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[1] We report on dual isotopic analyses (d15N and D17O) of atmospheric nitrate
at daily time-resolution during the OASIS intensive field campaign at Barrow, Alaska,
in March–April 2009. Such measurements allow for the examination of the coupling
between snowpack emissions of nitrogen oxides (NOx = NO + NO2) and their
involvement in reactive halogen-mediated chemical reactions in the Arctic atmosphere.
The measurements reveal that during the spring, low d15N values in atmospheric nitrate,
indicative of snowpack emissions of NOx, are almost systematically associated with
local oxidation of NOx by reactive halogens such as BrO, as indicated by 17O-excess
measurements (D17O). The high time-resolution data from the intensive field campaign
were complemented by weekly aerosol sampling between April 2009 and February 2010.
The dual isotopic composition of nitrate (d15N and D17O) obtained throughout this nearly
full seasonal cycle is presented and compared to other seasonal-scale measurements carried
out in the Arctic and in non-polar locations. In particular, the data allow for the
investigation of the seasonal variations of reactive halogen chemistry and photochemical
snowpack NOx emissions in the Arctic. In addition to the well characterized peak of
snowpack NOx emissions during springtime in the Arctic (April to May), the data reveal
that photochemical NOx emissions from the snowpack may also occur in other seasons as
long as snow is present and there is sufficient UV radiation reaching the Earth’s surface.

Citation: Morin, S., J. Erbland, J. Savarino, F. Domine, J. Bock, U. Friess, H.-W. Jacobi, H. Sihler, and J. M. F. Martins (2012),
An isotopic view on the connection between photolytic emissions of NOx from the Arctic snowpack and its oxidation by reactive
halogens, J. Geophys. Res., 117, D00R08, doi:10.1029/2011JD016618.

1. Introduction

[2] The discovery of naturally occurring ozone depletion
events in the early 1980s in the Arctic lower troposphere
during springtime [Bottenheim et al., 1986] has triggered in-
depth investigations into atmospheric chemical processes
occurring in the polar boundary layer [Dominé and Shepson,
2002; Simpson et al., 2007; Grannas et al., 2007]. The com-
bination of field, laboratory and modeling studies have
unveiled several key processes occurring in the Arctic and
Antarctic lower atmosphere in springtime, such as: (1) reactive

halogen-catalyzed ozone destruction in the marine boundary
layer (MBL), through the so-called “bromine-explosion”
mechanism [Barrie et al., 1988; Hausmann and Platt, 1994;
Simpson et al., 2007]; (2) UV-induced photolysis of trace
species deposited in the snowpack leading to the emission of
reactive species such as nitrogen oxide (NOx = NO + NO2),
nitrous acid (HONO) or formaldehyde (HCHO) into the
atmosphere [Honrath et al., 1999; Sumner and Shepson, 1999;
Zhou et al., 2001; Grannas et al., 2007]; and (3) oxidation of
gaseous elemental mercury and its subsequent deposition to
the surface [Schroeder et al., 1998; Steffen et al., 2008]. The
degree of knowledge of the cross-interactions between these
three classes of processes is variable. For instance, the link
between halogen-induced ozone destruction and mercury
deposition events was soon realized [Schroeder et al., 1998;
Lu et al., 2001; Steffen et al., 2008; Dommergue et al., 2010].
The impact of photochemical reactions occurring within the
snowpack on the overlying atmosphere was recognized,
mostly in terms of local sources of OH radicals in the lower
atmosphere, originating from the atmospheric photolysis of
snowpack-emitted precursors such as HONO and HCHO
[Sumner and Shepson, 1999; Zhou et al., 2001; Dominé and
Shepson, 2002; Grannas et al., 2007]. The impact of NOx
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emissions from the snowpack on atmospheric chemical reac-
tivity wasmostly studied on ice sheets in remote places such as
Antarctica and Greenland, where NOx snowpack emissions
are held partly responsible for surprisingly high ozone pro-
duction rates [Crawford et al., 2001; Helmig et al., 2007;
Legrand et al., 2009]. In the marine boundary layer, any ozone
photochemical production pathway would be hindered by
reactive halogen-catalyzed ozone destruction [Bauguitte et al.,
2009]. The potential for chemical interactions between NOx

and reactive halogens was however recognizedmostly through
modeling studies, which suggested that the hydrolysis of
BrONO2, formed through the reaction between NO2 and BrO,
was an important reaction within the catalytic chemical cycle
leading to ozone destruction [Sander et al., 1999; Calvert and
Lindberg, 2003; Evans et al., 2003], and that it contributes to
controlling the lifetime of NOx under conditions where reac-
tive halogens are active [Saiz-Lopez et al., 2007; Boxe and
Saiz-Lopez, 2008; Morin et al., 2008; Bauguitte et al., 2009].
However, this hypothesis has not been substantiated by strong
experimental evidence hitherto.
[3] In this article, we take an isotopic viewpoint to

investigate the chemical connection between emissions of
NOx from the snowpack and reactive halogen chemistry.
Indeed, dual isotopic analysis of atmospheric nitrate (i.e. the
sum of gaseous HNO3 and particulate nitrate) provides
unique insights into NOx sources and chemical sinks [Morin
et al., 2008]. Nitrogen and oxygen isotopic ratios are
reported as relative enrichments using the d scale:

d ¼ Rsample

Rreference
� 1 ð1Þ

where R represents one of the following elemental ratios
n(17O)/n(16O), n(18O)/n(16O) or n(15N)/n(14N) in the sample
and in a reference, respectively. The reference for oxygen is
the Vienna Standard Mean Ocean Water (VSMOW) and for
nitrogen it is atmospheric N2 [Böhlke et al., 2003, and
references therein]. For practical reasons d values are gen-
erally expressed in‰, as variations in isotopic ratios cover a
very narrow range.
[4] Nitrogen stable isotope ratios of atmospheric nitrate

(expressed in terms of d15N) are generally used to trace NOx

sources, because the sources imprint different d15N signatures
[Kendall et al., 2007]. Knowledge about the impact of atmo-
spheric processing of NOx and nitrate on d15N of nitrate is
limited and contradictory [Morin et al., 2009], although the
conversion of NOx to nitrate is thought to induce limited 15N
isotopic fractionation [Freyer, 1991; Freyer et al., 1993].
Field, theoretical and experimental work strongly support that
the photolysis of nitrate in snow induces a large negative iso-
topic fractionation factor [Blunier et al., 2005; Frey et al.,
2009]. This means that, during photolysis, 15N-bearing
nitrate tends to be preferentially concentrated in the snow
phase, while the lighter nitrate isotopologue is preferentially
converted into photolytic products such as NOx and HONO.
The subsequent oxidation of these compounds thus leads to
atmospheric nitrate exhibiting a d15N value much lower than
the accepted norm. Indeed, under most atmospheric condi-
tions, d15N of atmospheric nitrate ranges between roughly
�10 and +10 ‰ [Morin et al., 2009; Wankel et al., 2010;
J. Savarino et al., Seasonal variations of isotopic ratios of
atmospheric nitrate in the tropical Atlantic Ocean (Cape Verde

