N
N

N

HAL

open science

Signature of Arctic surface ozone depletion events in the
isotope anomaly (A170) of atmospheric nitrate
S. Morin, J. Savarino, Slimane Bekki, S. Gong, J. W. Bottenheim

» To cite this version:

S. Morin, J. Savarino, Slimane Bekki, S. Gong, J. W. Bottenheim. Signature of Arctic surface ozone
depletion events in the isotope anomaly (A170) of atmospheric nitrate. Atmospheric Chemistry and

Physics, 2007, 7 (5), pp.1451-1469. 10.5194/acp-7-1451-2007 . hal-00327970v2

HAL Id: hal-00327970
https://hal.science/hal-00327970v2
Submitted on 6 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00327970v2
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 7, 1451469 2007 iy —* -
www.atmos-chem-phys.net/7/1451/2007/ Atmospherlc
© Author(s) 2007. This work is licensed Chem |stry

under a Creative Commons License.

and Physics

Signature of Arctic surface ozone depletion events in the isotope
anomaly (A1’O) of atmospheric nitrate

S. Morin?, J. Savarindt, S. Bekk?, S. Gong, and J. W. Bottenhein?

1L aboratoire de Glaciologie et deg@physique de I'Environnement, Centre National de la Recherche Scientifique —
Universi€ Joseph Fourier, Grenoble, France

2Service d’Aeronomie, Institut Pierre Simon Laplace, Univezditierre-et-Marie Curie, Paris, France

3Environment Canada, Toronto, Ontario, Canada

Received: 21 April 2006 — Published in Atmos. Chem. Phys. Discuss.: 12 July 2006
Revised: 12 February 2006 — Accepted: 6 March 2007 — Published: 13 March 2007

Abstract. We report the first measurements of the oxygenratio in the sample or the Standard Mean Ocean Water
isotope anomaly of atmospheric inorganic nitrate from (SMOW) taken as a referenc8dertschi 1976 Li et al.,
the Arctic. Nitrate samples and complementary data werel988.
collected at Alert, Nunavut, Canada (82 N, 6219 W) in Thiemens and Heidenreich 1(1983 discovered that
spring 2004. Covering the polar sunrise period, characterizeéhass-independent fractionation (MIF) occurred when ozone
by the occurrence of severe boundary layer ozone depletioas produced from molecular oxygen. The resulting iso-
events (ODEs), our data show a significant correlationtope anomaly measured in atmospheric ozdtrarfkowsky
between the variations of atmospheric ozone)(@®ixing et al, 1995 Johnston and Thiemensl997 Mauers-
ratios andA 7O of nitrate A1’O(NO3)). This relationship  berger et al. 200 can be quantified as a deviation
can be expressed ass‘s”O(NOg)/%o = (0.15+0.03)x O3/ from the mass-dependent fractionation line as follows:
(nmolmol1)+(29.7:0.7), with R=0.70(n=12, for A70=5170-0.52x$80. The isotope anomaly of ozone
A17O(NO§) ranging between 29 and 35 %o. is transmitted through chemical reactions in the atmosphere
We derive mass-balance equations from chemical reacto other oxygen bearing compound$h{emens 2008.
tions operating in the Arctic boundary layer, that describe theMichalski et al. (2003 showed that simple kinetics box-
evolution of AY’O(NO3) as a function of the concentrations modeling could reproduce the temporal evolution of the
of reactive species and their isotopic characteristics. Change§otope anomaly measured in particulate nitrate in a pol-
in the relative importance of §) RO, and BrO in the oxida-  luted marine boundary layer. Here we present the coupled
tion of NO during ODESs, and the large isotope anomalies ofevolution of AL’O(NO3) and ozone mixing ratio at Alert,
Os and BrO, are the driving force for the variability in the Nunavut (8230'N, 62°19 W) during the polar sunrise pe-
measuredﬁ”O(NOg). BrONO; hydrolysis is found to be riod in spring 2004. At Alert, like everywhere else in the
a dominant source of nitrate in the Arctic boundary layer, in coastal Arctic, surface ozone is subject to severe depletion
agreement with recent modeling studies. events (ODESs) in springtimeéBpttenheim et a).1986, dur-
ing which the ozone mixing ratio can decrease from around
40 parts-per-billion in volume (nmol mot), its mean back-
ground level, to values below the detection limit, and remain
at this level for several hours to several dap®ttenheim
Stable isotope studies have been used since the 1930s % al_, 2002. Ozo_n_e dgpletlon Is due _to catalytic cycles n-
\éolvmg ocean-originating halogen oxides and radicals such

constrain fluxes and processes taking place at the surfac A )
of the Earth. Mass-dependent processes such as theftS BrO Honninger and Plat002) but the understanding of

modynamic equilibria lead to a quasi-linear relation:shiptue pro]f:essgs g:p"vermgg tr:e ;(;Iegse of §uch cc&nép;]ounds from
between oxygen isotope ratios in oxygen bearing com- € surface is still a subject of debafofmine an epson

pounds: §170~0.525180, with the isotopic content re- 2009

ported as enrichments with respect to a reference material: 10 the b‘i?t of our knowledge, we report the first measure-
5=(Rsampld/ Rsmow—1) where R is thé”0,60 or 180,160 ments of A+'O of atmospheric nitrate in the coastal Arctic,

thereby expanding the global coverage of measurements of
Correspondence tdS. Morin) this variable. Permanent sunshine, sea-ice proximity and
(samuel.morin@Igge.obs.ujf-grenoble.fr the associated halogen chemistry responsible for ODEs call

1 Introduction
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for a detailed assessment of the mechanisms leading to thiess than 4% for all the measured cations. The contribution

production of atmospheric nitrate in these peculiar environ-of contamination to the total measured gl,(SOﬁ‘ and Br

mental conditions, in order to interpret the variations in theis less than 1%. Only Cl measurements are affected by a

AYO(NO3) record. 10% blank effect. The collection efficiency of this sampling
device has been estimated tob85% by Sirois and Barrie
(1999, based on previous work Biatts et al(1987).

2 Experimental Existing literature on the collection of atmospheric inor-
. _ ganic nitrate by means of high volume sampling on a vari-
2.1 Measurement site and sample collection ety of media show that none is devoid of sampling artefact

(e.g.Schaap et al.2002. The use of cellulose acetate fil-
Measurements and sample collection were performed at thgsrs [eads to the quantitative collection of both particulate ni-
Global Atmospheric Watch (GAW) observatory and at the trate (p-NO;, in the form of ammonium nitrate and other
SpeCial Studies Trailer (SST) which are located on a plateaUmitrate Sa'ts) and gaseous nitric acid (Hﬂothe sum Of

190m above sea level and 6km to the south-southwest ofyhich being referred to as total inorganic nitrate (TIRot-
Canadian Forces Station Alert, the main base at the coagenheim et a.1993. However, it is worth keeping in mind

of Northern Ellesmere |S|and, from 29 March 2004 until 18 that the measurementsAFJO(Nog_) based on filter collec-

May 2004. tion are not suspected to be sensitive to the chemical form
Surface ozone was measured at the SST site with a UV abof nitrate (either gaseous HN@r particulate NQ) because
sorption instrument (model TEI 49-C, Thermo Environmen- any fractionation occurring at the interface between the gas
tal Instruments, Inc., Franklin MA, USA), calibrated against phase and the particulate phase obeys mass-dependent rela-
standards traceable to the National Institute of Standardgionships, without affecting thal’0 value. In what follows,
and Technology (NIST). Measurements with this instrumentywe present and discugs:wO(Nog) measurements, which
were terminated on 4 May 2004. In order to analyze ozonerepresent the integrated isotope anomaly of oxygen of TIN.
measurements during the entire period of isotopic measure-
ments, the gap between 4 and 18 May 2004 was filled by2.3 Isotopic analysis
using the raw (uncalibrated) ozone GAW dataset, and re-
calibrating using a linear regression against the SST ozon&he isotopic analysis was performed using the method de-
dataset over the overlapping period of measurements. Theeloped byMichalski et al.(2002. Chloride and sulphate
time resolution for ozone measurements is 30 min. were precipitated out of the samples, using Baot SOﬁ‘
Aerosol samples were collected on cellulose acetate filtereind subsequent removal of chloride using an Ag-form ion-
(Whatman 41) on a semi-weekly basis using a high volumeexchange resin (AG 50W-X8 200-400 Mesh size, Bio-Rad,
aerosol sampler operated by Environment Canada since 1988ercules CA, USA). Nitrate was then isolated by Dionex
(see e.g. Sirois and Barrig(1999 for details on sampling ion chromatography and converted to silver nitrate using an
procedures). Each of the 14 samples was collected over @n exchange column (Dionex AMMS Ill, 4 mm) where the

period of 3 or 4 days. usual regenerant was replaced by,8@ (2.5 mmol ).
The triple isotope composition of oxygen in AgN@as de-
2.2 Chemical composition analysis termined by thermal decomposition at 380in a vacuum

line and analysis on an isotope ratio mass-spectrometer (Dual

First, ionic species trapped on the filter were dissolved ininlet IRMS, Finnigan MAT 253). All the analytical steps
40 ml of ultra-pure water (Millipore). 100l aliquots were  were simultaneously performed on nitrate standards (Inter-
analyzed for major anions (C) Br-, NO; and S§) and  national Atomic Energy Agency USGS 34 and USGS 35,
cations (N&, C&*, Mg?+, K* and NH}) using the ion-  with A70=-0.1%. for USGS 34 and 21.6 %o for USGS 35,
chromatography system describedJaffrezo et al(1998. Bohlke et al, 2003. A correction of the rawA'’O values
Four field blanks were performed to assess the contributiorwas performed in order to remove the effect of the contam-
of possible contaminations induced by the manipulation ofination from the formation of silver oxide at the surface of
filters and by the filters themselves because Whatman 41 filthe silver capsules used for the thermal decomposition of
ters were guestioned regarding their initial content in someAgNO;3 (Michalski et al, 2002). This contamination was es-
trace element3iatts et al.1987). Field blank samples were timated to be on the order of (0.26.05) pmol of ambient
obtained by loading clean filters in the sampler, keeping thenD, (A170(0,)=-0.3 %o, Barkan and Luz2005, to be com-
there for 5 min and packing them exactly like the actual sam-pared with the size range of our samples (between 1 and 2
ples. The contamination term was estimated by dividing theumol of &, after the decomposition). A mass balance equa-
measured amount of species by the typical volume pumpedion was used to correct each measured value for this con-
through regular filters (ca. 10 00 tamination effect.

