by recent measurements of atmospheric nitrate gtroceed significantly, this would affeét®0 and A0 val-
South Pole (McCabe et al., 2005a). These graphs show thates in different ways, thus not resulting in a correlation, as
the four periods established from the concentration measuresbserved throughout the dataset. In the following, we dis-
ments are reflected by the isotope profiles. In Table 3, weregard mass-dependent oxygen fractionation and concentrate
give the principal characteristics for each period. Figure 2only on isotopic transfer using th&!’O tracer.

summarizes the above presentation. In this figa®0 is

plotted againss®N along with the nitrate atmospheric con-
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40§ Fig. 2. Plot of A170 vs. §15N(NO3) at DDU over the course of
| ‘ ! 35 'c; year 2001, showing the seasonal variations in both N and O iso-
1 1 30Z topic compositions. The size of the circles corresponds to the atmo-
! | 25 S spheric particulate nitrate concentrations. The four periods discrim-
! ! A0 (NO3) 2 d inated from the concentration time series are highlighted in terms

of their isotopic characteristics and show that distinct isotopic sig-
natures are associated with each of them, hence justifying this sep-
aration into separate periods. Periods 1 and 2 are best explained
by tropospheric isotopic chemistry. Period 3 corresponds to strato-

Fig. 1. From top to bottom: Top banner symbolizes polar night goneric nitrate injection while period 4 is explained by inland snow
(black) and day (white) during the yeda) Particulate nitrate con-  o_amissions.

centrations as recorded by our HiVol aerosol sampler (red) and by

the aerosol monitoring program (green). For the latter, the data

have been averaged according to the same time window as thg Discussion

HVAS collection time. Concentrations exhibit a strong seasonal

variation with a maximum observed in late spring (November—4 1  sources of nitrate and mechanisms of formation
December). A significant secondary peak is observed in late win-

ter (August-September). Shortly afterwards, tritium levels in pre- Njitrate is not directly injected into the atmosphere. Atmo-
cipitation (black, right axis) reach a maximum (Wagenbach et al., sy eric pitrate always results from the transformation 05NO
1998)' () 87*N(NOg) as observed by this study (b_Iue) compared to gaseous nitric acid which eventually is neutralized by alka-
with the Wagenbach et al. (1998) study. B&EN profiles are very ji o particles and incorporated into aerosols. BecausgislO
similar and display strong negati¥é®N values in late spring(c) in photochemical equilibrium with NO andsOdeciphering

Same as (b) but far180. We have used two techniques to measure L ) .
5180(NO§). The former uses the thermal decomposition fN the source of atmospheric nitrate reduces to the identifica-

on gold (black line) and the analysis is performed on producgd O tion Pf NOx spurces and the oxidation pathways ultimately
the latter uses directly O as the working gas (pink line). Just as €ading to nitrate. Due to the remoteness of the Antarc-
515N(NO§), 5180(NO§) values vary seasonally with their maxi- tic continent, three sources of nitrate are deemed most im-
mum observed in late winter (ca. +110%o). A secondary peak isportant: stratospheric input, continental background sources
observed during polar sunset (April-May}) Same as (c) but for  (e.g. biomass burning, lightning) (Wolff, 1995) and possibly
A17O(NO§). AL70 values exhibit the same featuressa80 with the snowpack (Domine and Shepson, 2002).

a maximum value of ca. +40%o in late winter. This is highest oxy-

gen isotope anomalies ever recorded for nitrate. 4.1.1 The stratospheric source

Jan FebMarAprMayJun Jul AugSep Oct NovDec
Date in 2001

In the lower stratosphere, nitric acid precursors are N@-

duced by the reaction 20+O(D) and NQ produced fol-
lowing N2 photo-ionization and photo-dissociation in the
thermosphere, mesosphere and upper stratosphere (Brasseur
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Table 3. Concentration and isotope characteristics of the four periods comprising the seasonal cycles of inorganic nitrate particles at DDU.

Period 1 Period 2 Period 3 Period 4
(January to March) (March to mid-July) (mid-July to September) (October to December)
NO3 (ngm~3)
Max 41.8 22.9 57.0 165.3
Min 13.6 9.5 23.1 60.3
Meants.d. 24.2:11.0 13.44.2 44.8:14.8 116.441.1
S15N (%o)
Max -11.9 9.9 10.8 -21.1
Min —-22.3 -11.4 —-12.3 —46.9
Meants.d. —17.9+4.0 —2.0+£7.0 3.0:9.5 —32.+8.4
8180 (%o)
Max 66.6 103.2 111.4 91.1
Min 59.6 60.9 97.6 70.6
Meants.d. 63.22.5 79.1411.6 103.%6.9 77.2:7.7
A0 (%o)
Max 25.0 41.2 43.1 374
Min 225 20.0 37.3 28.3
Meants.d. 24.&:1.1 30.8:5.3 40.2:2.7 31.1%3.2
50 ditional stratospheric pO sink. This last reaction shows two
exit channels, one “re-active” producing NO (Reaction R2a),
45 - the other “inert” leading to the formation of2Nand G (Re-
” & action R2b) (Cantrell et al., 1994; Sander et al., 2000).
J 2
S I N2O + hv — N + O(*D)(90%) (R1)
T35
S « ® & N0 + O('D) — 2NO(6%) (R2a)
] ¥y .
4 N2O + O(*D) — N2 + 02(4%) (R2b)
25 b1
® NO formed through Reaction (R2a) reacts with 10 form
20 ]
NO..
15 T T T T T T NO + O3 — NO + Oy (R3)
50 60 70 80 90 100 110 120