Observatory, 16°N), manuscript in preparation, 2012]. This is
generally interpreted to reflect a narrow range of d15N values
in atmospheric NOx under non-polar conditions [Snape et al.,
2003; Morin et al., 2009]. In contrast, nitrate formed by oxi-
dation of snowpack-emitted NOx features a markedly lower
d15N signature on the order of �40 to �60 ‰ [Freyer et al.,
1996; Wagenbach et al., 1998; Savarino et al., 2007; Morin
et al., 2008, 2009; Frey et al., 2009; Savarino and Morin,
2011]. Thus d15N analysis of atmospheric nitrate in the polar
lower atmosphere provides a means to track the occurrence of
snowpack NOx emissions into the air mass probed.
[5] The oxygen isotopic composition of nitrate provides

information about the nature and the relative importance of
NOx oxidation pathways, ultimately leading to atmospheric
nitrate. In the atmosphere, the ozone molecule possesses a
unique isotopic singularity, referred to as the isotope
anomaly, originating from non-mass dependent fractionation
during its formation in the atmosphere [Thiemens, 2006;
Marcus, 2008, and references therein]. In this study the
isotope anomaly D17O, also referred to as the 17O-excess, is
defined as:

D17O ¼ d17O� 0:52� d18O ð2Þ

D17O is a conserved variable in the atmosphere, i.e. it is not
significantly influenced by mass-dependent fractionation
[Kaiser et al., 2004; Thiemens, 2006; Kendall et al., 2007;
Morin et al., 2011]. Therefore D17O of atmospheric species
unambiguously traces the influence of ozone in their chemical
formation pathways [e.g., Brenninkmeijer et al., 2003;
Thiemens, 2006, and references therein]. Homogeneous NOx

oxidation by the OH radical leads to the lower range ofD17O
values, while heterogeneous nitrate production (N2O5 or
BrONO2 hydrolysis) or homogeneous channels involving the
nitrate radical NO3 lead to higher D17O values (see details in
work by Michalski et al. [2003], Morin et al. [2007b, 2009],
Kunasek et al. [2008]). Until a consistent and rigorous
framework for the quantitative modeling ofD17O values, fully
adapted to polar conditions, has emerged [Kunasek et al.,
2008; Morin et al., 2011], D17O data are used as a qualita-
tive indication of the NOx oxidative conditions in a given air
parcel, consistent with similar past studies [Michalski et al.,
2003; Morin et al., 2007a, 2007b, 2008, 2009; Savarino
et al., 2007; Kunasek et al., 2008; Alexander et al., 2009].
[6] In this article, we neither present nor discuss d18O

values because their interpretation in terms of NOx oxidation
pathways is partly redundant with and significantly more
ambiguous than D17O [Morin et al., 2008, 2009; Jarvis
et al., 2008]. One peculiarity of the polar atmosphere is
that, during summer and winter, photochemical conditions
exhibit little diurnal variations, in contrast to the situation
encountered in midlatitudes. This situation reinforces the
seasonal contrast in terms of D17O between the daytime and
nighttime nitrate production channels [Michalski et al.,
2003; Morin et al., 2008]. However, this consideration is
modulated by the fact that a significant fraction of atmo-
spheric nitrate found in the polar atmosphere stems from
long-range transport, which carries an isotopic signature
representative of its source region [Morin et al., 2008].
[7] Past efforts to interpret the dual isotopic composition

of atmospheric nitrate (d15N, D17O) in the Arctic boundary
layer reached the following conclusions:
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[8] 1. The d15N displays an asymmetrical seasonal cycle,
with a maximum in summer on the order of 0–5 ‰, and a
minimum in winter on the order of �10 to �15 ‰, both in
the MBL at Alert, Nunavut, Canada, and at Summit on the
Greenland plateau [Hastings et al., 2004; Morin et al.,
2008]. Atmospheric measurements at Alert display a sig-
nificant drop in d15N during the springtime, down to �42‰
[Morin et al., 2008]. The time period showing low d15N
values matches the time period when both UV light and
seasonal snow are simultaneously present, at the scale of the
Arctic basin [Morin et al., 2008].
[9] 2.D17O displays an asymmetrical seasonal cycle, with

a minimum in summer, on the order of 24–26 ‰, and a
maximum in winter, on the order of 30–32 ‰, both in the
MBL and on the Greenland plateau [Kunasek et al., 2008;
Morin et al., 2008]. Even higher values were found during
springtime in the MBL, on the order of 33–35 ‰. It was
concluded that only the hydrolysis of BrONO2 could explain
such high values of D17O at this time of the year [Morin
et al., 2007b, 2008].
[10] 3. Based on simultaneous measurements ofD17O and

d15N at the semi-weekly timescale in the MBL, it was real-
ized that low d15N values were a prerequisite for observing
high D17O values. In other words, the semi-weekly isotopic
record from Alert was indicative of the fact that oxidation of
NOx by reactive halogens was only possible in the presence
of a locally produced NOx, which can only be supplied by
the photodenitrification of the snowpack [Morin et al., 2008,
2009].
[11] 4. One study has reported that microbial denitrifica-

tion in the snowpack could contribute significantly to the
budget of reactive nitrogen in the Arctic [Amoroso et al.,
2010], based on dual isotopic measurements of nitrate in
the snow (in particular D17O values close to zero, which can
only be produced biologically within the snowpack) and
concomitant reactive nitrogen fluxes from the snowpack in
the dark (i.e., of non photochemical nature). The broader
relevance of this finding to the reactive nitrogen biogeo-
chemical cycle in Arctic regions awaits further evaluation.
[12] Atmospheric nitrate was sampled at a daily time res-

olution during the Barrow 2009 campaign carried out under
the auspices of the OASIS (Ocean–atmosphere-Sea ice-
Snowpack) project in spring 2009 at Barrow, Alaska, USA.
The aim was to refine and possibly strengthen the isotopic
evidence for chemical coupling between NOx emissions and
reactive halogen chemistry, so far based on a sole semi-
weekly data set from Alert, Nunavut, Canada [Morin et al.,
2008] and indirect evidence from a few daily samples from
Ny Ålesund, Svalbard [Morin et al., 2009]. Furthermore,
sampling continued on at a weekly time resolution until
February 2010, leading to a complementary data set to
constrain seasonal variations of d15N andD17O in the High
Arctic. The results are presented in this article, and con-
trasted with the other data available from the Arctic lower
atmosphere.