For the samples presented here, the blank contribution, in- Uncertainties on thex”O(NOs‘) values originate from
tegrating all possible sources of contaminations, representthe internal reproducibility of the mass spectrometer
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(accounting for about:0.3 %0 for a detector voltage of T
500 mV in average) and from the correction of the blank ef-

fect (accounting for about1.0 %o, due to the propagation of 40

the uncertainty affecting the size of the contamination term, s ®
see above). Both of these sources of uncertainty vary with -
the size of the samples. Because of an extremely low con- 30

centration of nitrate in two samples, the thermal decomposi-

tion yielded a too small amount of@o be reliably analyzed. 25— T
Therefore we present here the data obtained on 12 samplesg e |
in terms of their isotopic composition. 5204 T ®
All A0 values reported in this article were calculated g
from thes1’0O ands'80 values using the linear expression: S15- x
AYO=5170-1. x 6%80(1=0.52) (1) wd 4]
This definition forA’O has been extensively used for ni- 5|
trate oxygen isotopedichalski et al, 2002 2003 Alexan- 4
der et al, 2004 McCabe et a.2005 Savarino et a].2006. 0 : : : : Lo
It has the advantage over alternative forms (®lijer, 2002 25-3 5.4 164 274 8-5 19.5
Bohlke et al, 2003 Kaiser et al.2004 Zahn et al.2006 that Date in 2004 (UTC)

mass-balance calculations can algebraically be easily derived

(Kalsgr et al.2004. In addmon_a for nitrate, genera_lly char-  Fig. 1. Time series of the ozone mixing ratio (diamonds, black line)
acterized by elevated>20 %o) isotope anomalies in atmo- and particulate bromide concentration (circles, green dashed line).
spheric contexts, the choice for the mathematical expressiomhe error bars associated to the ozone mixing ratio represent its
of A’O is not as crucial as for slightly anomalous speciesvariability (1) within each averaging period. The concentration of
(e.g. NO), for which the linear definition may be responsi- particulate bromide carries an uncertainty of about 10%, not shown
ble for inaccuracies and interpretation errors, as pointed oufor clarity.

by Kaiser et al(2004. The difference betweenl’O values

calculated with two different definitions generally lies within o _ _
less than 1 %. for atmospheric nitrate samples. are ubiquitously observed in coastal polar regions (see the
high-resolution time series on Fig) (Tarasick and Botten-

heim 2002. To quantify its link with the other variables, the
3 Results 0zone mixing ratio was averaged over each sampling period

o (i.e. 3—-4 days). The minimum averaged ozone mixing ratio
We present the data acquired in Alert, Nunavut, between 29,55 (5.2:1.9) nmol mot-2.

March 2004 and 18 May 2004. They mainly consist of me-
teorological observations (temperature and precipitations)z 3 particulate bromide and BrO
0zone mixing ratios, aerosol inorganic composition and the

triple isotopic composition of oxygen in inorganic nitrate.  The Fig.1 shows the coupled evolution of the 0zone mixing
ratio and the particulate bromide content. Particulate bro-
mide (Br-) ranged between 2 and 20 ngf Elevated Br

hkevels 10 ng nT3) were associated in two cases with ozone

During the course of the measurement campaign, sunlig leted ai hich i istent with the first ob
was permanent. The mean daily temperature ranged betweeﬂ'?'_3 €led air masses, which IS consistent wi € Tirst obser-
vations at Alert Barrie et al, 1988. Particulate bromide

—30 and—-10°C, gradually increasing over the measurement” =" tes f th ’ £ BrG= Br + BrO) and
campaign. Cumulative precipitation (snow) was 22 mm dur-f)”.g'g.a e? roTth e.ctonvgtrsm?t(r)] h£0|1= ' dr t) znODE
ing this period, with only one majors(8 mm) snowfall oc- IS Indicative ot the intensity of the halogen-mediate

curring on 12 April 2004. Weather conditions were most of ch?jrglstry. ?()vaé%\:)er, .a? ewdegc(e)d t.)ghrer ?.t a;l.(19z7)
the time calm and clear. The barometric pressure ranged pgndevans e al(2003, inferring BrO mixing ratio from Br

tween 999 and 1042 hPa over the course of the measuremeﬁtonly possible for "m"efj periods of times. .
campaign. Unfortunately no continuous record of BrO is currently

available for the spring 2004 period at Alert, but on some
3.2 Ozone occurrences the mixing ratio of BrO could be derived from
Multi-Axis Differential Optical Absorption Spectroscopy
The ozone mixing ratio was highly variable during this pe- (MAX-DOAS) measurements carried out at Alert or in its
riod, and its time series features several drastic drops, comwicinity. Morin et al. (2005 have shown that on 22-23
monly referred to as ozone depletion events (ODEs) whichApril 2004, BrO ranged between 1-3 pmol mbél(“normal”

3.1 Meteorology

www.atmos-chem-phys.net/7/1451/2007/ Atmos. Chem. Phys., 7, 14692007
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Backtrajectories Br

‘ Alert during the sampling period (March—April 2004) were
Bringm) used to identify the origin and history of air masses. The me-
teorological data used for trajectory calculations originates
from the European Centre for Medium Range Weather For-
casts (ECMWEF). The spatial resolution is T106, which corre-
sponds to a latitude/longitude resolution of 1.15%.125,

0- 9 the temporal resolution is 6 h and 60 levels are available in
So-. 60 the vertical direction. It is worth pointing out that trajecto-

o- 30 ries for surface sites calculated from large-scale meteorolog-
ical analyses are certainly far from being very accurate. Al-
though their usefulness is limited for specific and small-scale
events, they can nonetheless provide relevant information on
the gross features when large numbers of trajectories are con-
sidered. Each backtrajectory represented in Eig.a mean
of all the backtrajectories starting from Alert at 500 m alti-
tude every 6 h during the collection period (about 3—4 days)
of each sample. The method to calculate the mean of N back-
trajectories is the following: each mean position is calculated
as the mean of the N positions, i.e mean of N longitude and
latitude. Note that the mean calculated here using polar coor-
Fig. 2. Mean 6-days backtrajectories of air masses arriving at Alertdinates is not the actual mean in a cartesian grid, but this does
during the sampling period (March-—April 2004). Each backtrajec- ot haye major repercussions in this case because the spread
tory Is a mean of all t_he bac'.(trajecmr'es starting from Alert every Iof trajectories for any given sample is small. The trajectories
6 h during the collection period (about 3—4 days) of each aeroso . o -

calculated here provide an indication of the mean origin and

sample (for a total of 12 samples). This provides an indication of the ~ ) . )
origin and history of air masses contributing to a given aerosol sam-h'StOry of air masses contributing to a given aerosol sample.

ple. The filled circles represent the position of the air masses every Backtrajectories starting at 1km altitude (not shown here)
days. The circles and lines are color-coded according to the particlavere also considered but the overall features were similar.
bromide concentration measured in each sample (inT§)nNote Each mean trajectory (corresponding to an aerosol sample)
that most samples with enhanced bromide concentration are assodis color-coded in Fig2 according to its particulate bromide
ated with trajectories originating from the Siberian side of the Arc- content, which is indicative of the activity of the heteroge-
tic basin or to rather motionless air masses, sitting over the Arcticneous bromine chemistry responsible for ODEs.
Ocean. Such areas are bglieved tq be key locations for the bromine The conclusions that can be drawn from the analysis of the
heterogeneous chemistry involved in Arctic surface ozone depletlor]:ig_ 2 are in line with other studies discussing the origin of
events. ozone depleted air masses (e-ppper et al. 1998 Morin

et al, 2005 Zeng et al. 2006 Bottenheim and Char2006

ozone) and 10 pmol mot (strong ODE). This is in line with ~ @nd referenggs thergin). In most cases, drastic chapges in
measurements presentedgnninger et al(2004, carried  the 0zone mixing ratios observed at Alert at polar sunrise are
out in the vicinity of Alert in spring 2004. Overall, there related to the movement of air masses. During the course
seems to be evidence that, even during the strongest ODESf our measurement campaign, most air masses depleted in
BrO never reached values significantly above 10 pmolthol 0Zone were advected at low altitude above the ice pack over
in spring 2004. the Arctic Ocean region before reaching the coastal sites.

Moreover, we could make use of the inverse correlation
between the mixing ratios of BrO and ozone, presented b);'S
Honninger and Plat2002. However, the data obtained by
Honninger and Plat(2002 at Alert show that BrO levels
rise over 5 pmol moi! only when ozone mixing ratios drop
below the threshold of 5 nmol mot. For moderate levels of
ozone & 5nmol mot1), the mixing ratio of BrO is more or
less constant and fluctuates around 2 pmofrhol

Inorganic chemical composition of the samples

Our main focus being the analysis of the isotopic composi-
tion of TIN, we only present here a summary of our measure-
ments of inorganic chemical composition of aerosols. Ex-
tensive reviews of the composition of inorganic aerosols ob-
served at Alert can be found elsewhere (&igois and Bar-
rie, 1999.