8'%0 (NO5) /%0 In the dark polar stratosphere, N@ converted to stable

NOy reservoir species:
Fig. 3. Correlation betwee#80 andA170.
NO,; + O3 — NO3 + Oy (R4)

and Solomon, 1986; de Zafra and Smyshlyaev, 2001; Funkd' O3 + NO2 = N20s (RS)
et al., 2005; Orsolini et al., 2005; Stiller et al., 2005). Ac- ClO + NO, — CIONO, (R6)
cording to these authors, N@ources above the stratopause

represent just a few per cent of the amount produced by inThe winter denitrification of the Antarctic stratosphere is
situ N2O oxidation (Santee et al., 2004) and only this latter well established (Fahey et al., 1990; Santee et al., 1995; Van
source will be considered here. Allen et al., 1995). As daylight wanes, gas-phase HNO
N2O is destroyed in the stratosphere mainly by photolysisaccumulates in the Antarctic stratosphere, mainly via reac-
in the atmospheric UV “window region” between 185 and tion of dinitrogen pentoxide (pOs) with HoO on preexisting
220nm. This reaction accounts for 90% of its loss (Min- aerosols. At the end of winter, when stratospheric tempera-
schwaner et al., 1993) (Reaction R1). Chemical reactiongures drop below 195K (von Savigny et al., 2005), CIONO
with electronically excited oxygen atoms, DY), are an ad-  decomposition (hydrolysis or reaction with HCI) becomes a
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significant source of gaseous nitric acid (Sander et al., 2003snowpack emissions as a source of atmospheric nitrate, but
S. Bekki, personal communication, 2006). When its va- because of incomplete data at the time, they did not conclude
por pressure reaches the threshold for formation of PSCshis source to be significant. Since their work, a better under-
gaseous HN@condenses to the solid phase as nitric acid tri- standing of the fate of nitrate in snow has been achieved. At
hydrate (NAT: HNQ.3H,0). Based upon satellite observa- high accumulation sites{30 cm of snow al), nitrate and its
tions, Muscari et al. (2003) calculated for the entire 1995 po-isotopic signature are rather well conservedt{iisberger
lar vortex, which encompasses approximately the entirety ofet al., 2000, 2002; Burkhart et al., 2004; Hastings et al.,
Antarctica (von Savigny et al., 2005), a drop in the |N€DI- 2004;). On the other hand, at low accumulation sites like
umn corresponding to a total loss AN=(6.3+2.6)x 10’ kg. Dome C (snow accumulatior10cmal), photoemission
Assuming that this nitrogen is entirely in the form of HBIO of NOy and evaporation of nitric acid dominate, leading to
and completely lost into the troposphere (Muscari et al.,a sharp decrease in firn concentrationstffisberger et al.,
2003; Santee et al.,, 2004), such an injection correspond2000). This process was also observed during the ISCAT
to an increase of the HNburden of (28.411.7)x 10 kg. 2000 project at South Pole (Dibb et al., 2004).
Based on a stratospheric HN@limatology (Santee et al., Allinland sites with low snow accumulatior0 cm a'1)
2004), denitrification occurs approximately, between Julyshow roughly the same sharp decrease in nitrate concen-
and November, and extends over an area equivalent to theation (Mayewski and Legrand, 1990pRlisberger et al.,
entire Antarctic continent (area 16 million Km Using the ~ 2000; Dibb et al., 2004; Udisti et al., 2004) with values
scale height of the atmosphere (7.4km foped=250 K) dropping from almost 1000 ngg at the surface down to
and the relative mass of the troposphere (82%, (Warneck40—-60ngg? at few cm depth. In order to estimate the cor-
1988)), we calculate a constant input above background ofect emission flux into the atmosphere, the rate for such a
about F=(32.5:13.4)ngm3d~1 during this time period. decrease needs to be evaluated. In the Dome C records
Assuming a residence time)( of about a week for the ni- (Rothlisberger et al., 2000; Udisti et al., 2004), background
trate in the troposphere and no in-situ production, at steadyalues are reached at a depth equivalent to roughly a year
state the additional concentration in the tropospheric reseref accumulation, (10cm depth). On the other hand, at
voir is C=Fxr, i.e. (22794)ng 3. Assuming that this  South Pole (Dibb et al., 2004), background concentrations
contribution is partitioned equally between gaseous nitrateare reached at a depth equivalent of 1/3 of the annual ac-
and particulate nitrate, as observed at DDU (Jourdain andumulation (also 10 cm depth). These observations seem to
Legrand, 2002), an additional aerosol concentration of abouindicate that the loss of nitrate in surface snow is not a contin-
(114+47) ng nT 3 can be expected based on the stratospheriaious process that extends all year-round. Photolysis and ther-
denitrification process. This is a reasonable additional loadmodynamical equilibrium are the two major processes con-
ing above the background concentration in comparison withtrolling the nitrate concentration in snow (Mulvaney et al.,
the increase of about 145 ngthobserved from July to De-  1998; Rothlisberger et al., 2000; Honrath et al., 2000a; Jones
cember and the crude character of this calculation, which ig-et al., 2000; Burkhart et al., 2004; Dibb et al., 2004; Blunier
nores latitudinal transport. A similar conclusion was reachedet al., 2005). Photolysis is active only during the polar day
by Wagenbach et al. (1998) using a different approach. It isfrom October to March. For the latter proces$tiisberger
therefore conceivable to consider PSCs as a possible cause ef al. (2002) suggested that surface uptake and conservation
the nitrate increase observed from July through December. seem to be dominated by equilibrium process in determin-
Air mass exchange between the stratosphere and trong the concentration of nitrate in snow. Since this pro-
posphere (STE) offers another mechanism for injectingcess has a strong negative temperature dependence, escape
stratospheric HN@ into the troposphere. Using cosmo- of HNO3 from the surface snow grains is expected to be at
genic/radioactive tracersH, “Be, 1°Be, 21%Pb), Wagenbach maximum when temperatures rise frer60°C in September
et al. (1998) concluded that S/T exchange should enhancto —30°C in Decemberlfttp://polarmet.mps.ohio-state.edu/
ground level concentrations by at most 35 ngin(in Febru- ~ RIME-01/pdfdocs/dc14report05.pdf. We can therefore
ary), with a total contribution representing 31% of the PSCreasonably assume that the entire loss (photolysis and evap-
source. STE seems therefore inadequate to explain most afration) reaches its maximum during this period of 90 days.