2. Experimental Setup

2.1. Sample Collection

[13] The atmospheric nitrate samples were collected at
Barrow, Alaska, USA (71°N, 156°W) by means of high-
volume (HiVol) air sampling. The air was pumped at a flow

rate of 1.1 m3 min�1 through a single cellulose acetate
Whatman 41 filter (12.7� 17.8 cm). Such types of filters are
assumed to retain both gas-phase HNO3 and particulate
nitrate, the sum of which is referred to as atmospheric nitrate
hereinafter [Morin et al., 2007b]. In addition, these filters are
similar to what has been consistently used at Alert for
aerosol monitoring [Sirois and Barrie, 1999], including the
previous study by Morin et al. [2008]. The HiVol sampler
was installed on the roof of the Barrow Arctic Research
Consortium (BARC) building near Barrow, about 500 m
away from the sea shore. There, filters were changed daily
from 3 March 2009 to 12 April 2009, during the OASIS
2009 intensive field campaign. The sampler was relocated at
the NOAA Observatory, a few km to the north–east of the
main settlement, on 14 April 2009, on a platform behind the
building, approximately 2 meters above the snow surface.
There, filters were changed approximately every week until
10 February 2010. The filter set thus consists in 32 filters
collected at a daily resolution in March–April 2009 and 40
weekly samples covering the period April 2009–February
2010. The filters were stored frozen individually in sealed
plastic bags and shipped to Grenoble, France, for analysis, at
the end of the sampling campaign.

2.2. Chemical and Isotopic Analyses

[14] Soluble species deposited on the filters were dis-
solved in ultrapure water (18 MW cm�1) under ultra-clean
conditions [Morin et al., 2007b]. All subsequent analyses
were performed on nitrate dissolved during this step. Nitrate
concentrations were determined in filter extracts using a
colorimetric method, with a reported uncertainty of approx-
imately 5% in the range 10–100 ng g�1 [Patey et al., 2008].
Atmospheric concentrations were derived by dividing the
mass of nitrate recovered on the filters by the total sampled
air volume not corrected for temperature and pressure var-
iations around the standard temperature and pressure con-
ditions. The contribution of sampling blanks was always
found to be negligible.
[15] Nitrogen and oxygen isotopic ratios were measured

using the automated denitrifier method, as described byMorin
et al. [2009]. This method was initially developed by Sigman
et al. [2001] and Casciotti et al. [2002], and adapted by
Kaiser et al. [2007] to the measurement of the comprehensive
(17O/16O and 18O/16O) oxygen isotopic composition of nitrate.
The technique uses Pseudomonas aureofaciens bacteria to
convert nitrate into N2O, which is analyzed for its isotopic
composition after being thermally decomposed into O2 and N2

in a gold tube. The analytical procedure used for this study is
strictly identical to the description given by Morin et al.
[2009]. Uncertainties pertaining to the d18O, D17O and d15N
values are 1.8 ‰, 0.5 ‰, and 0.4 ‰, respectively.

2.3. Data Reduction and Complementary Data

[16] The data presented in this study and used for asses-
sing seasonal variations were resampled into 10-day and
monthly weighted averages. The same treatment was applied
to previous data sets obtained in the Arctic MBL [Morin
et al., 2007a, 2007b, 2008]. This approach allows for the
comparison of data sets originally obtained at various time
resolutions.
[17] The mixing ratio of BrO was measured at the surface

using long-path differential optical absorption spectroscopy
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LP-DOAS [Liao et al., 2011]. For this study, the time-res-
olution of the LP-DOAS data has been reduced to hourly
averages. Full details about the LP-DOAS measurements at
Barrow during the OASIS campaign are provided by Liao
et al. [2011] and Friess et al. [2011].
[18] Complementary data used for this work consist of

meteorological, surface ozone and radiation data measured
at and provided by the NOAA Observatory at Barrow.

3. Results

3.1. Seasonal Variations of d15N and D17O of Nitrate
at Barrow, Alaska

[19] Figure 1 shows the seasonal variations of the con-
centration of atmospheric nitrate in the Barrow air, along
with its d15N and D17O values, as recorded between March

2009 and February 2010. To provide context for these data,
Figures 2 and 3 display seasonal variations of d15N and
D17O, respectively, at several Northern Hemisphere loca-
tions. d15N values are contrasted with seasonal variation from
Alert, Nunavut (82.5°N, 62.4°W) [Morin et al., 2008], which
is the other Arctic MBL site where year-round d15N data are
available. Data from the Gulf of Aqaba (29.5°N, 34.9°E)
[Wankel et al., 2010], where atmospheric nitrate d15N data
have recently been obtained, are also included for compari-
son. D17O data are compared to year-round data from Alert,
Nunavut [Morin et al., 2007b, 2008], previous data obtained
at Barrow, Alaska in spring 2005 [Morin et al., 2007a] and
data from La Jolla, California (32.8°N, 117.3°W) [Michalski
et al., 2003]. Monthly averaged concentrations, D17O and
d15N data from Barrow 2009–2010 (this study), Alert 2004
[Morin et al., 2007b] and Alert 2005–2006 [Morin et al.,

Figure 1. Time series of the (top) nitrate concentration, (middle) D17O and (bottom) d15N at Barrow,
Alaska, between March 2009 and February 2010. The solid and dashed lines represent the data resampled
as a nitrate mass weighted average over 10-day time periods in 2009 and 2010, respectively. Dots repre-
sent individual filter samples, color-coded with the percentage of time they contribute to each 10-day aver-
aging periods. Note that a single filter sample can contribute to up to three 10-day time periods. The end of
the sampling period, namely January and February 2011, is presented on the left of the graph, so that the
seasonal cycle is resolved using a similar abscissa than in subsequent plots.
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2008] are provided in Tables 1 and 2 to facilitate future use
such as model evaluation [Alexander et al., 2009] or data
compilation.
3.1.1. Concentrations of Atmospheric Nitrate
[20] Nitrate concentrations exhibit a seasonal maximum

between March and May, consistent with previous studies
dealing with Arctic Haze at Barrow, Alaska [see, e.g., Quinn
et al., 2007]. During this time period, while the concentra-
tion of nitrate in individual (daily) samples can amount up to
500 ng m�3, 10-day averages are on the order of 200 to
300 ng m�3. The rest of the year, nitrate concentrations are
typically on the order of or lower than 100 ng m�3. Con-
centrations are minimal in summer, between July and
October, when nitrate concentrations remain on the order of
50 ng m�3. We believe that our measurements carried out on
atmospheric nitrate are insignificantly impacted by the
presence of the town of Barrow. Indeed, nitrate is not emit-
ted primarily from anthropogenic activities, but results sec-
ondarily from the atmospheric oxidation of gaseous
precursors such as NOx [Finlayson-Pitts and Pitts, 2000].
The proximity of the sampling area to the town precludes
significant impact of in-plume oxidation of local anthropo-
genic NOx into atmospheric nitrate. This reasoning would of
course not hold for primary aerosol species.
3.1.2. The d15N of Atmospheric Nitrate
[21] The d15N of nitrate for the Barrow 2009–2010 sam-

pling campaign exhibits a seasonal maximum in summer,
reaching values between �2 and 0 ‰ during July, August
and September. Winter values are on the order of �10 ‰.