The relative composition of aerosol in terms of inorganic
anions was found to be invariant with time during April and

Following the approach dBottenheim and Cha(e00§ and ~ May, butthe total amount varied strongly. !?@SOE_“LCF
previous trajectory studies, 6-days backtrajectori@®lfl  ranges between 145 and 1900 nginin which CI~, NO3
et al, 1995 Stohl and Seibert1998 Stohl 1998 startingat and scj— represent (£6)%, (23-8)% and (628)% of the

3.4 Origin of air masses

Atmos. Chem. Phys., 7, 1451469 2007 www.atmos-chem-phys.net/7/1451/2007/
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Fig. 3. Coupled evolution of surface £omixing ratio (plain line) andA”O(NO?:) (e). Error bars represent the uncertainty due to the
mass-spectrometer internal standard error and the correction of the blank effect.

molar composition, respectively. Using a moIar*NBSOf[ et al. (2003 (La Jolla, California: 8180(NO§):50—89 %0
ratio in sea salt of 0.0603Hplland 1978, the calculated and A’O(NO;)=20-31%. during a year-round sampling
non-sea salt sulphate component (AS€%") is found to  campaign). More recenthBavarino et al(2006 reported a
account for more than 99% of the sulphate concentrationyear-round survey of atmospheric nitrate isotopes in coastal
Aerosols collected during this study represent a mixture ofAntarctica. 5180(No—) values range between 62 and 110 %o
sulphuric acid droplets and sea salt particles, on which inorgpd A”O(NO ) values range between 16 and 41 %.. High
ganic nitrate is adsorbeifois and Barrie1999. $180(NO3) values were also reported in snow at high lat-
We see no noticeable correlation between the concentrgtudes in the northern hemisphere. For examplastings
tion of inorganic nitrate and the origin of air masses (dataet al. (2004 reportedSlBO(NO ) values ranging between
not shown). Based on nitrate concentrations only, it is virtu-65 and 80 %. in samples coIIected at Summit, Greenland.
ally impossible to estimate the different sources of particu-Heaton et al.(2004 also found hlghSlSO(NO ) values
late nitrate, because alkylnitrate, peroxyalkylnitrates (PANS)60-85 %) in samples collected at Mjesund, Svalbard.
and other organic nitrate dominate the budget of nitrate in the=ina|ly, Alexander et al(2004 measuredA’O(NO3) in
Arctic. Thus, the variability in particulate nitrate concentra- the Site A ice core in Greenland, with values ranging be-
tions does not provide any insight into the budget of nitrateyyeen 27 and 29 %.. A direct comparison of our dataset with
(Sirois and Barrig1999. that of Savarino et al(2009 is impossible because strato-
spheric influences interfere with the composition of samples
3.6 Triple isotope composition of oxygen in atmospheric collected in spring in Antarctica, contrary to what is ob-
inorganic nitrate served in the Arctic. In a polluted marine boundary layer,
Michalski et al.(2003 have measured\’O(NO;)=23-
In Table1, we report elevated®O enrichments, wit180  25%. in March—-May. Our measurements for the same pe-
values ranging from 78 to 92%A’O(NO3) ranges be- riod of the year are significantly higher (+ 9 %o in average,
tween 29 and 35%. with an average value of 32.7 %0 Fig. 6) and strongly variable, with variations as large as
(£1.8%0, one standard deviation). The large temporal5 %o from one sample to the other. Most of these variations
variability of A17O(NO ) during this period is shown in are associated with the occurrence of ODEs. A linear re-
Fig. 3. High isotopic enrlchments and anomalies are ex-gression betweezk“O(NO ) and the average ozone mix-
pected in atmospheric nitrate: in terms of range, our meaing ratio over the coIIect|on period of each aerosol sample
surements are consistent with previous measurements dfives: A”O(NOg)/%o: (0.15£0.03)x Os/(nmolmolt1) +
8180 and A0, such as those carried out Bfichalski

www.atmos-chem-phys.net/7/1451/2007/ Atmos. Chem. Phys., 7, 14692007
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Table 1. Summary of the data used in this study. Date ON repre- T
sents the time (UTC) when the sample started to be collected. Less
than 5 min separate each sampling period (data not shown), so the 35
end of sampling corresponds to the beginning of the next sample.

All data represent averages over each sampling period. \
34 1
Date ON Temp. (¢)  NOj O3(1o)  AOoNO3) sBONOZ) S
UTC (in 2004) K ngnt3  nmolmol?! %o %o §
29 March 18:26 243 (5) 52 10.4(10.3)  30:31.2 90+ 4 ~ 33
1 April 18:26 245 (3) 106  16.7(16.4) 319809 83+ 4 o‘"
5 April 19:48 243 (2) 120 12.3(9.1) 33813 85+ 4
8 April 18:44 244 (4) 150 31.1(85) 33510 85+ 4 é
12 April 19:40 252 (2) 151 17.4(9.0) 33408 89+ 4 S 32
16 April 15:55 252 (2) 136 19.7 (9.0) 34110.8 88+ 4 =
19 April 20:04 253 (3) 132 335(9.4)  3500.8 88+ 4 <
22 April 17:30 257 (4) 142 30.7(14.2) 348008 87+4
26 April 19:16 252 (2) 32 9.4 (6.3) 29:80.6 82+ 4
30 April 17:58 253 (2) 155 16.4(8.6)  3240.8 84+ 4 31
3 May 19:58 253 (2) 110 5.2(1.9) 30430.7 78+ 4
7 May 15:19 258 (2) 49 17.8 (8.6) n.a. n.a.
10 May 21:18 261 (3) 105 247(7.8)  33190.9 92+ 4
14 May 17:00 263 (1) 42 32.8(7.6) n.a. na. 30

%‘I& | | | | |
0 5 15 20 251 30 35 40
(29.7+0.7), with RR=0.70 (n=12), showing that a strong link 05 (nmol mol™)

exists between these two variables (see £g. Fig. 4.  Correlation plot of AL’O(NO7) vs. 03. Ozone

measurements are averaged over the collection period of each
aerosol sample, horizontal error bars refer to one standard devia-
tion. The linear regression is\17O(NO3 )/%0=(0.15:0.03) x O3
/(nmol mol1)+(29.7£0.7), with RR=0.70 (n=12). The dash line

. . indicates the chronological order.
The isotope anomaly of ozone is transferred to the precursors g

of nitrate in various proportions depending on the reaction

pathway. Identifying and quantifying the relative magnitude  \yhere RQ represents all peroxy and alkyl-peroxy radi-
of each of them, and their possible variations, are key towards 3|5,

understanding the origin for the isotope anomaly measured

in TIN and its temporal variationsVichalski et al, 2003. — NO; is converted into atmospheric nitric acid and par-
First of all, we briefly recall the basic tropospheric chemistry ~ ticulate nitrate through one of the following main reac-
of ozone and nitrogen oxides, and classical pathways leading  tion pathways :

to the formation of nitrate. Then, we detail the key processes

4 Ozone, nitrogen oxides and bromine oxides chemistry
in the springtime Arctic troposphere

responsible for the depletion of ozone in the Arctic tropo- NO, + OH M HNO3 (R5)
sphere. Finally, we show how ODE-related processes could NO, 4+ O3 — NO3 + O, (R6)
ff h f ni i he f i f ni-
za?gtt e budget of nitrogen oxides and the formation of ni NOs + RH — HNOs -+ products (R7)
M
NO3 + NOz = N»Os 2% 2HNO; (R8)

4.1 Basic tropospheric chemistry of ozone and nitrogen ox-
ides The recycling of nitrogen oxides occur on time scales of

In most of the troposphere, nitrate is known to be formedminmes. (Iifgtimelof. NQ.With respect FO photolysis) and the

from the oxidation of nitrogen oxides (e.ginlayson-Pitts conversion into nitric acid occurs on time scales of a day typ-

and Pitts 2000: ically.
— nitrogen oxides (NQ) are primarily recycled through 4.2 Bromine oxide (BrQ) chemistry and ozone depletion
the following photochemical cycle : events
N It is now well established that bromine is the key radical
NO, = NO + O(3P) J (R1) responsible for tropospheric ozone depletion in the Arctic
3 M (Bottenheim et a).2002. Bromine originates from sea-salt.
OCP) + 02 = Os Koto, (R2) The exact location where bromide is activated into radical
NO+ O3 — NO2+ Oz knotos (R3)  forms, that can destroy ozone, is still a subject of intense
NO+ RO, - NO2+ RO kyo+ro, (R4) research@omine and Shepsp2002 Sander et al.2006.

Atmos. Chem. Phys., 7, 1451469 2007 www.atmos-chem-phys.net/7/1451/2007/
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> HON
Total
inorganic
nitrate
Photochemical
cycling of NO_ (TIM
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Fig. 5. Chemical cycling of nitrogen oxides (NQand total inorganic nitrate (TIN) in the context of ODESs in the Arctic spring at Alert.
Oxygen atoms are color coded according to their isotope anomaly, determined by the reaction between parent molecméhreﬂ :

ozone (25-35 %o), greenal’0 = 0 %o, braun :A17O(OH) (variable), blue :A170 of terminal oxygen atoms of 0zone (30—42 %), violet :

A0 of NO, (variable, see text for details)). The night-time chemistry channels are mentioned for completeness (2 dots 3 dashes-arrows).
Note that these channels are suppressed in the case of this study, since sunlight was permanent during the sampling campaign. Majo
reactions involved in anomalous oxygen transfer (for day-light reactions only) are highlighted using thicker arrow. Processes responsible for
the release and the cycling of BrO are simplified (modified adfi@nninger and Bottenhein2003.