the observed concentration increase. Based on published concentration profiles at Vostok, Dome C
and South Pole (Mayewski and Legrand, 19906tt#sberger
4.1.2 The snowpack source et al., 2000; Dibb et al., 2004), we estimate an average ni-

trate loss ofA[NO3 Javerage(300+100) ng g?l, occurring in
With the discovery of the photochemical production of NO the first (1Gt5) cm of snow. Limiting this process to an area
within the firn layer (Honrath et al., 1999; Jones et al., 2000,where accumulation is lower thas20 cm of snow per year,
2001; Davis et al., 2001, 2004a; Honrath et al., 2002), it had.e. 6 million kn? (Wagenbach et al., 1998), we calculate
become clear that the polar cap can be a significant source af nitrate emission source @fN=(1.2+1.0)x 10" kg of NGy
nitrate (Jacobi et al., 2000; Jones et al., 2001; Weller et al.using a surface snow density of 0.3gcthl Such an esti-
2002). In their study, Wagenbach et al. (1998) considerednation has to be compared witkN=(6.3+2.6)x 10" kg for
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the PSCs source calculated by Muscari et al. (2003) of NO 4.2 Atmospheric dynamic and transport

snow emission ofAN=0.76x10’ kg estimated by Jones et

al. (2001). Because snow is a surface source and becausantacesaria et al. (2001) provided a detailed statistical anal-
strong temperature inversions are experienced in summer igsis of PSC occurrence above DDU. From their observations,
the Antarctic boundary layer @hig-Langlo et al., 1998), after the end of July, PSCs are often observed within 1 km of
this source can easily accommodate the concentration inthe tropopause. A weak tropopause barrier generally charac-
crease from July to December observed at DDU. If such aerizes this time of the year @ig-Langlo et al., 1998) and
quantity is emitted in 90 days (late springtime/yearly sum-injection of stratospheric material into the troposphere is fa-
mertime), into a 1000 m tropospheric column, a concentra<ilitated at the end of July. Tritiun?d) contained in water is
tion of A[HNO3]~38ngn?d~1 is added to the background a reasonable tracer of stratospheric wateris mainly pro-
situation over the entire Antarctic (16 million K assum-  duced in the lower stratosphere by the interaction of cosmic
ing a total conversion of NPto nitric acid and neglecting rays and exhibits a much higher abundance in stratospheric
any meridional transport. This increase is similar to the onewater vapor than tropospheric water (Ehhalt et al., 2002).
calculated for the PSC source. Using a nitrate lifetime of oneAt Halley Bay station (AntarcticafH in precipitation peaks
week and a 1:1 partitioning between gaseous and particulatduring period 3 (July to October) (Wagenbach et al., 1998),
nitrate, we would expect an increase of the particulate nitratesuggesting the predominance of stratospheric material injec-
concentration of ca. 133 ngTh, in good agreement with the  tion into the troposphere during this period of the year and a
observed increase of 135 ngffrom September to Decem- rapid transfer to the ground.

ber. Because of the role played by temperature and sunlight, Konig-Langlo et al. (1998) have discussed in details the
snowpack emissions are not expected to be significant outmeteorology of DDU. Year-round, ground level air mass
side the period between October and February. flows are characterized by katabatic winds where large quan-
tities of cold and dry air are drained from the central plateau
of Antarctica. Vertical profiles of meridional winds show
that such flows take place up to an altitude of approximately
2km and are well organized throughout the year. A simi-
Due to the remoteness of the Antarctic continent from con-lar shear in the wind field structure is observed for the zonal
tinental land masses, supply of continental nitrogen oxidesyinds, with ground level flows governed by easterly wind
species is expected to come from the free troposphere vidrift, switching to westerly above 2 km height. This particu-
long-range transport of gases and aerosols. PAN and alkylarity of the DDU area strongly limits direct advections of
nitrates, formed over continents, are relatively stable resereceanic air masses and further suggests that the Antarctic
voirs of NG,. With HNO3z+p-NO; representing 22% be- plateau is the main source of air reaching the DDU station.
tween February and November and 66% between Novem-

ber and December of the coastal Antarctic N@eller et 4.3 Isotopic constraints on nitrate sources

al., 2002), continental organic-nitrate can potentially be the

supply reservoir for N@. In a study of PAN at Neumayer In the following sections, we use the measured nitrate iso-
station in February 1999, Jacobi et al. (2000) concluded thatopic composition to qualitatively constrain the three possi-
thermal decomposition of PAN was probably not sufficient ble sources mentioned above. Because little is known about
to maintain the observed NQnixing ratios at this site. Re- equilibrium and kinetic fractionation coefficients between ni-
garding alkyl nitrates, the same conclusion can be drawn. Ustrogen oxides and phases, rigorous quantitative interpretation
ing the upper limit of loss rate of 1§s~1 given by Taluk- is limited. Only extreme and characteristic isotopic composi-
dar et al. (1997) and a total concentration of C1-C3 alkyltions are therefore used to tentatively assign nitrate sources.
nitrate of 13 pmol mot! (Weller et al., 2002), one can cal-

culate a maximum of N@production from the decompo- 4.3.1 Nitrogen isotopes in stratospheric Néhd nitrate

sition of these species of ca. 0.04 pmol mdh—2, which

has to be compared with the NQ@lecay rates of approxi- Neglecting the upper atmospheric contribution (i.ez N
mately 0.35 pmol molt h~1 measured at Neumayer (Jacobi photo-ionization and photo-dissociation), the nitrogen iso-
et al., 2000), pinpointing the inadequacy of the alkyl nitrate tope composition of stratospheric N@an be estimated from
source. Similarly, using'°Pb as a tracer of continental emis- the degree of O destruction in the stratosphere and the iso-
sions, Wagenbach et al. (1998) estimated that the continertopic fractionation associated with the reactiosON-O(D)

tal aerosol source could only account for at most 16ngm  (Kaiser et al., 2002a; Toyoda et al., 2004). After mathemati-
of the nitrate aerosol loading, suggesting that continentakal calculation and integration, one obtains (see Appendix A
aerosols do not contribute significantly to the nitrate budgetfor details):