During springtime, d15N value are significantly lower, with
10-day averages remaining in the range (�25‰; -15‰) from
March to May. Individual d15N values reach a minimal value

Figure 2. Time series of the seasonal variation of d15N of
atmospheric nitrate at (a) Alert, Nunavut, 82°N [Morin et al.,
2008], (b) Barrow, Alaska, 71°N (this study) and (c) the coast
of the Gulf of Aqaba, 29.5°N, 34.9°E [Wankel et al., 2010].
Note that data from Alert and Barrow are resampled over 10-
day time periods to facilitate comparison between data sets
of various sampling resolution. The relative duration of day
and night is represented by shaded areas.

Figure 3. Time series of the seasonal variation of D17O of
atmospheric nitrate at (a) Alert, Nunavut, 82°N [Morin et al.,
2007b, 2008], (b) Barrow, Alaska, 71°N [Morin et al.,
2007a] (also this study) and (c) La Jolla, California,
32.8°N, 117.3°W [Michalski et al., 2003]. Note that data
from Alert and Barrow are resampled over 10-day time
periods to facilitate comparison between data sets of vari-
ous sampling resolution. The relative duration of day and
night is represented by shaded areas.

Table 1. Monthly Averaged Data From the Nitrate Isotopic
Measurements Carried Out at Alert From 2004 to 2006a

Year Month Prop. Conc. d18O D17O d15N

2004 February 8.2 65.7 71.8 30.3
March 90.1 76.5 80.1 32.2
April 99.9 118.9 86.4 33.4
May 76.0 92.6 85.7 32.7
June 26.1 112.5 71.3 27.8

2005 April 87.7 208.0 81.2 31.6 �28.6
May 99.7 149.7 86.5 32.6 �19.6
June 100.0 42.7 71.0 25.6 �19.1
July 99.9 38.6 70.4 24.8 �2.1
August 100.0 39.8 72.2 25.8 �0.6
September 100.0 26.6 73.2 29.3 �2.3
October 100.0 21.0 71.1 30.0 �8.5
November 100.0 78.3 71.0 30.9 �11.1
December 100.0 123.9 75.0 31.5 �15.4

2006 January 100.0 106.3 65.3 30.0 �12.6
February 99.9 131.3 73.3 32.0 �14.0
March 99.9 173.2 78.4 31.9 �11.6
April 99.8 170.9 88.3 34.1 �20.9
May 99.5 130.2 84.6 31.8 �17.9
June 100.0 48.5 69.9 26.0 �15.8
July 31.0 20.0 66.7 24.5 �5.2

aSee section 2.1 for details. Prop. refers to the proportion of time in a
given month covered with measurements, in %. Conc. refers to the
concentration of nitrate, in ng m�3. Isotopic data are reported in ‰.
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of�36‰ during the first 10-day period of April. In addition
to these general features, September stands out with a rather
large variability (d15N ranging between �3 and �11 ‰).
This general behavior is consistent with data previously
collected at Alert, Nunavut, displaying similar seasonality.
The main differences between the Alert and Barrow seasonal
variations of d15N is the earlier drop of d15N at the beginning
of spring at Barrow than at Alert. Finally, the Alert data set
does not display the small d15N dip which is visible in Sep-
tember in the Barrow data-set. In contrast to both Arctic sites
showing similar seasonality, it is worth realizing that mid-
latitude and tropical sites exhibit a much lower variability in
terms of d15N: the Gulf of Aqaba data show d15N ranging
between �6 and 4 ‰. Unpublished data on the seasonal
variations of d15N at the Cape Verde Observatory (16.8°N,
24.8°W) (Savarino et al., manuscript in preparation, 2012)
give seasonal d15N variations between �8 and �3 ‰. Both
of these non-Arctic sites display a weak seasonal cycle. In
light of the small range of variation exhibited by atmospheric
nitrate under non-Arctic conditions and the precision of the
analytical method, the variability observed in September at
Barrow is thus considered significant. We note that one such
anomalous 10-day period can also be spotted in the Alert
data-set in December 2005, although the deviation to the
seasonal cycle of d15N is smaller.
[22] Both Arctic d15N cycles feature a maximum in sum-

mer and a minimum in winter, not considering the distur-
bance in a periodic seasonal profile induced by the low values
found during spring. This deviation happens in April and
May at Barrow, and from April to June at Alert. Excluding
these periods of time from the following analysis, to further
compare the seasonal variations of d15N at Alert and Barrow,
the data were fitted to the following cosine function:

d15N tð Þ ¼ d15N0 þ d15Na � 1þ cos wt þ fð Þð Þ=2 ð3Þ

In this equation, t is the fractional date of the year, starting on
21 December, i.e. the winter solstice, d15N0 represents the
maximum value of the seasonal cycle, d15Na is the peak-to-
peak amplitude of the seasonal variations of d15N,w represents
the angular frequency corresponding to a yearly period of
variation,f represents a potential phase difference between the

seasonal cycle of solar radiation at the surface and d15N. This
approach allows a better quantification of the range and phase
of the seasonal variations of d15N. The 10-day average values
of d15N of atmospheric nitrate collected at Barrow were fitted
to the data using a least squares method. The results of the fit
are summarized in Table 3. Within the uncertainty pertaining
to the fit parameters, the seasonal maximum of d15N is rather
similar at Alert and Barrow, on the order of �2 ‰. The sea-
sonal amplitude of d15N is wider at Alert (ca. 14 ‰) than at
Barrow (ca. 8‰). Last, the timing of the seasonal maximum is
similar within the uncertainty of the regression analysis, and it
occurs in late July for both time series.
3.1.3. D17O of Atmospheric Nitrate
[23] The Barrow 2009–2010 data ofD17O of nitrate exhibit