Sea-salt aerosol&én and Jacqld 992, but also the seasonal In what follows, we neglect Cl chemistry, since Br is by far

snowpack Tang and McConnell1l996 Sander et a).1997 the most active halogen during ODHs$dnhninger and Platt

Michalowski et al, 2000 should be the predominant sources 2002. However, taking into account Cl would be crucial

of bromine in the atmosphere. for stratospheric studies where chlorine chemistry dominates
BrO is produced by reaction of Br with ozone, and plays anover bromine chemistry.

important role in the ozone destruction catalytic cyéMaft

and Honninger 2003: 4.3 HOQ—NO«—BrOy interactions and nitrate production

Br+ O3 — BrO+ Oy (R9) In the conditions of the Arctic springtime, the basic chem-
istry of ozone and nitrogen oxides, presented above, is pro-
foundly modified. Here we briefly review some elements of
the HQ,—NO4—BrOy interactions with a focus on the atmo-
spheric conditions relevant to our sampling campaign.

BrO can either self-react to return Band &, or re-
act with HGQ to form HOBr and Q. Both Br, and HOBr
are photolabile, so that they are easily photolyzed into Br
and OH. In acidic conditions, HOBr may also activate
condensed-phase bromide through the reaction : 431 Sources of HOand NQ

HOBr+Br~ +H" — Bry + H,0 R10 L
2 2 (R10) To the best of our knowledge, the H@peciation (i.e. the

The catalytic cycles of BrQin both the gas phase and the OH/HO, partitioning) in the Arctic troposphere in spring-
condensed phase are responsible for the so-called “bromingme has never been measured directly. Therefore thg HO
explosion” Platt and Janssei996 which results in a fast  budget relies only on modeling calculations, which do not
and efficient removal of ozone within the Arctic boundary always include up-to-date chemical mechanisms and pro-
layer. In these conditions, elevated levels of BrO were mea<cesses. It appears that the five dominant sources gfat®
sured Honninger and PlatR002), with peak values as high the photolysis of HCHO, ozone, HOBr and HONO, and the
as 30 pmol mot! during a strong ODE near Alert in spring reaction between HCHO and BEyans et al.2003 Lehrer
2000. et al, 2004. HCHO and HONO are emitted by the seasonal
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snowpack $umner and Shepsph999 Zhou et al, 20017). trate, through the heterogeneous reacttéar(son et aJ.
The relative magnitude of these pathways depend on actinic 1996 Sander et a/.1999 :
fluxes and levels of reactants for the photolytic sources, and

on the intensity of the bromine chemistry for the last one. BrONO; 4+ H20 — HNO3 + HOBr (R11)

Overall, there is a large degree of interconversion between

the HQ, family and BrQ, mainly through HOBr. This The role of BrONQ has been mainly investigated

species acts as a short-lived reservoir species for both fam- ~ for its important role in recycling Br during ODEs

ilies (Evans et al.2003. (Fan and Jacqhl992. Its concomitant impact on ni-
NOy sources in the Arctic include global NGsources trate formation has not attracted the same attention un-

(long range transport (in the form of PAN) from the industri- til recently. In a modeling effort mostly focused on

alized mid-latitude countries, lightning, soil emissions) but ~ 9gas-phase mechanismgalvert and Lindberg2003
also a significant local component, namely snowpack emis- ~ Showed that BrON@would be the most abundant N-

sions Beine et al. 2009. These emissions, driven by sun- containing species in the Arctic boundary layer. A more
light and temperature-dependent equilibria, sustain the pho- ~ comprehensive study tyvans et al(2003 shows that
tochemical cycles involving NQwhen the NQ pool origi- during ODEs the formation and hydrolysis of BrONO
nating from “classical” sources is exhausted for various rea- ~ could be responsible for the exhaustion of Nat was
sons, including rapid oxidation into inorganic nitrate due to ~ observed byBeine et al(1997.

Arctic specific processe&yans et al.2003 see below).

432 Oxidation of NO by BrO 5 Isotopic signatures of processes and species

_ . To infer AL7O of nitrate from the atmospheric chemistry con-
The reaction BrO+ NO — NO; + Br competes with reac-  sjgerations presented above, it is necessary to know the iso-
tions R3) and R4), in terms of NO oxidation. Indeed, when  topic composition of its precursors, and the rate of transfer
comparing the oxidation rates of NO by BrO and @tkin-  of the isotope anomaly through the relevant oxidation path-
son et al. June 2006 versigrfor the conditions of the Arc- ways. In this approach, the most important variable is the
tic boundary layer (temperatures ranging between 236 angsotopic composition of ozone because it is the overwhelm-

269K), one finds that 1 pmol mot BrO has the same oxi-  jngly predominant source of isotope anomaly in the tropo-
dizing power as 2-4 nmol mot Os in oxidizing NO. This sphere Thiemens2008.

is of particular significance during ODEs, when the ozone
mixing ratio drops to a few nmolmot and BrO levels can 5.1 A70 in bulk ozone
sometimes reach over 10 pmol mé)
Unfortunately, no systematic measuremeniAdfO(O3) in
4.3.3 Additional nitrate formation pathways the troposphere has ever been undertaken, despite the intense
research effort devoted to the study of isotope anomalies in
In addition to the general overview given in Se¢tl with a wide range of species (e.g. nitrate, sulphate), all of which
regards to the formation of nitrate, two more processes are tgain a substantial part of their isotope anomaly from reac-

be considered in the Arctic troposphere in springtime : tions between their precursors and ozone. To the best of our
knowledge, only two studies report triple isotopic measure-
1. HNO4 heterogeneous chemistry ments of ozone in the troposphedolinston and Thiemens

1997 Krankowsky et al.1995. Krankowsky et al(1995
. o . sampled air at an unidentified urban site (near Heidel-
of NO, with HO,, which is thermally relatively stable berg, Germany, according Brenninkmeijer et al(2003).

in the te_mpergtur_e range expected in the Arctlg tmpo_and Johnston and Thiemer(@997) carried out three field
sphere in springtime. In the aqueous phase, it reacts

X . o studies in various environments: urban extremely polluted
\;v:]tg ?)v ?(;I?é):rgf:i(t)rgtzoécgis(it%.;] Hzlal(%;l d ,rSfrer- (Pasadena, California, USA), polluted marine boundary layer
ences therein). In Arctic conditions butside of the ODEs (La Jolla, California, USA) and remote desertic (White Sand

. : Missile Range, New Mexico, USA). In order to compare
period,Evans et al(2003 modeled this pathway to ac- . )
count for up to 40% of the NQsink, hence the nitrate the data published bitrankowsky et al(1993 and John

production ston and Thiemen§1997, we digitized the three-isotope
’ plots fromKrankowsky et al(1995 (to obtain the individual
8180 ands’0 values) and calculated’O using the Eq.1)
for each sample. We find that th&’O(0O3) data from
When halogen radicals are present in the Arctic tro- Krankowsky et al(1995 range from 6 to 54 %o (in average
posphere, an increasing body of evidence points to{254+12) %o). For theJohnston and Thiemer($997) data
wards the BrON® hydrolysis as a major source of ni- we find AYO(03)= (21+2) %0 at PasadenaAl’O(0Oz)=

HNO4 is a NG, reservoir species formed by reaction

2. BrONO, hydrolysis
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(26+5) %o at La Jolla andA1’0O(03)= (32+4) %o at White a) Surface ozone b) Surface atmospheric nitrate (TIN)
Sand Missile Range. The main characteristics of all these
data obtained in four different environments are reported in 7
the Fig.6. In all cases, there is a large scatterAh’O(Oz) 40 -
values, with very different average values at the different Eso— L @ %}
sampling sites. == 1 O = %ﬂ) e
Two interpretations of these differences are possible : ei- | "~ o km
ther theA1’O(03) variability is “real” or it is purely a con- | |

0 T T T
sequence of measurements artifacts. As we show below, it is Pasadena  La Jolla White Sand Urban air year-round spring  Alert
currently virtually impossible to decipher the causes for the Johnston and Thiemens (1997) ~ Krankowsky Latolla s work

. - . etal. (1995) Michalski et al. (2003)
variability in the measured1’O(0s) values.