In summary, the continental source seems to be a possible

candidate for the background concentration but unlikely th 148N (N> Oy 1— £ 1+ %sinks

source for the July/Auggust and November/December pgaks.‘SlSN(No): (1+158R26> +1 Jr15;”]2'(3)0 fl_ f -10

4.1.3 The continental source
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In this analytical expression, the first term in brackets de-which they calculatech1’O(NO,)=40%o in the stratosphere.
scribes the fractionation due to Reaction (R2a) while theNone of these theoretical assumptions have been backed up
second term expresses the fractionation eONoy all its by data and one should also keep in mind that the molecu-
sink processes. Because PSCs can be formed up to an dar beam reactions of (van den Ende et al., 1982; van den
titude of 25km above DDU (Santacesaria et al., 2001) andEnde and Stolte, 1984) may not be relevant to atmospheric
slowly subside from this altitude, we use the average frac-conditions as the translational kinetic energy of the parent
tionation constant observed in January for Antarctica by Toy-molecules were well above the thermal conditions encounter
oda et al. (2004):%¢sinke=—31%o. For f, representing the inthe lower atmosphere. However, an indication that the cen-
fraction of NbO transformed into NO (see Appendix A), tral O atom of Q does indeed participate in its reaction with
we use the value of (0.19.06), corresponding to a mix- NO comes from a set of laboratory experiments (Savarino
ing ratio of NbO of (50+20) nmol mot (altitude ~25 km) et al., 200%) done at room temperature in an atmospheric
(Toyoda et al., 2004), and initial stratosphe3{®N(N2>O)o chamber. In the wait of a definitive answer for this transfer
of (6.740.1)%o with [NoO]o=(320+1) nmol mol! (Kaiseret  coefficient, we chose to vary it between the extreme values of
al., 2003a; Rckmann and Levin, 2005). This calculation 0.8 and 1.2 (Zahn et al., 2006). No data are currently avail-
yields an average stratosphefieN(NO)=(19+3)%o, the un-  able for the isotopic composition of stratospheric Antarctic
certainty being due to the parametgf(+40%). Adopting  ozone. A re-evaluation of the most-recent isotope measure-
a single value foloeginks Neglects possible seasonal and al- ments for stratospheric ozone from the Northern Hemisphere
titude variations (Kaiser et al., 2006), but does not changewith a three isotope coefficient of 0.52 gives (3437)%o,

the result that the accumulated stratospheric NO is enrichedvith a range from 25.8 to 40.5%. (Krankowsky et al., 2000;
relative to tropospheric pO. Moreover, the above calcula- Mauersberger et al., 2001aAmmerzahl et al., 2002). Com-
tion neglects the fact thdPeroq is not fully expressed un-  bining these observations with the range/o¥f’ O transfer

der the influence of mixing and diffusion, so that the ac- coefficients from 0.8 to 1.2A’O(NOy) is expected to vary
tual $1°N(NO) will actually be larger than calculated from in the range from 27.3%o to 41.0%o on average, with most ex-
Eq. (3). Considering that more than 90% of N3 elimi- treme values of 20.7 and 48.7%.. This estimation ignores the
nated from the stratosphere during the denitrification procesgossible influence of CIO/BrO on the NO oxidation (Kerher
(Fahey et al., 1990; Muscari et al., 2003), it is expected thatet al., 1997).

$1N(p-NOZ )~ 1N(HNO3)~81°N(NO)=(123)%o. Two oxidation pathways lead to the formation of nitric
acid in the dark polar winter stratosphere (Fig. 4). The first

4.3.2 Oxygen isotopes in stratospheric nitrate one involves the heterogeneous hydrolysis oObt

Michalski et al. (2003) developed the first theoretical frame-N20s + H20ags — 2HNO;3 (R7)

work for understanding of the triple oxygen isotopic com- bal h hat thi lead
position of atmospheric nitrate. The theory is based on thé2XY9en atoms mass balance shows that this route leads to

transfer of the oxygen isotope anomaly of @ NOy and ANO_(HNO3) = 5/6 AT'O(NOy) SMichaIski etal, 2_003)'
subsequently to HN§ The first step relies on the oxygen Hhusin thle rang?o?\fj 17.2 éo éOCL)SN/OOI T:e other reictllqon path-
isotope transfer during photostationary equilibrium between\r':'ay INVoIves ) Q and BrONQ (Hanson and Ravis-
NOy and ;. Based on branching ratio measurements of ankara, 1991; Sf_;mde_r et al., 2003) when vortex temperature
ozone formation reactions, Lyons (2001) computed that thd@/lS Pelow 195 Kin winter:

A0 value of the terminal oxygen atom in ozone would be
more than double that of bulk ozone (which implies a strong
negative anomaly for the central oxygen atom). Lyons (2001)

also assumed that NO would only react with the terminal OXO +NOz = XONO; (R9)
atom, so that under steady-state conditionsARéO value

of stratospheric N@would be 80%. or greater. In contrast,

Michalski et al. (2003) suggested that molecular beam expery bare X=Cl or Br. Morin et al. (2007) showed that, in this
iments could be interpreted as an indication for a statistical

L ¢ the th ¢ o Icase, because halogen radicals abstract directly a terminal
participation of the three oxygen atoms of ozone in its re'oxygen atom in ozone during Reaction (R8) (Toohey et al.,

ac'gog V‘l’ith Té%ivan ﬁ_eﬂ Endﬁj elt a(lj., 1983_; van denfEnd;:lng; Zhang et al., 1997) and that these atoms are more
and Stolte, ), which would lead to a direct transfer o enriched in heavy isotopes than the bulk ozone molecule

the ozone isotope anomaly to the second O atom in the prOd(Janssen 2005), AYO(X0)=A"0(03)termina=(20.7 1o

UCt.NOZ' With this a}ssumpﬂon, the intramolecular distri- 48.7)%o using the intramolecular oxygen isotope distribution
bution of the ozone isotope anomaly does not play a role.

Finally, Zahn et al. (2006) assumed that that the intramolec-  1sayarino, J., Bhattacharya, S., Baroni, M., and Doussin, J.-F.:
ular 170 distribution in ozone follows that offO and that Oxygen isotope anomalies transfer frorg © NO, in the NO+Q
NO only reacts with the terminal O atom in ozone, from reaction, in preparation, 2007.