a seasonal minimum during summer, featuring D17O values
on the order of 20–22 ‰. In winter, D17O rises up to values
ranging between 25 and 27‰. The springtime period exhibits
a wide range of D17O values: data from individual samples
span the interval 16–34‰ (see Figure 1). The 10-day averages
are then also highly variable and range between 22 and 30‰.
A comparison to the Alert data set reveals that the Barrow data
follow overall the same pattern, although the Barrow data-set
also displays more variability than the Alert data throughout
the year. The seasonal cycle of D17O at Alert was smoother
and almost perfectly reproducible from year to year, as
evidenced by the data gathered on three consecutive spring-
times (see Figure 3). In addition, the D17O values tend to be
lower at Barrow than at Alert, with an offset on the order of
2 to 3‰ throughout the year. The Barrow data also showmore
inter-annual variability: data for spring 2009 appear lower on
average than for the spring 2005, although they both cover the
same range except for the highest 10-day period of spring
2005. No known experimental artifact can explain such lower
values. Repeated measurements on sets of samples analyzed
previously have not revealed any trend or bias in the analytical
procedure, leading to the conclusion that the Barrow 2009–
2010 measurements are robust and can be compared to other
measurements.
[24] At La Jolla, D17O clearly features a seasonal maxi-

mum in winter (ca. 32 ‰) and a seasonal minimum in sum-
mer (ca. 20 ‰) [Michalski et al., 2003]. At the Cape Verde
Observatory (Savarino et al., manuscript in preparation,
2012),D17O data range between 25 and 30‰ without a clear
seasonal pattern. Seasonal variations are smooth in both cases.

3.2. Daily Variations of d15N and D17O at Barrow,
Alaska, During the Intensive OASIS 2009 Field
Campaign

[25] Figure 4 shows the high-resolution record of d15N and
D17O of atmospheric nitrate during the OASIS 2009 field

Table 2. Monthly Averaged Data From the Nitrate Isotopic
Measurements Carried Out at Barrow From 2009 to 2010a

Year Month Prop. Conc. d18O D17O d15N

2009 March 65.6 206.5 55.3 22.9 �12.2
April 68.2 342.0 67.2 27.5 �18.7
May 100.0 106.0 70.3 28.6 �20.4
June 100.0 52.9 48.1 20.7 �6.2
July 100.0 79.8 60.1 23.5 �1.7
August 100.0 58.1 60.6 23.6 �0.7
September 76.9 43.7 70.3 27.8 �5.5
October 100.0 43.0 59.4 25.2 �3.8
November 100.0 108.9 58.4 26.8 �10.2
December 100.0 130.4 46.1 23.3 �7.8

2010 January 100.0 67.7 53.6 25.5 �10.0
February 35.4 149.6 58.7 26.3 �11.5

aSee section 2.1 for details. Prop. refers to the proportion of time in a
given month covered with measurements, in %. Conc. refers to the
concentration of nitrate, in ng m�3. Isotopic data are reported in ‰. Data
from Barrow 2005 [Morin et al., 2007a] are not presented since they
cover less than 25 % of the month of March 2005.

Table 3. Fit Parameters of the Regression of the Seasonal Cycle of
d15N to Function d15N(t) = d15N0 + d15Na � (1 + cos(wt + f))/2a

Location Alert 2005–2006 Barrow 2009–2010

d15N0 �1.0 � 0.8 ‰ �3.1 � 0.8 ‰
d15Na �13.7 � 1.1 ‰ �8.4 � 1.3 ‰
f/rad �0.52 � 0.11 �0.73 � 0.18
f/week from 21 June late by 4 � 1 weeks late by 6 � 1 weeks
number of 10-day periods used 29 28

aThe data are from the Alert 2005–2006 and Barrow 2009–2010 seasons.
Low d15N values from April and May were excluded from the fit
calculation. At Alert, June was also excluded.
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campaign (March and April 2009), along with the mixing
ratio of ozone and incoming short-wave radiation at the sur-
face (both courtesy of NOAA ESRL). This plot clearly shows
the occurrence of several strong and sustained ozone deple-
tion events (e.g. on 15 March and from 26 to 30 March).
During this entire time period, d15N andD17O both exhibit a
strong variability. d15N remained relatively steady at the
beginning of the sampling campaign, around �12 ‰ until
15 March. It then started to show several marked decreases,
down to �36 ‰, in early April. Similarly, D17O displayed
marked day-to-day variations during this time period, show-
ing values ranging between 16 and 34‰, which exceeds the
known range of the seasonal variation ofD17O at midlatitude
sites [Michalski et al., 2003; Savarino et al., manuscript in
preparation, 2012] ca. from 20 to 32 ‰; see Figure 3c.
[26] The Arctic spring time period is the period of the year

where the variability of the mixing ratio of ozone max-
imizes, due to the occurrence of frequent ozone depletion
events [Bottenheim et al., 2009; Friess et al., 2011]. This
study confirms that d15N and D17O display the strongest

variability when the ozone concentration is most variable. A
linear correlation between D17O of nitrate and the mixing
ratio of ozone was found at Alert during springtime 2004
[Morin et al., 2007b]. Figure 5 shows D17O versus the
averaged mixing ratio of ozone during the aerosol sampling
periods, at Alert, between 15 March and 31 May in 2004,
2005 and 2006. It indicates that the correlation found in
2004 on a subset of the whole springtime period has not
been observed in the following years and may therefore be
considered coincidental. Likewise, we do not observe a
direct correlation between the mixing ratio of ozone and
D17O from the daily Barrow 2005 and 2009 data-sets, as
partially presented by Morin et al. [2007a] and shown in
Figure 6. Figure 7 shows the time series of D17O along with
the hourly variations in BrO at the surface. Most peaks in the
time series of the mixing ratio of BrO correspond to a cor-
responding maximum of D17O of nitrate at the daily time
resolution. There thus seems to exist, at least qualitatively, a
relationship between the BrO mixing ratio and D17O.
However, when BrO data are averaged over each aerosol

Figure 4. Time series of the variation ofD17O (circles) and d15N (diamonds) during the intensive OASIS
2009 field campaign at Barrow, Alaska. Also shown are the mixing ratio of ozone and the short-wave radi-
ation at the surface (data courtesy of NOAA ESRL).
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sampling period, no significant correlation is found between
averaged BrO data and D17O, similar to what is described
for ozone above.