Firstly, the considerable scatter in the data produced Sgig 6. (a)Overview of existing measurementsat’O(O3) in the
far (Krankowsky et al.1995 Johnston and Thiemen997  troposphere. The box plot indicates the median, interquartile range,
might originate from random errors and hence may not bemaximum and minimum values (every dot corresponds to a single
representative of real variations in1’O(0O3), as pointed measurement). The mean value is displayed (diamond symbol), as
out by Brenninkmeijer et al(2003. This approach is sub- well as the number of data-points corresponding to each sampling
stantiated by the averaging method used by these authorssite- (b) Isotope an_omalie; measured in_nitrate during_two measure-
indeed, when merging the three datasetsafinston and ment cam_paugnsMphalskl et al, 2003 this study) are displayed as
Thiemens(1997), one finds thath\170(03) = (27+5) %o, a acomparison both in te.rms of average values and standard deviation
value comparable to what was calculated friinankowsky within each sampling site.
et al. (1995. Contrary toBrenninkmeijer et al(2003 we

report here standard deviations and not errors of the meag) 1 recognize that, to date, its quantification carries a sig-
since nothing unambiguously proves that random eITors argygicant part of uncertainty. As a consequence, to interpret
the only cause for the variability in the measuzetf O(Os). quantitatively AY’O measurements of atmospheric species,
11;he only variable widely accepted to influence the giong assumptions have to be made regarding the value of
A*'O(Og) value in the ozone formation process is the tem- 1760, and its variability. For instance, in all their publi-
pelr7ature of formation _of ozone. A linear regression of thecations, Michalski and coworkers (see eMichalski et al,
A'0(0) values published byorton et al.(1990 (aug- 003 2005and references therein) chose a constant value
mented with one dgta point froffuzson(2009) ggamst_the of AT70(03)= 35 %o, on behalf ofad hocmodeling calcu-
temperature. at Whlch ozonle; was f(())rmed during their 1abo4tions performed byyons (2003, but recently questioned
ratory exper|2miants y'elflSA 0(03)M’°:1(70'08ﬂ_)'0_2) TIK by Zahn et al(200§. Such an approach significantly ham-
* (15£5) (R” = 0.8, n=6). ThereforeA™’O variations of  yorq the strength of the conclusions reached in these studies.
10 %o would require temperature changes on the order of OVe[jowever using a constant value fart’O(Os) at a given
100K. "It is therefore unlikely that temperature differences gje throughout the year allowed for a detailed analysis of
are the driving factor behind the differencesdf’O among e seasonal trends inl70 of atmospheric nitrate, that were

the different sampling sites. Furthgrmoi@ggl;owsky etal.  gyccessfully attributed to changes in its formation pathways
(1999 explicitly stated that the variations in-'O(O3) were (Michalski et al, 2003.

not correlated with temperature changes.

However, in light of the measurements &dhnston and
Thiemeng1997), it could be argued that another process ac-
counting for the variability inA1’O(O3) has been left out.

In what follows, we assume a constatt’O(O3) value
throughout our sampling campaign. Neverthless, to reduce
the weakness of a reasoning based upon a single value for

: _ _ AT0(03), which might not be representative of the isotopic
Indeed, while average values differ markedly from one S'tecomposition of ozone in the Arctic troposphere, we use a

to another (see above), it should also be noted that, Whetpange ofA170(03) values, spanning between 25 and 35 %o.
plotted in a three-isotope plot, the data from the three sites '

shown byJohnston and Thiemer{$997) do align on lines 52 The intra-molecular distribution @70 in ozone
featuring different slopes.Johnston and Thiemern(d997)
proposed this as a proof that different ozone decompositiorit is known that the intramolecular distribution of heavy oxy-
pathways induced different triple isotope effects. On the con-gen atoms in the molecule of ozone differs from a stochas-
trary, Brenninkmeijer et al(2003 consider this as an ad- tically expected distributionJanssen2005. The asym-
ditionnal reason to question the robustness of the data premetric isotopologues of ozone are enriched in heavy oxy-
sented bylohnston and Thiemel($997. Hence there is no  gen isotopes with respect to bulk ozone, thus the terminal
consensus on the tropospheric valuerdfO(O3) and the  atoms of the molecule carry a higher load of heavy iso-
causes for its variations. topes. Lyons (200) was the first to compute the impli-
Even if the existence of the isotope anomaly in tropo- cations of this observation in terms @1’O, extrapolat-
spheric ozone is not questioned here, it is particularly useing to 4°0O3 the different kinetic rates observed for ozone
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5.3 AYO(Broy

—e— Measured A!’O(NO5")

3

£ 2%

; (1, BrO is exclusively formed by reaction of bromine with
= -1 ozone, thus it solely gains its isotope anomaly from this
£ g reaction. Theoretical considerations based on kinetic mea-
= -

$ 2/3 ATIO(NO,) (ATT0(0)=25 %0) surements "(oohey et al. 1988 and molecular crosged
2 213 Ai;O(NOZ) (Ai;O(O3):3O %) beam studiesZhang et al. 1997 show that the reaction
] 2/3 AONO,) (A 70(03)=35 %) Br + O3 — BrO + Oy is direct, and that the Br atom most
=)

“

likely attacks a terminal ozone atom. Therefore, it is ex-
pected that, at steady state during ODESs, the isotope anomaly

b) TK) === xfactor 80 of BrO is the same as the anomaly of the terminal atom in
o } R 705  0zone, i.e.ATO(BrO)= 30, 36 and 42 %o for\'’O(03) =
260 { 1\ 605 25, 30 and 35 %o, respectively. An experimental confirma-
< s tion of this prediction is strongly needed, but it seems that
250 ‘i ~ 30 3 BrO could carry the highest isotope anomaly in a chemically
240 i | 20 * active molecule (other than ozone) in the troposphere. Given
o ATONO (A0 = 25 %0 the increasing influence given to BrO in chemical mecha-
ATONOL) (ATO(03) = 30 %) nisms implemented in atmospheric models (®tt and
AONOy) (A170(03) = 35 %0) Honninger 2003 von Glasow et a).2004 Lary, 2009, this
—e— AT'0NOy) potentially unique isotopic signature could represent a tool
_ 50 . of choice to test these hypotheses.
E 40 3 é
EE 0 5.4 AYOROy)
£ 201 <]
S0l 25 R represents H or any organic radical, so,R€presents the
0 , , , [ 50 whole HQ,—RO radical family - with the notable expection
25-3 5-4 16-4 27-4 8-5 19-5 of OH, in terms of kinetics and isotopic composition. In pro-

Date in 2004 (UTC) cesses known to occur at mid-latitudes, peroxy radicals are

_ _ o derived from atmospheric e.g.Finlayson-Pitts and Pitts
Fl% 7. (@ C_ompar_lsc_)n of the deviation fro;n7 the mean o_f 2/3 2000, so thatMichalski et al.(2003 identified AO(RO,)
AT O(NO) with dev'at'ons_fro_”_] the rlnfan Qj_ Q(NO3 ). This with that of atmospheric &(-0.3 %0,Barkan and Luz2005.
shows that most of the variability ak*"O(NO;) is captured by Gjyen the large uncertainties stated above in terms of the
our estimate of the\1’O(NO,) values over the measurement cam- ozone isotope composition and the observed range in the iso-
paign. (b) Evolution of temperature and the x factor (which rep- tope anomaly in nitratex{ 20 %o), such a low deviation from

:/(;sir:tisntthee”ggirfz%cg eg;gg:ﬁ“gﬂgﬂ%? t‘r']vétr::;gsl(;fggiglcu‘ga:frthe terrestrial fractionation line is insignificant, and therefore
P ' P a value ofAT’O(RO,) = 0 %o was chosen.

AYO(NO3) with the measured value, in the case where 100% of , TOSE
Due to the high level of chemical interchange between

. . 17
Cgﬁiizrgzgrzg it:fhl?g(gtltﬁ);ydrolysns,forthe threa*/0(0s) the members of the HOfamily (hamely OH and HQ), it
could be expected that their photochemical equilibrium re-
sults in a similar isotope anomaly. However, from the anal-
isotopologues formation (name¥fO3 and*803) published ysis of the chemical mechanisms leading to the formation of
by Janssen et a(1999. In the lower troposphere, taking HO, _from OH we observe that for the main reaction chan-
AY0(03)= 35 %0, he proposed that the asymmetric ozoneN€l (i-e. CO+OH— H+CQy, followed by H+Q — HO)
molecule could bear an anomaly on the order of 85 %.. ReN€ OXygen atoms incorporated in H@erive from ambi-
cently, using updated kinetic rates and a more balance@nt molecular oxygen. To the best of our knowledge, in
approach,Zahn et al.(2006 proposed that the terminal the Arctic troposphere only two processes could produce

atom in the ozone molecule should feature an anomaly ornomalous H@, namely the reaction of OH with BrO and
the order of 39 %o (for a mean isotope anomaly of 34 %, Os- However, the reaction of OH with CO dominates over
i.e. AT70(0s, termina)=1.2x AY7O(O3, bulk)). For this each of them regardless the mixing ratios of the species in
study we take : concern within their typical range : BrO (2-5 pmol mé)
Honninger and Plat2002, Oz (1-50 nmol mot!) and CO
— AYO(03, bulk)= 25, 30and 35 %o (150-160 nmol matl, Evans et al.2003 D. Worthy, per-
sonal communication, 2006). Therefore both channels lead-
— AYO(0s, termina)=30, 36 and 42 %o, respectively.  ing to nonzeroA’O(HO,) are negligible, as confirmed by
the detailed analysis bZantrell et al.(2003. Therefore
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there is a strong isotopic decoupling within the Hfam- produced heterogeneously during the hydrolysis of BrQNO
ily. The final step of other channels leading to HGICHO drawns its oxygen atom from the surrounding water, with
photolysis [ehrer et al. 2004, reaction of HCHO with Br  no isotope anomaly (see Se@t.2.4. The balance be-
(Evans et al.2003) is always the reaction between H and tween theses mechanisms contra/§O(HOBr) and, hence,
ambient molecular oxygen. From all of these processes, even1’O(OH) formed by its photolysis. The same complex pic-
if there is no consensus on their relative magnitude by lackture applies for the photolysis of HONO, since the mech-
of specific measurements and detailed analysis, with a goodnism responsible for their release from the snowpack is far
level of confidence it can be assumed thafO(HO,)= 0 %o. from being understoodZfou et al, 2001, Beine et al.20089.