X + O3 — XO + O, (R8)

XONO; + (HCl)ags— HOX + HNO3 (R10)
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Stratosphere Troposphere spheric NQ chemistry has a natural propensity to transfer
NO R more anomaly from ozone to nitric acid via the predomi-
nance of NOs and CIONG formation pathways.
D) 0,
N, +0, | ¢ N, +O(D) \ 4.3.3 Nitrogen isotopes of snowpack emissions
NO X0 N Recently Blunier et al. (2005) performed a survey ofsN
Y o " of nitrate in DC snow. They observed a sharp increase in
N 0 815N, concomitant with the depletion of nitrate in the snow.
NO Ne Within the first 15 cm of snow, th&!>N(NO;3 ) rises dramat-
N é XON N i ically from +10 to +200%.. From this observation, Blunier et
OZZ H, Habstrac-\ : al. (2005) deduced that the post-depositional effect respon-
\( — / H, \&‘ HONO, sible for the removal of nitrate had an apparent net effect of
Hono, HON HON esnow=-53.9%e.
Bulk branch Terminal branch Dark branch Light branch Blunier et al’s data indicate that NOand nitric acid

(A'70: medium range) (A0 high range) (A'70: medium range) (A'70: low range)

emitted by the snow in the central plateau of Antarc-

Fig. 4. Chemical cycling of nitrogen oxides (N@in the strato-  tica should be depleted in°N isotopes.  Applying an
sphere and troposphere. As described in the texts}A signa- ~ isotopic Rayleigh-type fractionation for Dome C snow-
ture of stratospheric NO is derived from the dissociation reactions ofpack with esnow=—53.9%0(Blunier et al., 2005), the average
N,O, the primary stratospheric NGource (top left). Then, NOen-  §1°N(HNO3)emittediS

ters the chemical interactions cycle with ozone and halogen oxides

. . . 15
(bottom left) and the resulting NDacquires an isotope anomaly e~~~ 150\ 1= esnowtl
dependent on the reactivity of NO with respect to oxidant species(S N(HNO3)emitiec= (l+8 NO) B

1—
(O3, X0O). NO» is then converted in to nitric acid through different /
pathways, incorporating different amounts of-@erived oxygen with f, the mass fraction of the residual nitrate remaining
atoms, hence leading to varying isotopic anomalies. This schemén the snow and°Ny, the nitrogen isotopic composition of
leads to the high range @70 values. The tropospheric scheme is surface snow nitrate. Taking=0.7+0.2 (i.e., a (36:20)%
based on previous work of Michalski et al. (2003) where nitrate de-|oss of nitrate during November—December months, see
rives its oxygen isotopic anomaly only from ozone. Nighttime and Sect. 4.1.2.), anéft>Ng~12%. (Blunier et al., 2005), one find
daytime NQ chemistry lead to medium and low rangesof’O averageSl5N of HNO3 emitted in the order of-{(347)%.

values, respectively. Oxygen atoms are color coded according t(No published atmospheric nitratéN have ever displayed

heir i ic anomal rmin he r ion n paren
'Irmgie(l:suc:;c;plc anomaly, determined by the reaction between pareng ., |\ 515\ values (Heaton et al., 2004, and references

therein), with the notable exception of Antarctica and we are
unaware of a physical or chemical process in the atmosphere
of Zahn et al. (2006). Thus, we have for the nitric acid madecapable of generating sucPN-depleted nitrate.
off XONO3 (Morin et al., 2007):

1 (5

4.3.4 Oxygen isotopes of snowpack emissions
AYO(HNO3)=1/3AO(X0) + 2/3AYO(NO,) (4)

The comparison between seasonal composition in aerosol,
which gives an estimated range of 18 to 43%o.. surface snow and snow pit at South Pole indicates that the
Such a range should be used with caution. One should reisotopic composition of atmospheric nitrate is transferred
alize that large uncertainties exist in the transfer gfa®y- to surface snow (McCabe et al., 2005a). The annual av-
gen anomaly to the HN® This transfer depends on relative erage of the first snow layer of a snow pit (snow layer

kinetic rate between the two heterogeneous Reactions (R73003),A17O(NO§)=(28.84_—3.5)%0, compared well with the
and (R10), the transfer mechanism of Reactions (R3) andnnual average, (2%43.7)%0, obtained with monthly sur-
(R7), the internal distribution of isotope in ozone and may face snow samples collected during the wintering-over in
be on some unknown oxygen isotopic exchange reactior2004. Such observations coupled with laboratory exper-
between NQ@ and oxygen-bearing reservoirs (Zahn et al., iments (McCabe et al., 2005b) indicate a good preserva-
2006). Thus, still today, it appears relatively speculative totion of A”O(Nog) in snow. A model study focusing on
predict with a high level of confidence the range of the oxy- emission fluxes (Wolff et al., 2002) suggested that photol-
gen isotope anomaly of nitric acid produced in the strato-ysis and thermodynamically controlled processes (e.g. dif-
sphere. Nevertheless, the polar stratosphere seems to be thesion) are quantitatively equivalent in snow. Therefore, it
only place where the oxygen isotope anomaly of nitrate carcan be deduced that emission of N@®om the snow will
reach its highest value for two reasons: firstly, it is in this be essentially in the form of NOand HNG; in equal pro-
part of the atmosphere that the highesti€btopic anoma- portion. The NQ will lead to a summer tropospheric-
lies have been recorded so far and secondly polar strataype oxygen isotopic signature of nitrate through nitrate
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formation in the troposphere during transport from inland 50

to the coast, i.e AY"O(NO})iropo summer(26+£2)%0 (Mc- HVAS (ng m*)
Cabe et al., 2005a), whereas reemitted HNBould have 45

a mean value ofAY’O(NO3)snow™(30£2)%0 correspond- T_.\ O 100
ing to the isotopic composition of nitrate at the surface of _*'] \g @ -® O 20