4. Discussion

4.1. Seasonality of Snowpack Emissions of NOx

in the Arctic MBL

[27] There is currently ample evidence to support the fact
that strongly negative (i.e., lower than �20 ‰) d15N in
atmospheric nitrate traces the process whereby NOx is pho-
tochemically emitted from the snowpack and subsequently
oxidized into atmospheric nitrate [Frey et al., 2009, and
references therein]. Such low values fall significantly out-
side the range of d15N values commonly found at non-polar
sites. Morin et al. [2008] evaluated the seasonality of the
snowpack emissions of NOx in the Arctic MBL using a full
year of d15N measurements from Alert, Nunavut. The prin-
ciple of the analytical framework developed by Morin et al.
[2008] relied on computing the deviation of the d15N mea-
sured values from the seasonal cycle. The latter was com-
puted using a regression of d15N against air temperature at
Alert. As shown above, here the seasonal cycle is built on a
cosine function so that fit parameters can be compared
between Arctic locations. d15N deviations from the idealized
seasonal cycles are shown in Figure 8. Positive values on
this graph are indicative of a significant contribution of the
snowpack NOx source.
[28] According to Figure 8, the time period of the year

during which the budget of atmospheric nitrate is influenced
by photochemical NOx emissions is longer at Alert, Nunavut
(90 days, i.e. nine 10-day periods) than at Barrow, Alaska
(50 days, i.e. five 10-day periods). It is worth noting that the
Barrow data-set exhibits one 10-day period in September
when d15N also significantly deviated from the seasonal
cycle; such a secondary deviation from the seasonal cycle of
d15N was not evident in the Alert data-set. This could also be

indicative of NOx emissions from the snowpack during this
season of the year.
[29] The necessary ingredients for photochemical emis-

sions of NOx from the snowpack are a nitrate-containing
snow cover and UV radiation. Based on this simple con-
sideration, Morin et al. [2008] showed that the period of the
year when snowpack emissions of NOx makes a significant
contribution to the budget of atmospheric nitrate corre-
sponds to the maximum of the snow illumination index
calculated as follows:

SII tð Þ ¼ a� SCAðtÞ � FUVðtÞ ð4Þ

where SCA is the snow cover area at the scale of the Arctic
basin, FUV is the daily integrated UV radiation reaching the
surface at a given latitude, and a is a normalization coeffi-
cient so that SII is both non-dimensional and ranges between
0 and 1. In winter, SII is zero because there is no light in the
Arctic. In summer, SII is also zero because snow is absent
over most continental landmasses and sea ice. SII thus
maximizes only in springtime. Based on satellite-derived
SCA estimates at the scale of the Arctic basin (including
snow covered sea-ice) [Drobot and Anderson, 2001;
Robinson and Frei, 2000] and on idealized erythemal UV
fluxes reaching the surface at 80°N, SII was found to peak
when d15N deviates from the seasonal cycle [Morin et al.,
2008]. Here this analysis is repeated, using the same data
except that the Barrow data are compared to SII estimates
using the seasonal cycle of UV radiation computed at 70°N.
The result of the computation taking into account the UV
radiation at 70°N and 80°N is shown on Figure 9. Figure 9
shows that our rough analysis is consistent with the d15N
observations: the NOx snowpack emissions season starts
earlier at 70°N than at 80°N, owing to earlier polar sunrise.
However, since the timing for snowmelt is represented sim-
ilarly in the two computations, this analysis does not repro-
duce the fact that snowpack emissions of NOx last longer at

Figure 5. D17O versus the mixing ratio of ozone during the aerosol sampling interval, for the period
between 15 March and 31 May for three consecutive years at Alert, Nunavut. Note that the correlation
between the two variables, exhibited by Morin et al. [2007b], was not seen during the two following
springtime periods. Horizontal error bars represent the variability of the mixing ratio of ozone within each
aerosol sampling period. Vertical error bars represent the analytical uncertainty pertaining to D17O mea-
surements. Dashed lines link consecutive measurements.
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80°N than at 70°N. Last, the rough analysis reveals that the
September d15N deviation observed at Barrow is consistent
with the onset of snow season being simultaneous with suf-
ficient UV levels to promote the photolysis of nitrate.
[30] The rough analysis based on general statistics of

seasonal snowpack onset and melt, and idealized UV radia-
tion at the surface in two latitudinal bands, reproduces fairly
well the observed pattern of d15N deviations from the sea-
sonal cycle. This provides a first evaluation that d15N of
nitrate is a good indicator for significant NOx emissions from
the snowpack at the regional scale. Nevertheless, an in-depth

analysis of surface and atmospheric conditions conducive to
NOx emissions from the snowpack could be achieved by
combining simultaneous estimates of snow cover, surface
UV-radiation along with air mass back trajectories. Such an
analysis would for instance allow to verify whether snow
covered sea ice surfaces play a different role than continental
snow in terms of photochemical NOx emissions, which has
recently been suggested on the basis of atmospheric obser-
vations of NOx in the Hudson Bay [Moller et al., 2010]. The
analysis presented here does not allow for the precise dis-
crimination between the types of surfaces involved, although
previous isotopic work including back-trajectory analysis
did not indicate any influence of the type of snow covered
area in terms of potential for photochemical NOx release
[Morin et al., 2009].
[31] Amoroso et al. [2010] reported that microbial deni-

trification could occur in the snowpack, based on a combi-
nation of reactive nitrogen flux measurements and isotopic
measurements of nitrate in the snowpack at Ny Ålesund,
Svalbard. We find no evidence that this process has taken
place during the sampling periods of the present study;
however, this statement is inconclusive due to the lack of
isotopic analysis of snowpack nitrate, which was a crucial
contribution to the conclusions of Amoroso et al. [2010].

4.2. Seasonality of Reactive Halogen Chemistry
in the Arctic MBL

[32] The seasonal cycle of D17O at Barrow features a
higher variability than at Alert. Indeed, as evidenced in
Figure 3, the variability ofD17O data from Barrow, based on
10-day averages, is larger at Barrow that at Alert. D17O is
used as a tracer for NOx oxidation pathways, and is thus
highly sensitive to photochemical conditions in the air
masses where nitrate is produced [Michalski et al., 2003;
Alexander et al., 2009; Morin et al., 2011]. The large vari-
ability in D17O values observed at Barrow thus indicates a
large variability in the photochemical conditions prevailing
in the air masses sampled. Compared to Alert, the main
reason for this difference in variability is due to the fact that
Barrow is situated at a lower latitude in a location more
exposed to atmospheric transport from lower latitude regions
[Stohl, 2006]. This may explain why the D17O variability is
larger at Barrow, because this location is subjected to large
variations in the origin of the air masses, thus leading to
highly variable D17O values. This may additionally explain
why D17O is generally lower at Barrow than at Alert–and
even at La Jolla, California–in our records, especially in
winter. Indeed, during this period of the year, local NOx

sources are generally negligible so that most of the nitrate
sampled stems from long-range transport, which in the case
of Barrow may carry a lower D17O signature owing to a
source region featuring different photochemical conditions.
Addressing this issue would require a modeling study of
D17O of atmospheric nitrate where advection of the relevant
variables should explicitly be taken into account, both for
the nitrate mass and for its isotopic composition. This would
constitute a refinement of the modeling approach by
Alexander et al. [2009], where the impact of atmospheric
transport of nitrate on D17O using the GEOS-Chem global
chemistry-transport model was unfortunately not considered.
[33] At Alert, the main origin of the air masses is in the