The same conclusion applies also for other members of thdhe main precursor of HONO produced in the snowpack
peroxy family (RQ). Indeed, they are formed by reaction of is atmospheric inorganic nitrate, whose isotope anomaly is
aradical R with @ and therefore bear no significant isotope known. However the fate of nitrate oxygen isotopes during
anomaly. The only modification induced by the presence ofits photolysis in the snowpack, and the subsequent release
halogen atoms in the atmosphere occurs in the first step ofis NQ. or HONO is currently unknown and should depend
the oxidation mechanism, during which not only OH but also on the chemical composition of the snoM¢Cabe et al.
halogen atoms abstract one hydrogen atom from hydrocar2005 Savarino et al.2006. Therefore we cannot estimate
bon compounds (RH+X yields R+HX, where X representsthe A'’O value of the produced OH.

Cl or Br). This has no implication on the isotopic composi- Dubey et al(1997) studied the kinetics of the isotopic ex-
tion of alkyl-peroxy, but significantly affects their chemical change reaction between OH and®(in the case of the
budget Evans et a].2003. From this point on, we assume scrambling reactiotOH-+H3°0 — Hi80 +16OH). We
AYO(RO)= 0 %o. assume that the same rate of isotope exchange applies for

There is evidence that1’O(HO,) is not strictly equal to 17O, hence, forA’O (Michalski et al, 2003. Given the
zero, since rainwater D, -an important end-product of per- fact that BO represents an enormous non-anomalous oxy-
oxy radicals - was measured to carry an isotope anomaly ogen reservoir in the atmosphere with respect to OH, such
the order of 0-2 %o $avarino and Thiemen$9993. How- a reaction tends to erase the isotope anomaly of OH. Re-
ever, such a value is not discernibly different from zero in thegardless of the isotopic signature of the processes leading to

framework of our analysis. the net production of OH radicals (which does not include
the gross production from the interconversion between OH
5.5 A’O(OH) isotopologues via isotope equilibration withb@l), the de-

gree of equilibration of the isotope anomaly of the produced
Based on the above reasoning we assume AH40O(RO;) OH can be determined by the competition between the iso-
is approximately equal to 0 %.. The case of OH is quite dif- topic equilibration reaction and the OH net sink reactions.
ferent, since several processes significantly contributing tdn their study on atmospheric nitrate formation in California,
the formation of OH are likely to transfer a non-zero isotope Michalski et al.(2003 showed that the equilibration process

anomaly. was always faster than all OH net sinks, and therefore con-
In the Arctic troposphere in springtime, net OH produc- sideredA’O(OH) = 0 %.. We denoteA1’O(OH)prodon the
tion proceeds through the reaction of!D) and HO (fol- isotope anomaly of the produced OH, and’O(OH) the

lowing ozone photolysis), the reaction betweent#®d NO  isotope anomaly of OH at steady state. We dendtthk net

or Oz, and the direct photolysis of HONO and HOEBBhep-  chemical loss rate (net chemical loss term divided by the OH
pard and Walke¢1983 have shown that @D) produced by  concentration):

the photolysis of ozone was mostly @0 %) derived from a

terminal oxygen atom. Under the assumption that the pho—L =kor+co x [COI + kor+cH, % [CHal

tolysis of ozone does not induce mass-independent fractionyye genote x the fraction of the net loss with respect to the
ation, it is_ therefore expected that in OH produced throughiio [0ss (net + gross, that is the sum of isotopic exchange
the reaction (DlD)_ +H20 — 20H, AYO(OH) = 0.5 X aaction term and the net chemical loss term):
AY’O(O(D)). This yieldsAY’O(OH) ~ 15, 18 and 21 %o
for A1’O(03) = 25, 30 and 35 %o, respectively. The reactions __ Lt

between ozone and HQand NO and H@, do notresultina " + kontH,0 X [H20]

transfer of oxygen atom from ozone and NO to the produced ) ) ) o )

OH, but rather an abstraction of one oxygen atom of,HO Assurr_nng that all cheml_cal s_lnks do not |ntr|.nS|caIIy induce
to form two O, molecules and N§ respectively. There- mass-independent frqctlonatlon for OH, the isotope anomaly
fore in these case8170O(OH) = AT7O(HO,) =0%o. Evalu-  Of OH at steady state is :

ating the isotopic compoquon of HOBr'|s compllcgted by AYO(OH)=x x Al7O(OH)prodOH @)

the fact that several reactions lead to its production. On

one hand, from the reaction between BrO and,H@he ex-  Stated simply, if the isotopic exchange reaction domi-
pectsA’O(HOBr) = AT’O(BrO). On the other hand, HOBr nates over net chemical losses (i.& ), then AT’O(OH)
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= 0 %. On the contrary, if net chemical losses the ozone molecule determines both their isotopic composi-
dominate over the isotopic equilibrium reaction, then tion and their probability of reaction with NO. Since little
AYO(OH) = AYO(OH)prodon- To assess the degree of sup- is known regarding both the chemical mechanism for this re-
pression of the isotope anomaly acquired during the forma-action and the intramolecular isotope distribution in ozone,
tion of OH, we compute the value of the x factor during our contradictory parameterizations have been published so far in
measurements campaign, using temperature, humidity, thearious modeling studies. For some authors (seelgans
mixing ratio of CO and Ch measured at Alert (D. Worthy, 2001, Zahn et al. 2006, only the terminal atom of ozone re-
personal communication, 2006) and temperature dependemitcts with NO to yield NG, although there is mechanistic evi-
kinetic rates Atkinson et al, June 2006 versigiDubey et al, dence that the central atom of ozone also reacts with NO (see
1997. The absolute water vapor concentration was deducee.g.van den Ende et all 982 recently discussed [&avarino
from relative humidity and temperature measurements usingt al, 200§. Consistent witiSavarino et al(2006), in lack

Bolton (1980 (i.e. Ryae=6.1126 1255, with Pyaerin  ©f @ Precise evaluation of the rate of transfer of the isotope

hPa and T in K). Similarly to the ozone mixing ratio mea- @nomaly of G to NO, we vary this rate of transfer from 0.8
surements, the values for the x factor were averaged ovef© 1.2, i-€. at photochemical equilibrium with only N@nd
each sampling period. The result of this calculation is shown@Zone AO(NOz) =y x AYO(Og), with y = 1£0.2.

on Fig.7b). Contrary to lower latitude locations where this  In the following part, we calculate steady-state abundance
factor is always negligibly small and leads Ad7O(OH) = ratios for a given NQ@ isotopologue using the kinetic equa-
0% year-roundilichalski et al, 2003, the x factor deviates  tions derived from the photochemical cycling of N@nd
significantly from zero during the measurement campaign.0zone, disturbed by peroxy radicals and bromine oxides. We
Polar regions are the only place where the troposphere is drjleglect species containing more than one heavy O atém (
and cold enough to feature elevated values of the x factorOr *°0) because of their extremely low abundances. In ad-
In this regard, the situation encountered here is similar todition, in the kinetic equations for NO and NONOy sink

the OH isotopic budget of the stratosphere : indeed, the dryferms such as the formation of HNG@re negligible com-
ness and the low temperature prevailing in the stratosphergared to the NG-NO interconversion terms. Indeed, the
have led modelers to predict significant isotope anomaliedNO and NQ chemical lifetime (about a min) is much shorter
in the stratosphere up to 40 %o accordinglimns (2009,  than NG lifetime (about a day).

above 30 %o forZahn et al(2006. Due to the increase of ~ Q denotes!’O or 80, and O represent$®0. We
temperature and the concomitant increase of the water vaadditionally assume that kinetic rates (k values) and
por content and to the high temperature dependency of thehotolysis frequencies (J values) are the same for all
isotopic equilibrium Dubey et al, 1997, the x factor ex-  O-isotopologues of a given species. For brevity, we de-
hibits a marked decrease over the course of the measuremef®te  [RO21"=knotro,[RO2],  [ROQI"=kno+ro,[ROQ],
campaign, from values around 70 % at the beginning of thdBrOl"=kno 8ro[Bro], [BrQl"=kno+ero[BrQl,
measurement campaign to values lower than 20 % at the ent3]"=kno+0;[03] and [02Q]"=kno;0,[02Q], Wwhere

of the campaign. Therefore, if OH was produced with a sig-[X1 represents the sum of atmospheric concentrations of the
nificant isotope anomaly, this anomaly would be present aisotopomers of a given species X.

the beginning of the measurement campaign but would have
largely disappeared toward the end of the campaign.