the snowpack. Overall, summing up these two contribu-
tions should yield for the inorganic nitrate reaching the coast:
ATO(NO;)=28.0+4%.
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4.3.5 Nitrogen isotopes of continental sources
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In other parts of the world§1°N ranges betweer-20 to 201 -
+20%o in particulate nitrate (Hoering, 1957; Moore, 1977,
Freyer, 1978, 1991; Heaton, 1987; Fogel and Paerl, 1993; 15 ‘ ‘ ‘
Freyeretal., 1996; Koba et al., 1997; Pichimayer etal., 1998; % Minim%?jErythemal (I’)'(l)ge (MED) m?;fﬂ noon 020
Russel et al., 1998; Burns and Kendall, 2002; Campbell et

al., 2902; Hastings et al., 2003), nitrate in Arctic snow or ige Fig. 5. Yearly cycle OfA17O(NO§) as a function of local in-
(Hastings et al., 2004, 2005; Heaton et al., 2004), alpine ic&olation (proportional to daily minimum erythemal dose (MED)).
(Freyer et al., 1996), and N@Moore, 1977; Heaton, 1990). The size of the circles refers to the concentration of atmospheric
We note that this range encompasses the stratospheric valueirate for each sample. Maximum MED correspond to summer
deduced in Sect. 4.2.1. We suggest therefore dFat of conditions, while minimum MED (0) correspond to winter condi-
nitrate is not a suitable tracer to discriminate between stratotions. A70 shows a tendency to higher values in winter and lower

spheric and tropospheric sources of nitrate, in contradictiory@lues in summer, consistently with the developments by Michalski
to the study of Wagenbach et al. (1998) et al. (2003) and the details given in the text. Late winter values

(increasing MED) are shifted to high&rl 7O values because of the
influence of the stratosphere: the denitrification occurring in mid-
winter leads to a sudden increase by ca. 8%AM O values, with

a small concurrent concentration increase (Period 3, see text for de-
Tropospheric ozone generally has a lower isotopic anomalyajls). The large concentration peak (largest circles in the figure) is
than stratospheric ozone (Krankowsky et al., 1995; Irion etstill isotopically influenced by the stratospheric source of nitrate to
al.,, 1996; Johnston and Thiemens, 1997; Mauersberger etlower extent, due to snowpack processing and tropospheric oxida-
al., 2001; lammerzahl et al., 2002). Tropospheric-producedtion mechanisms for re-emitted N@Period 4, see text for details).
nitrate is therefore expected to have lower isotopic anoma-

lies than nitrate produced in the stratosphere (Fig. 4). Re
cently, Morin et al. (2007) measured a high anomaly in tro-
pospheric nitrate samples from the Arctic. Indeed, in the
springtime Arctic boundary layer, characterized by signifi-
cant levels of BrO, BrON@ hydrolysis can become a ma-
jor route of HNQG; formation. As in the case of stratospheric
chemistry, such oxidation pathways involving halogen chem-
istry can enhance the oxygen isotopic anomaly transfer from4
precursors to products. However, satellite-derived tropo-
spheric BrO maps show that the DDU area never experisymmarizing all the information developed in the latter sec-
ences significant BrO blooms (Richter et al., 2002). Thetjons, we obtain the following main estimations:

DMSO/DMS ratio at DDU does show an anomalous increase

which may be related to the fast oxidation of DMS to DMSO  — stratospheric PSC nitrate should possess an iso-
by BrO (von Glasow and Crutzen, 2004), but only in August ~ topic composition ofs*>N(NOy)stratc(19+3)%o and

(M. Legrand, personal communication, 2006). In addition, AYO(NOy)stratg=(17-43)%o,

air masses reachilng_ DDU mainly originate from the interior the isotopic composition of tropospheric nitrate is
of the continent (Knig-Langlo et al., 1998) and are not ex- best constrained b§SN(HNO3)=(—20 to +20)%o and

posed to marine BrO-enriched conditions for a long period. A0 from 28 to 30% and 22 to 25%. for wintertime
The tropospheric halogen chemistry seems therefore to be

marginal, but needs further investigation. During nighttime
formation of HNG, more oxygen atoms of ozone are incor-
porated. Based on Michalski’s observations'’O ranges — snow-emitted nitrate (including nitrate formed by con-
from 28 to 30%. and 22 to 25%. in the troposphere for winter- version of its snow-emitted precursors such asyNO

4.3.6 Oxygen isotope anomaly in the troposphere

time and summertime, respectively (Michalski et al., 2003)
(see Fig. 4 for the complete scheme). In the absence of more
systematic surveys of tropospheric nitrate oxygen isotopic
composition, we assume that Michalski's approach is also
valid at DDU and any values outside these ranges is an indi-
cation of a possible different process.

4 Seasonal variations

and summertime, respectively, ignoring any possible
halogen chemistry at ground level,
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is expected to posse&ls'sN(Nog )emitted=—34E7%0 and 4.4.2 Period3

A17O(NO;a:)emitteu‘¢28%0,

In the Antarctic, unlike the Arctic, stratospheric denitrifica-

tion is accompanied by a simultaneous dehydration in late

winter (Fahey et al., 1990; Santee et al., 1995). As PSCs

penetrate the troposphere they evaporate and liberate both

3HHO vapor and HN@ gas. This period is characterized

— air mass meteorology at DDU is dominated all year- by a small but significant enhancement of particulate nitrate
round by inland drift, concentration, in phase witt activity of the snow found in

the coastal site of Halley Bay (Fig. 1a), strongly suggesting

r@e stratosphere as the source for the p;N@ak during Pe-

— subsidence and penetration of PSCs into the troposphe d3. This int tation is furth ted by th
occur during the wintertime/springtime transition when riod o. This interpretation IS further supported by the oxygen

the tropopause barrier is weak and the lower strato-Sotope anomalies during this period. At this period of the
sphere very cold year, AL’O peaks at values only observed in the Antarctic