Arctic, thus variations in D17O are much lower, and simply

Figure 6. D17O versus the mixing ratio of ozone during the
aerosol sampling interval, in (top) March 2005 and (bottom)
March and April 2009 at Barrow, Alaska. Measurements
from 2005 are taken from the data-set used by Morin et al.
[2007a]. Horizontal error bars represent the variability of
the mixing ratio of ozone within each aerosol sampling
period. Vertical error bars represent the analytical uncer-
tainty pertaining to D17O measurements. Dashed lines link
consecutive measurements.
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follow the seasonal evolution of the local photochemical
activity [Morin et al., 2008]. D17O measurements in mid-
latitudes locations such La Jolla [Michalski et al., 2003] and
the Cape Verde Observatory (Savarino et al., manuscript in
preparation, 2012) also exhibit smooth seasonal variations,
due to the fact that the origin of the air masses remains
approximately the same throughout the year and thus exhi-
bits smooth seasonal variations in photochemical activity.
Note that these considerations have to be placed in the
context of the atmospheric lifetime of nitrate, which is on the
order of one week [Finlayson-Pitts and Pitts, 2000].
[34] The main commonality between the Barrow and the

Alert data-set is that highest D17O values are found during
springtime, based on single measurements (see Figure 1).
The 10-day averaging procedure at Barrow tends to limit the
influence of these high-D17O samples, because they feature
a lower concentration than the lower-D17O samples. Nev-
ertheless, the presence of the highest D17O values during
springtime at Barrow is consistent with previous observa-
tions carried out at Alert [Morin et al., 2008].
[35] The presence of reactive halogen radicals such as BrO

in the MBL has a profound influence on the oxidative
capacity of the atmosphere during Arctic springtime
[Simpson et al., 2007, and references therein]. In terms of the
chemical budget of NOx and the isotopic signature of nitrate,
the impact of BrO can occur within two chemical mechan-
isms. First of all, BrO can oxidize NO to form NO2, thereby
superseding NO oxidants such as ozone or HO2. Since BrO is
believed to carry a similar D17O signature as the one trans-
ferred by ozone to NO, the isotopic impact of the presence of
BrO on D17O of NO2 only stems from a different ratio

between the mixing ratios of NO oxidants [Morin et al.,
2007b, 2011]. More germane to the D17O of atmospheric
nitrate, it has long been recognized that BrO could react with
NO2 to form BrONO2, the hydrolysis of which is a poten-
tially significant NOx sink reaction [Sander et al., 1997]:

BrONO2 þ H2O→HNO3 þ HOBr ð5Þ

In the context of tropospheric ozone depletion, it is worth
mentioning that the latter reaction contributes to reactive
bromine recycling, since the hydrolysis of BrONO2 on
aerosol particles leads to particulate nitrate and HOBr, whose
photolysis returns a potent Br radical into the atmosphere,
where it can further contribute to ozone destruction [Simpson
et al., 2007]. Morin et al. [2007b] have shown that the
hydrolysis of BrONO2 could lead to the highest possible
D17O signature in atmospheric nitrate, in contrast to nitrate
produced homogeneously through the OH + NO2 reaction or
heterogeneously through the hydrolysis of N2O5 [Morin
et al., 2009, 2011]. While we do not repeat over the argu-
ments presented in previous publications, we note here that at
Barrow and Alert, D17O indeed maximizes during spring-
time, as evidenced in Figure 3. This is fully consistent with
the seasonality of the presence of BrO in the Arctic tropo-
sphere as observed using satellite-borne spectroscopy [Richter
et al., 2002; Hollwedel et al., 2004; Friess et al., 2011, and
references therein]. That the importance of reactive halogen
chemistry in the Arctic MBL peaks during springtime is thus
substantiated by two independent means (remote-sensing and
nitrate isotopic analysis). In lack of a consistent chemistry-
transport model fully including reactive halogens and an

Figure 7. Time series of D17O (dashed line) and the mixing ratio of BrO (solid line) at the surface in
March and April 2009 at Barrow, Alaska.
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explicit computation of D17O of nitrate, the interpretation of
the data cannot be further refined at this stage.

4.3. Evidence for Chemical Coupling Between
Snowpack NOx Emissions and Reactive Halogens
During Springtime

[36] As shown in section 2.2, we do not find a correlation
between the mixing ratio of ozone or BrO and dailyD17O of
atmospheric nitrate values. This is actually not such a sur-
prise given the large differences in the atmospheric lifetime
of ozone, BrO and atmospheric nitrate. While ozone has a
lifetime which is believed to drop to several hours in the
presence of reactive halogens [Jacobi et al., 2006], and that
BrO exhibits marked diurnal cycles [Pöhler et al., 2010;
Friess et al., 2011], atmospheric nitrate has a much longer
lifetime, on the order of one week [Finlayson-Pitts and Pitts,
2000]. The interpretation of time variations of D17O at the
scale of 10-day periods, which exceeds the atmospheric
lifetime of nitrate, can thus be carried out considering that
the isotopic composition and the concentration of atmo-
spheric nitrate is governed by steady state solutions of the
continuity equations [Michalski et al., 2003; Kunasek et al.,
2008;Morin et al., 2009, 2011]. This consideration allows to
interpret isotopic composition of nitrate directly in terms of
the isotopic contribution of its different sources. However, a
corollary of this observation is that the interpretation of sub-
diurnal variations of D17O, for instance contrasted with

in-situ measurements of trace species such as BrO and
ozone, cannot be carried out directly and that only a atmo-
spheric chemistry model can help disentangling issues
associated with the various timescales involved [Morin
et al., 2011].
[37] Figure 10 shows the day-to-day variation of D17O

versus that of d15N. On this plot, most of the data collected
during the OASIS intensive field campaign fall in the region
where the two variations have opposite signs. Stated simply,
it graphically shows that variations of d15N and D17O are
anticorrelated. Both the idealized seasonal variations of
D17O and d15N are small on a day-to-day basis. The vari-
abilities in d15N and D17O thus have to be attributed to
snowpack NOx emissions and reactive halogen oxidation of
NOx, respectively, which are both potentially intermittent in
time and space. The decrease of d15N over time has to be
interpreted as an increase in the contribution of snowpack
NOx to atmospheric NOx. In this situation, the data indicate
that D17O increases, which has to be interpreted as an
increase in reactive halogen oxidation of NOx. It thus appears
that air masses exposed to injections of NOx originating from
snowpack photodenitrification also undergo extensive reac-
tive halogen chemistry whereby the snowpack-emitted NOx

is oxidized into nitrate. This observation, solely made on the
basis of dual isotopic measurements of atmospheric nitrate,
reveals a strong coupling between NOx emissions from the
snowpack and reactive halogen chemistry. It confirms