1
%[NO] = JINOQI +INOOI-INOJ x (05l (3)

6 Implications for ALYO(NO>) +[Bro]" 4[ROz +y x [02Q]"

_ » _ +[BrQ" + [ROQ")
We now examine the competition between the three major
NO oxidants identified in the Arctic troposphere in spring- E[NOO] = —JINOO] + [NOJ x ([03]" + [RO]" (4)
time (O3, RO, and BrO), in terms of kinetics and the sub-

. . . o . — 1
sequent influence on the isotopic composition of oxygen in +Bro]" + 3—?’y[OZQ]Jr + E[ROQ]T)
NOs,.
The reactions between NO and BrO or R&re isot_opi- Assuming steady-state and adding E&sand @) yields:
cally easy to account on a mass-balance perspective. BrO
transfers all of its isotope anomaly to N®ecause it sim- [NO]:l JNOQ]

ply transfers all of its oxygen content. R@oes not transfer
any isotope anomaly to NGsince AY’O(RO,) = 0%o. The
case of the reaction betweers @nd NO is more complex. Substituting [NO]J in Eq. 4) yields, after rearranging:
The rate of transfer of isotope anomaly during this reaction y f1 + +
depends simultaneously on mechanistic and isotopic considl [NOQI _ 3[02Q]"+3[ROQI"+[BrQ]

erations. Indeeed, the position of the oxygen atoms among [NOOQ] [03]T+[R02]T+[BrO]T+3;§’[OzQ]T+%[ROQ]T

2%10,QI" + 1[ROQI + [BrQI*
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. T T
In the equation aboveE3L « 1 and{3% « 1, and

[03]T+[RO,1T+ [BrO]" = 1/7n0, Whereno is the chemical
lifetime of NO. This equation can therefore be approximated
and simplified into :

1[NOQI
2[NOO]

1
™o X (%[OzQ]T + E[ROQ]T + [BTQ]T> )

The conversion of molecular fractions into atomic ratios is
performed using the following equations :

[Q]) [02Q]

= = 6

<[O] 0, 3xI0s] ©

( Q! ) __INOQ -
[0] /no, 2 x [NOO]

Q) _[BrQ]
<ﬁ>5ro ~ [BrO] ®)

(10,2770
(O] RO, 2 x [RO]

Substituting 6), (7), (8) and Q) in Eq. (), and applying
the definition ofA1’0 (Eq.1) gives, withA1’O(RO,)=0 %o :

9)

AYONO»)=tno X (y[og]TAUO(os)HBroﬂA”O(BrO)) (10)

7 Nitrate formation pathways and AYO(NO3)

The five pathways leading to nitrate from N(see Sectd)
draw oxygen isotopes from different origins. The general
mass balance equation governing the isotopic anomaly of ni-
trate can be expressed as:

ATO(NO3)=2/3 x AYO(NOy) + 1/3 x AYO(Oaga) (11)

where the first term on right-hand side of the equation repre-
sents the amount of isotopic anomaly originating from;NO
and the second term, 1/8170(0.qq), represents the iso-
tope anomaly of the additional oxygen atom in nitrate that
is acquired during the conversion of M@to nitrate. This
contribution obviously depends on the mechanism of conver-
sion.

7.1 Isotope anomaly originating from NO

The estimation oA 1’O(NO>) values requires the knowledge
of [03], [BrO]T and[RO,]T and of their evolutions during
the measurement campaign, through B®).(

— [Og]T is easily derived from @and temperature mea-
surements carried out during the measurement cam-

paign.
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— [BrO]T: as explained in the Se@.3, we take BrO =2
pmolmot?! as representative conditions for the RrO
content of the lower atmosphere in the Arctic during
ODEs.

— [RO;]" : To the best of our knowledge no surface
peroxy radical measurements have ever been under-
taken at Alert in early spring and very little ROHO
data is available in the Arctic boundary layer during
ODEs. Nonetheless, we calculate the evolution of
RO, ratio during ODEs based on the field data ac-
quired in the Arctic boundary layer during the cam-
paign TOPSE 2000 (Tropospheric Ozone Production
about the Spring Equinox experiment, &ttas et al,
2003. Evans et al(2003 summarized the boundary
layer data acquired during TOPSE by binning mean
measurements of species according to the ozone levels.
According toCantrell et al.(2003, the [HO2]/[ROz]
ratio was found to be more or less constant (0.75) dur-
ing this whole campaign so thgO,]=0.75 [RQ]. The
dominant alkyl-peroxy radical is G3D, (Cantrell et al.
2003, so for the purpose of this study we take
[CH302]=0.25 [RQ]. In what follows, we therefore
calculate ko,+no= 0.75kH0,+N0 +0.25keH;0,+NO SO
that RQ is treated as a virtual species integrating the
combined kinetic rates of its two main components ac-
cording to their relative abundancéssans et al(2003
showed that during ODES, when the ozone mixing ra-
tios drops from about 40 nmol mot to 5 nmol mott
on average (consistent with our averaging approach),
RO, concentrations decrease from @22) 1Fcm3
to (1.3+0.6) 1Fcm3, corresponding roughly to a fac-
tor 2 division. At the same time, during ODEs, HCHO
was found to drop by about a factor 4. This is con-
sistent with the simplified R® chemical budget de-
scribed inEvans et al(2003 where the main source of
RO, is the photolysis of species such as HCHO, and
the main sink is the self reaction R®RO, (mainly
HO»+HOy). Thus, at steady state, the ROoncen-
trations are expected to be proportional to the square
root of the concentration of HCHO, which appears
to be mostly the case during TOPSE 2000. HCHO
mainly originates from the snowpack§mner and
Shepson 1999 and its drop during ODEs seems to
be driven by reactions with halogen atoms, according
to model studiesHvans et al.2003. Overall, dur-
ing ODEs, RQ concentrations drop by a factor much
lower than the reduction factor of ozone concentra-
tions (ca. factor 2 vs. factor 10). The data presented
by Evans et al.(2003 are grouped in 4 ozone mix-
ing ratios bins &1 nmolmof?, 1 to 10 nmolmot?,

10 to 30nmolmot?, and >30nmolmot™?). Since
the average ozone mixing ratio did not drop below
5 nmol mol! during the sampling time, we do not con-
sider here the bin corresponding to the lowermost ozone
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mixing ratio. From these data, we observe that RO to explain the measured”O(NOg) values. Although 1/3
and [Gs] are positively correlated. To estimate the con- A170(O,qq) represents the integrated contribution of all the
centration of RQ as a function of the ozone mixing pathways leading to nitrate, the pathways are first considered
ratio at Alert during our measurement campaign, weindividually. We only focus on the contribution of the differ-
apply the following relationship: R&@10°cm=3=(0.09  ent conversion pathways to the nitrate isotope anomaly.
Oa/nmol mot1+1.31)}/2, and calculated the corre-

spondingdRO,]" accordingly, using temperature depen- 7.2.1 Mechanisms involving N®

dent kinetic rates from\tkinson et al.(June 2006 ver-
sion). NQOs is a radical formed by reaction of NQvith O3 (R6). It

either abstracts a hydrogen atom from an hydrocarBa,
From Egs. {0) and (11) we can then estimate the value or reacts with N@ to form N,Os, which can undergo hydrol-
(averaged over all the samples) of the contribution of,NO ysis on any available water covered surfaR8)( According
to ATYO(NO3): 2/3 ATYO(NO,) = (12.6+0.7), (15.2£0.8)  to Pdro-Garda and Nebot-Gi(2003, the reaction between
and (17.21.0)%. for A1’O(O3) = 25, 30 and 35%., re- NO, and Q leads to the incorporation of a terminal oxy-
spectively. Clearly, the isotopic anomaly on N@an  gen atom from ozone to N Therefore AT’O(NO3) = 2/3
only account on average for about half of the measuredA’O(NO,) + 1/3 AYO(Os, terminal).
A17O(NO§ ). Therefore, the rest of the isotopic anomaly  Nitrate formed by abstraction of a hydrogen atom from a
should be acquired during the conversion of Nfto nitrate.  hydrocarbon should carry the same isotopic anomaly, giving
Although the isotope anomaly of NCcan only explain  A1O(Oadd)nos+rH= 30, 36 and 42 %. fon1’0(03) = 25,

about half of the average measuraél7O(NO§), it is still 30 and 35 %o, respectively. These values are on the order of
interesting to estimate its contribution to the temporal vari- what is required to explain the measum&FO(Nog ).

ability shown in Fig.3. Fig. 7a) shows the temporal vari- Nitrate produced through the heterogeneous hydrol-
ations of the deviations from the mean for 263’O(NO) ysis of NbOs carries a different isotope anomaly; a
and for measurec}’O(NO3). For all theA’O(O3) val-  mass-balance equation shows that, taking into account

ues, we find a good correlation between Z80O(NO,) and  the fact thatAYO(H20) = 0%, AYO(Oadd)n,05= 1/2

the measured’O(NO;) (R?=0.7, n=12). The only defi- AYO(03z, termina) = 15, 18 and 21 %o fonl’0(03) = 25,
ciency is that the amplitude of variations in 24370(NO,) 30 and 35 %o, respectively. These values are too small to ex-
is slightly smaller than that in measuredt’O(NO). It Plain the entire magnitude of the measuretfO(NO3).

is worth pointing out that the variability iA1’O(NOy) is
found to be weakly dependent on the assumed value o
AY0(03) (see Fig.7a). This indicates that the 20% uncer-
tainty on the rate of transfer of the isotopic anomaly gft®
NO; (see Secb) has relatively little impact on the variability
of ATYO(NO,). The overall results suggest that most of the
variations inA’O(NOj3) can be explained by the variations
in AYO(NO,), which in turn are driven by the evolution of A*’O(Oadd)oHno,=A1 O(OH)
the ozone mixing ratio.