atmosphere. Using the most extreme ozone isotope anoma-
lies and the upper limit of the transfer coefficient, we can
explain the nitrate oxygen isotope anomalies. Considering
that stratospheric ozone generally possesses a higher oxy-
From January to July, corresponding to our period 1 andgen anomaly than tropospheric ozone, we suggestthad
2, Wagenbach et al. (1998), using radionuclide tracers, espeak represents a further argument in the direction of a strato-
timated the relative contribution of tropospheric and strato-spheric origin for the nitrate of period 3. At this stage, how-
spheric sources to be roughly 1:1, with some variability from ever, there are too many unknowns to go beyond these quali-
month to month. At this time of the year, the stratospherictative arguments, especially in absence of better constrains of
input is the result of air mass intrusions. Based on our datathe isotope anomaly transfer betweesIlIDx/NOy species.
we are unable to prOVe or diSprove this estimate. The nitro- Because Of the Over|ap between nitrogen isotopic Compo_
gen isotopic signature of tropospheric nitrate overlapping thesjtion of stratospheric and tropospheric-produced nitfaie,
stratospheric range (Moore, 1974; Heaton et al., 2004), it issignatures of the period 3 do not contribute to additional evi-
impossible from our dataset to distinguish the exact influencejence, but are compatible with a stratospheric origin.
of these two reservoirs. We cannot draw firm conclusions gy calculations performed previously (Sect. 4.1.1) do
about the slow increase i°N from —20 to 10%. between  not contradict this suggestion. We estimated the additional
January and end of August. We note however that during thigoncentration per day to be around (3218.4) ng nt3d-1.
period, the average temperature drops from ©16°C and At first glance, this value seems to overestimate the observed
kinetic isotopic effects associated with inter coupling ofNO increase in atmospheric concentration during Period 3 rel-
species and a decline of photochemistry might be an explaatively to the Period 4 concentration increase. However, it
nation for this trend ird°N values. should be borne in mind that part of this stratospheric ni-
The oxygen isotope anomaly indicates two different trate will be transported outside Antarctica and some others
regimes, withAl’O ranging between (22-25)%. and (20— will be stored temporarily and/or permanently in snow. Mea-
33)%o for summer (January—March) and fall (March— mid surements suggest that the Antarctic plateau receives 2.4—
July), respectively. Figure 5 exhibits the oxygen isotopic 5.7 kg N knt2 a1 from denitrification (Muscari et al., 2003)
anomaly versus the minimum erythemal UV doses (MED)among which 2.1kg N km? a1 are buried as nitrate, based
received at ground level in 2001 in DDU. Erythemal UV onice core analysis (Legrand and Kirchner, 1990). Meteorol-
doses are used here as an indicator of sunlight intensity. Aggy of PSC above DDU supports the hypothesis of a strato-
sunlight wanes AT’O(NO;) increases. AYO ranges ob-  spheric source for the late winter concentration peak.
served during period 1 and 2 (lower line in Fig. 6) are in good
agreement with the ones reported by Michalski et al. (2003)4.4.3 Period 4
for summer and winter, respectively. We therefore suggest
that the oxygen isotope anomaly of nitrate from JanuaryConsidering the arguments developed above, we propose that
(high MED) to July (low MED) is the result of tropospheric the November/December nitrate peak is not the direct result
NOy chemistry, as modeled by Michalski et al. (2003) and of PSC subsidence as suggested by Wagenbach et al. (1998).
suggested by Hastings et al. (2003, 2004) and this result¥he most striking feature of th&'®N time series are the
could be a powerful technique to constrain oxidant fields innegative values observed during period 4 (Fig. 1b). Such
this part of the world. This indicates that the winter sourcelow values are in remarkable contrast with the tropospheric
of nitrate is most presumably oxidation of tropospheric back-range and call for a distinctive process peculiar to Antarc-
ground NQ, probably generated by organic nitrates (PAN + tica, since no other parts of the world show such a depletion
alkyl nitrate), en route to Antarctica. (Heaton et al., 2004). Estimation of the nitrogen isotopic

— nitrate source fluxes from snow and PSCs are both com
patible with late spring nitrate concentration peaks,

4.4.1 Periods1and?2
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composition of reemitted Nfrom the snow strongly sug- September is most likely associated with polar strato-
gests that snow emission is responsible for the late spring  spheric cloud subsidence.

concentration peak. We are not aware of any other source ca-

pable of producing such lo®N isotopic ratios, especiallyin 3. Snow reemissions of NQOand nitric acid from the inte-
the atmosphere. This suggestion has the advantage to elimi-  rior of the Antarctic continent seem to be the principal

nate the time lag that was persisting betwédrand PSC ni- cause of the major late spring peak. Only this source has
trate in Wagenbach et al. (1998), a failing already mentioned  all the characteristics necessary to generate atmospheric
and unexplained by these authors. nitrate that is highly depleted iPN.

Oxygen isotope anomalies during this period are compat- ) _
ible with snow emissions if one assumes an equal mixture2Ur new scenario, backed up by mass balance calculations,
of snow-emitted HN@ and snow-emitted NQ the former reconciles the expected simultaneity between the tritium
having the mean annual oxygen isotopic signature of in-maximum and a nitrate concentration maximum if both de-
land snow, the latter acquiring a tropospheric signature durf!Ve from stratqspherlc sources. Furthermore., It suggests a
ing transport from inland to the coast. This suggestion of-higher oxygen isotope anomaly of stratospheric nitrate com-
fers a possible explanation for the offset observed in Fig. 6Pared to tropospheric nitrate. However, we also pointed out
with summertime nitrate still possessing a fraction with athe weakness and current limitations of isotopic studies in
stratospheric-type oxygen isotopic compaosition. the absence of a better quantification and understanding of

Inland drift of air masses is symptomatic of the DDU wind the anomalous oxygen transfer from reactants to products.
field. Our estimate of N@fluxes from the snow supports As further directions of research, we can list (not in order of
our conclusion, based on concentration profiles observed &ROrity):

different low accumulation sites. . . e .
1. The internal isotopic distribution of ozone isotopomers