Figure 8. Time series of the seasonal variation of d15N of atmospheric nitrate at Alert, Nunavut, 82°N
[Morin et al., 2008] and Barrow, Alaska, 71°N [this study]. Seasonal variations of d15N at (a) Alert, Nuna-
vut and (b) Barrow, Alaska, along with the cosine curve resulting from the fitting procedure described
in section 2.1 for both sites. The deviation of d15N from the idealized seasonal variation at (c) Alert and
(d) Barrow. Positive deviations indicate a significant contribution of snowpack emissions of NOx, induc-
ing a low d15N signature in locally produced atmospheric nitrate. The shaded areas in Figures 8c and 8 d
indicate the �5 / +5 ‰ threshold above which deviations are considered significant.
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previous such assessments carried out on lower-resolution
isotopic data sets [Morin et al., 2008, 2009] or on measure-
ment-based box-modeling [Bauguitte et al., 2009].
[38] It is tempting to investigate the nature of the causal

link behind the temporal correlation found between snow-
pack NOx emissions and reactive halogen chemistry. Com-
mon driving factors include the presence of snow and UV
light [Grannas et al., 2007; Friess et al., 2011, and refer-
ences therein]. It could thus simply be that both phenomena
are driven by the same external forcing, which would
explain the observed correlation. However, links between
the photochemistry of nitrate and reactive halogens in the
snow have recently been revealed by laboratory experi-
ments. For example, Richards et al. [2010] have recently
demonstrated that the photolysis of nitrate adsorbed on snow
crystals was enhanced in the presence of bromide ions.
Conversely, under the hypothesis that acidic conditions are
needed for the activation of reactive halogen chemistry on
frozen surfaces [Fan and Jacob, 1992], the hydrolysis of
BrONO2 could provide acidic conditions to surfaces prone
to halogen activation. The presence of BrONO2 in the Arctic
atmosphere can only be due to local NO2 emission by the
snowpack, in the absence of any other NOx source [Morin
et al., 2008]. These two examples indicate how snowpack

NOx emissions and reactive halogen chemistry can be
interrelated, and possibly mutually reinforcing.

5. Summary and Implications

[39] Based on new measurements of the dual isotopic
composition (D17O and d15N) of nitrate from the Arctic
atmosphere, obtained at Barrow, Alaska, during the inten-
sive OASIS field campaign in spring 2009 and continued
until February 2010 at a weekly time resolution, this paper
refines and confirms several hypotheses which were exposed
in previous publications [Morin et al., 2008, 2009], regard-
ing the cycling of reactive nitrogen in the Arctic atmosphere:
[40] 1. The seasonal variations of d15N in atmospheric

nitrate in the Arctic can be considered as the result of the
superposition of two processes: one -yet to be identified-
process drives yearly variations of d15N showing a maximum
around 0 ‰ in summer and a minimum around �10 ‰ in
winter. The average d15N values in the Arctic are generally
more negative and span a wider range than at midlatitudes and
tropical sites. During springtime, d15N is dominated by the
relative importance of nitrate production from NOx emitted
through the photodenitrification of the snowpack. Indeed, this
source possesses a peculiar low d15N signature, which can lead
to d15N values in atmospheric nitrate down to �40 ‰ in
springtime. A secondary maximum in snowpack emissions
was found, for the first time, in d15N data from Barrow,
Alaska, in September. At first order, the seasonality of snow-
pack NOx emissions is explained by the combination of UV
availability at the surface and the snow area with which UV
can interact at the regional scale.
[41] 2. At the daily time-scale, our measurements reveal a

significant interplay between NOx emissions by the snowpack,

Figure 9. Factors involved in the snow illumination index
(SII). (a) Seasonal variation of the daily UV dose at the sur-
face at 70°N and 80°N, corresponding to the latitude of Bar-
row, Alaska and Alert, Nunavut, respectively; (b) estimate of
the seasonal snow covered area in the Arctic, on continents
and on sea-ice; and (c) computation of the snow illumination
index as the multiplication of the above two curves, for illu-
mination conditions of 70°N and 80°N, respectively. Note
that the snow illumination index is dimensionless and ranges
between 0 and 1.

Figure 10. Sample-to-sample variation ofD17O versus that
of d15N during the intensive OASIS 2009 campaign
(March–April 2009, Barrow, Alaska), when the sampling
rate was approximately daily. Dashed lines link consecutive
measurements.
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and its subsequent oxidation by reactive halogens. Indeed, as
noted before based on a much more limited data-set, reactive
halogen oxidation of NOx (mainly in the form of BrONO2)
can only proceed if NOx are locally emitted by the snowpack.
Long-range transport of NOx to the Arctic is insignificant
[Morin et al., 2008], so that emissions of NOx from the
snowpack are the only possible local source of NOx in the
Arctic atmosphere at present, until anthropogenic emissions
of NOx start playing a significant role [Granier et al., 2006].
The evidence for this coupling confirms and strengthens
model conclusions constrained by measurements of mixing
ratios of atmospheric NOx and other trace gases [Bauguitte
et al., 2009; Moller et al., 2010] in a totally independent
way. Measurements of the isotope anomaly of NO2, in the
atmosphere or within the snowpack, would help deciphering
further this interplay.
[42] 3. Dual isotopic measurements of atmospheric nitrate

have proven useful to infer the presence of snow photo-
denitrification in polar environments. Compared to flux or
reactive trace gases direct measurements, atmospheric nitrate
measurements are extremely easy and little demanding to
implement within a suite of atmospheric chemistry mea-
surements, and could potentially be routinely carried out for
future intensive or monitoring atmospheric chemistry stud-
ies. Recent studies have shown how such variables can be
implemented in atmospheric chemistry box models [Gromov
et al., 2010; Morin et al., 2011] or in larger chemistry-
transport models [Alexander et al., 2009]. Due to the large
variations in the life time of species involved in NOx-halogen
chemical interplay, only numerical modeling along with air
mass trajectories will shed light on the detailed chemical
processes affecting the isotopic composition of atmospheric
nitrate, hence providing the tools to interpret more quantita-
tively the variations observed.
[43] 4. Photodenitrification of the snowpack seems to be a

general feature found everywhere it is investigated [Grannas
et al., 2007; Morin et al., 2008; Frey et al., 2009; Bauguitte
et al., 2009; Moller et al., 2010]. Due to its impact on the
isotopic composition and concentration of nitrate remaining
in the snow, it has to be taken into account when attempting
to derive chemical information on the budget of atmospheric
reactive nitrogen from firn or ice core records of nitrate
concentration and isotopic composition.
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