2.2.2 OH+ NO2

For the gas phase OH NO, reaction, it is clear that, in the
resulting nitrate, two oxygen atoms carry an isotopic signa-
ture corresponding to the parent BCand one carries the
isotopic signature of OH\lichalski et al, 2003, so that

We have little information about the possible range of
7.2 lsotope anomaly originating from the conversion of A*’O(OH) values in the Arctic atmosphere. We can con-
NO, into nitrate sider the two extreme hypotheses (see SB&). Either
AYO(OH) = 0% or small and, consequently, this pathway

This section is devoted to identifying the pathway of con- can be discounted. OA’O(OH) is very large, up to>
version of NQ into nitrate that can explain the part of 40 %o, the critical value to explain the measured values of
the mean nitrate isotopic anomaly that cannot be accounte(zk”O(Nog ). However, if the OH+ NO, pathway was the
for by AYO(NO,) and that is represented by the term 1/3 major source of nitrateA1’O(NO3) should drop markedly
AYO(Oadq) in Eq. (11). over the course of the measurement campaign. Indeed, as-

Based on the estimations of mea’O(NO,) presented  suming at first order that the isotope anomaly of the OH
above and using EqlQ), it is possible to estimate the mean source does not changa'’O(OH) would be expected to
value of A1’O(Oaqq) required to account for the entire iso- drop by over a factor 3 during the campaign because of in-
tope anomaly of nitrateA*’O(Oadd) = 3 AYO(NO3Z) - creasing temperatures and humidities (see SeBt. This
2 ATTO(NOy)). We find AT"O(Oadq) = (56+3), (49£3)  would translate in a decrease af’O(NO3) of more than
and (413) %0 for AYO(03) = 25, 30 and 35 %o, respec- 10%. over the course of the measurement campaign if ni-
tively. This means that, within the framework of our sim- trate was produced through this pathway. The measurements
ple model, regardless of the isotope anomaly of tropospherido not show any temporal trend. Therefore, this pathway
ozone in this environment\1’0(0adq) must exceed 40%.  cannot account for our measurad’O(NO;).
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7.2.3 HNQ hydrolysis involving NOs are not considered to be a majour source of
the nitrate sampled at Alert during our measurement cam-
During the heterogeneous reaction of HN®ith a variety  paign. This conclusion is supported by results from other
of compounds (see above, Se¢t3.3 to form nitrate, we  studies. Michalski et al. [2003] found that the reaction be-
assume that two atoms come from the initial N@nd one tween N@Q and hydrocarbonm did not account for more
originates from the initial H@. Therefore, than 10% of the budget of nitrate in the context of a polluted
17 17 marine boundary layer. In the Arctic, this proportion is ex-
A~"O(Oadd)HNo,=A"O(HOy) pected to be much lower. Even if elevated Névels could

As ATTO(HOy) ~ 0 %o, this pathway cannot explain the mea- be sustained in this environment, the competition with halo-

suredA’O(NO;). gen atoms in terms of hydrocarbon oxidation would not be
favorable to N@, thus limiting the rate of formation of ni-
7.2.4 BrONQ hydrolysis trate though this pathway. Regarding the channel involving

N2Os hydrolysis, it seems clear from detailed model simula-
Experimental Gane et a].2001) and theoreticalNicNamara  tions supported by large-scale campaign measurements that
and Hillier, 200]) studies of the BrON@ hydrolysis show  this pathway is minor for the in-situ production of nitrate in
that the O atom initially bounded to Br combines with the the Arctic spring Evans et al.2003.
N atom in NG to form nitrate, thus transferring the isotopic ~ We are now left with three pathways for nitrate formation.
signature of BrO. In nitrate produced through this channel: The first step of each of these pathways can be summarized
as follow:

XO + NO2 — XONO2

AYO(0add)srono,=AO(BrO)

Taking into account the fact thatAl’O(BrO) =
AYO(O3, termina) (see Sect. 5.3, we find that With X denoting Br, OH and H.
AYO(0a4q) = 30, 36 and 42%. forAl’O(03) = 25, XONO; then undergoes hydrolysis to form NO Sink
30 and 35 %o, respectively. This range of values are onreactions for XONQ are photolysis (J) and heterogeneous
the order of what is required to explain the measureddeposition whose efficiency is determined by an heteroge-

AYO(NO3). neous removal rate {§ (Ridley and Orlandp2003. At
steady statg XONO3] is given by :
7.3 Identification of the dominant pathways for nitrate for- K XOINO
mation [XONO,]= XO+NJ<)D(2[+k][ 2]
X

Only the NG+hydrocarbons pathway and the BrON®@y- The production rate of inorganic nitratex®o,) for each
drolysis pathway appear to be able to generate nitrate wittthannel is equal toskx [XONO,]. We therefore have :
isotope anomaly values compatible with the measurements.

However, the fact that nitrate produced through these pathPXONOZ:[NOZ]kXM (12)
ways carries an elevated isotopic anomaly is not sufficient. In I +kx
order to attribute the magnitude of measux:e’d'O(NOg) to Data found in the literature are used to estimate the rel-

these pathways, they also have to be the dominant pathwayative importance of the different pathways. Temperature-
for nitrate formation. We therefore estimate and compare thedlependent kinetic rates X§+no,) are taken fromAtkin-
chemical rates of the various pathways of nitrate formation inson et al(June 2006 versign Heterogeneous loss rates are
the context of ODEs in order to identify the dominant path- taken fromRidley and Orlandq2003, i.e. k¢ = 2107,
way. 110*and 0.3 s for X = H, OH and Br, respectively. Pho-
Based on the fact that sunlight was permanent at the santolysis rates are calculated for the location of Alert on April
pling site and in the Arctic basin during the whole campaign, 1 2004, at 12:00 UTC, using the TUV packad¢adronich
we do not expect any significant levels of the night-time radi-and Flocke 1999. A OH concentration of 110cm=3
cal NGz to be present. Nonetheless, the analysis of the trajecis chosen in order to derive the upper limit of the chemi-
tories (Fig. 2) reveals that several air masses originate fromcal rate of the OH- NO, reaction Sumner and Shepspn
locations further south where sunlight was not completely1999. [HO,] is taken equal to 1.5 focm=23 (Evans et al.
permanent. Some air masses could thus have experienc&03 Cantrell et al. 2003, and a BrO mixing ratio of 2
a bit of night-time conditions favorable to nitrate produc- pmolmol-1, which is consistent with the rest of the study.
tion via NOs; channels at the beginning of their journey to Regardless of the temperature (in the range 240-270 K), we
the Alert. However, in this situation, the amount of nitrate find that the OH+ NO, pathway can account at best for up
produced would be minimal and, as this particulate nitrateto 5% of the production of inorganic nitrate in this context.
would be produced at least several days before the air massd@$ie hydrolysis of BrON@ and of HNQ, are the two dom-
reach Alert, most of it would have been scavenged on tha@nant sources of nitrate. This crude calculation does not al-
way and deposited south of Alert. Therefore, the pathwaydow us to identify the dominant pathway between these two
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mechanisms because their rates of nitrate production are are only first-order estimations. Therefore, it appears pos-
the same order of magnitude. However, the fact that onlysible that new results in the fast-moving research front on
the BrONQ hydrolysis among these two pathways can pro-isotope anomalies in atmospheric species could modify sub-
duceA”O(NOg) values, that are quantitatively consistent stantially the conclusions reached here in light of information
with the measurements (see Sé&cP), leads us to conclude available at the present time.

that the hydrolysis of BrON®is the major source of inor-
ganic nitrate in the Arctic troposphere in springtime. This is
in agreement with conclusions of recent modelling work by
Evans et al(2003 andCalvert and Lindber¢2003.

It is noteworthy, however, that even if 100% of the ni-
trate was to be produced through the BrON€hannel, a
good match with the measured data would only be obtaine
for AT’O(03) on the order of 35%.. With the mechanism
presented in this paper, we are unable to account for th
observed elevated values af-’O(NO;) with a AT’O(Og)
value of ca. 25 %0 as recommendedBrenninkmeijer et al.
(2003. Indeed, even if all oxygen atoms incorporated in
nitrate were to be drawn from terminal oxygen atoms of
ozone, this would only give\’’O(NO3) = 30%. (assum-

Finally, our results can be interpreted in terms of the reac-
tion of the atmospheric chemical system to a change in its ox-
idative power. One possible indicator of the oxidative power
of the atmosphere is the chemical lifetime of NO. Indeed,
its main oxidants are ozone, HORO, and halogen oxides,
éhe three of them (along with #D,) being the most promi-
nent atmospheric oxidants. We showed in this study that
AT'O(NO3) was intricately coupled with the chemical life-
ef\ime of NO. For the conditions prevailing during this mea-
surement campaign (BrO levels remaining rather low during
ODEs, so no “bromine explosion”), the ozone mixing ratio
drops were associated with a strong decrease in the oxidative
power of the atmosphere. It has been suggested, in light of
) . NS the first findings on the origin of the oxygen anomaly in ni-
N9 A178(03) :,25 %o). This value is still 5% I0\_Ner than trate, that the oxygen isotopic content of nitrate recorded in
someA™'O(NO;) values measured at Alert. This stresses polar ice cores could be used as a proxy for past oxidative
the need for new and accurate measurements'80(Os) power, crucial to understanding of chemical feedbacks in the
throughout the troposphere, as well as a better characterizg=,, climate system. The results of the present study make
tion of the isotope anomaly transfer rates (e.g. during theyis jdea appealing, even if the signature we recorded is asso-
reaction NO + @ — NO; + Oy). ciated with strong cases of ozone depletion. The sensitivity
of A17O(NO§) to changes in the 0zone mixing ratio is rather
low (slope of (0.15:0.03) %o/ nmol mot?!) and may not be
suitable to study moderate changes in the ozone mixing ra-
In spring 2004, total inorganic nitrate was collected at Alert, tio at the global scale. In addition, post-depositionnal effects
Nunavut, and its triple isotopic composition was measured. [tWithin the firn and in the ice have to be studied very care-
appears that the isotope anomaly of nitrate records a footprinfully in order to interpretA*’O(NO3) records, and derive
of the tropospheric ozone depletion events that occur duringstimates of the past oxidant activity in the atmosphere (see
spring in this environment, the recent studies BBlunier et al, 2005andMcCabe et al.

We extended to polar environments the framework first2009-
proposed byMichalski et al. (2003 for deciphering the
origin of the variations inA1’O(NO3) in the troposphere.
We show that the correlation betweert’O(NO3) and the

8 Conclusions
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