(Tuzson, 2005),

5 Summary and conclusions ] . )
2. The reaction mechanism betweerng @nd reactive

Year-round aerosol collections of inorganic particulate ni- species (with halogen for instance) and more generally
trate have been analyzed for their isotopic content. This  the photochemical equilibrium between @nd NQ,,

study constitutes the first oxygen and nitrogen isotopic sur-

vey of atmospheric nitrate in coastal Antarctica. Using the 3. A comprehensive transport/chemistry model adapted to
bacterial denitrifier technique in combination with a novel polar chemistry to establish the main oxidation path-
N>O decomposition method, t18&80, A170 ands1°N have ways leading to nitrate formation,

been precisely measured on small samples. Size-segregated ) o
analyses show no fundamental differences in the seasonal4- Measurements of the spatial and temporal variations of
variation between particle size fractions below and above  theisotopic composition of nitrate in air and snow,
1um, even if significant differences exist for individual . . .
samples. In the absence of multiple year analysis, we 5. Meggurgmgnts of the stratospheric ozone isotopic com-
have ignored these differences and decided to treat only the position inside the polar vortex,

gifsk:gv(\jll ésd(;tgp; \;vheéggrt%(ijna(\)/fe :ﬁgeojc?: : Ié)xﬁgg:]yliggtg:; 6. Measqrements of the isotopic composition of nitric acid
anomaly A170) and the!®N fractionation constants in the found in PSCs.

stratosphere and snow, we consider we have established ti?ﬁ summary
main isotopic characteristics of tropospheric, stratospheric ’
and snow reservoirs of nitrate at least semi-quantitatively.
comparison between our isotopic dataset and the isotopic siq
nature of these sources suggests the following scenario:

the dynamics of atmospheric inorganic nitrate in
toastal Antarctic boundary layer can be described by a stable
ropospheric background source with the stratosphere inject-
ng large amounts of nitrate via polar stratospheric clouds
denitrification in late winter, with the majority of it captured

1. The precise source of background concentrations of at&nd trapped in the snow until the thermodynamical condi-

mospheric nitrate is not identifiable. However, 8180 tions of spring/summer times allow for its release from this
and A0 of background atmospheric nitrate are com- buffered reservoir. Such a scenario could be further tested as

patible with nitrate formed predominantly in the tro- foIIovys: late wiqter in the Anta}rctic plateau sh(_)u_ld bg char-
posphere, with isotopic variations being explained by actenzed_ by a hllgh concentration of gaseous nitric acid. Data
sunlight-driven changes in the mechanism of,Ni- to test thls predlctlorj are not.currently available. Wg want to
dation to HNG. emphasize that particulate nitrate measurements will not be a
suitable measurement to reveal such seasonal features in in-
2. Estimates of the stratospheric isotopic composition ofland sites. Nitric acid has a high affinity to alkaline aerosols,
nitrate revealed that the secondary peak around Augusttherefore revealing more the seasonality of aerosols than the
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nitric acid concentration variability. We expect other tropo- be considered here to estimate #8l/1*N of stratospheric

spheric trace gases to be also influenced by snowpack emitNOy. Based on transition state theory, Kaiser et al. (2002a)

sions in summer on coastal sites, a phenomenon already olfrave estimated, the isotopic fractionation constant of the Re-

served for formaldehyde (HCOOH) and hydrogen peroxideaction (R2a) exit channels. This reaction is characterized by

(H202) (Frey et al., 2005; Riedel et al., 2005). aldego, 0f —8.1%0. Rearranging equation Eq. (A2), and ap-
plying it to Reaction (R2a) gives:

Appendix A 515N (NO) = 515N (N,O) (1 415 sta) +35 ¢r0n

o . . . g ~ 515 15
Estimation of nitrogen isotopic composition of ~ 87N(N20) +7 er2a (A3)

polar stratospheric nitrate Since R, is small compared t¢°sr1| and since Reac-

tion (R2a) represents only 6 to 9% of the totalONsinks
(Fahey et al., 1990; Muscari et al., 2008}°N(N>0) in the
stratosphere is mainly controlled by Reaction (R1) and not
by Reaction (R2a). From Eg. (A3), it appears that the iso-

The 1°N/1N ratio of stratospheric pO can be described
empirically by a Rayleigh fractionation equation (Rahn and
Wahlen, 1997; Kaiser et al., 2002a, 2006; Toyoda et al.

2004): topic composition of NO in the stratosphere closely parallels
SIN(N,O) +1 45 w(N,0) N2O nitrogen isotopic profile for ali*®N(N,0) observed but
'”—515,\,(,\,20)0 T SS‘”"S'”—,,L(NZO)O (A1) shifted by—8.1%.. Combining Eq. (A1) and Eq. (A3), an an-

alytic expression fo81°N(NO) as a function of fractionation
wheres and.(N20) are the isotopologue ratio and mixing constants and D mixing ratio is obtained:
ratios of NbO, respectively, with the subscript “0” referring 5
to the initial value before decomposition (i.e. in the tropo- §°N(NO) +1 (1 15, ) (M(NZO)> Esinks (Ad)
sphere). esinks is the apparent fragtlonatlon constant' be'— 815N(N,O)g + 1 &\ L(N20y
tween NO and the overall destruction processes, which is_ ) ) »
related to the overall rate constant of the decomposition reP&fining /=u(N20)/1(N20)o, the isotopic composition of
action involving heavy (k) and light (k) N,O isotopologues ~ accumulated NO for any givefi (i.e. altitude or NO mixing
and binds the isotopic composition 0p8 and the products:  'atio) is obtained by integrating Eq. (A4):

15 _ <15 815N NO + 1 f 158 ) k§l
Sess = 11— 1= SINEOAUCISIINNO) ) SIS (14850 S S el )
ki 1+ §15N(N,O) S1N(N,0O)p + 1 fdf
Isotopic fractionation of MO during photo-dissociation and 1

oxidation-reduction have been studied intensively (\]OhnStOYAfter integration and rearrangement, we have:
et al.,, 1995; Rahn and Wahlen, 1997; Miller and Yung, .
2000; Fobckmann et al., 2000; Zhang et al., 2000; Kaiser etm: (1+158R2a) 1+81°N(NoO)g 1— f1+ Fanes
al., 2002b, 2003b), and these studies yielded a high quality 1+15ginks 1-f
dataset to estimate tHéN composition of the MO decom-

(A6)
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