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Abstract

Increasing reactive nitrogen (Nr) deposition in the Arctic may adversely impact

N-limited ecosystems. To investigate atmospheric transport of Nr to Svalbard,

Norwegian Arctic, snow and firn samples were collected from glaciers and

analysed to define spatial and temporal variations (1�10 years) in major ion

concentrations and the stable isotope composition (d15N and d18O) of nitrate

(NO�3 ) across the archipelago. The d15NNO�
3

and d18ONO�
3

averaged �4� and

67� in seasonal snow (2010�11) and �9� and 74� in firn accumulated over

the decade 2001�2011. East�west zonal gradients were observed across the

archipelago for some major ions (non-sea salt sulphate and magnesium) and

also for d15NNO�
3

and d18ONO�
3

in snow, which suggests a different origin for air

masses arriving in different sectors of Svalbard. We propose that snowfall

associated with long-distance air mass transport over the Arctic Ocean inherits

relatively low d15NNO�
3

due to in-transport N isotope fractionation. In contrast,

faster air mass transport from the north-west Atlantic or northern Europe results

in snowfall with higher d15NNO�
3

because in-transport fractionation of N is then

time-limited.

To access the supplementary material for this article, please see supple-

mentary files under Article Tools online.

Growing food and energy consumption has increased

the amount of reactive nitrogen (Nr) released to the

atmosphere over the last century (Mosier et al. 2002).

This Nr can be transported to high latitudes and deposited

by both dry (turbulence transfer and sedimentation) and

wet deposition (rain or snow). In polar regions, Nr

can be deposited with snow, stored in glaciers and

released by melting of seasonal snowpacks and glacier

ice (Brimblecombe et al. 1985; Björkman et al. 2014).

The Arctic comprises fragile N-limited ecosystems that

can be profoundly affected by even small increases of Nr

inputs (Shaver & Chapin 1980; Atkin 1996; Aanes et al.

2000; Dickson 2000; Rinnan et al. 2007).

An important fraction of Nr consists of atmospheric

N oxides (NOx: NO�NO2), but measuring these gases in

polar regions is difficult (Bottenheim et al. 1986; Carroll

& Thompson 1995). NOx are oxidized in the atmosphere

to nitrate (NO�3 ), which is one of the major ions found in

polar snow. Ice-core records of NO�3 have accordingly

been used to infer past changes in atmospheric NOx

concentrations (Wolff 1995; Kekonen et al. 2002; Samyn

et al. 2012). In Svalbard, Norwegian Arctic, ice cores

show NO�3 concentrations rising in the 1950s, peaking in

the 1970s and decreasing after the 1980s (Goto-Azuma &

Koerner 2001; Kekonen et al. 2002; Samyn et al. 2012).

A 20-year record of NO�3 deposition in precipitation from
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Ny-Ålesund, Spitsbergen (Fig. 1) shows that 10% of all

precipitation events account for the total annual Nr

deposition to the area (Kühnel et al. 2011). These events

occur when blocking high-pressure systems over Scandi-

navia promote transport of pollution from Europe and

humidity from the Atlantic (Kühnel et al. 2013).

Previous studies have shown that the stable isotope

ratio 15N/14N of NO�3 can be used to identify precursor

Fig. 1 Snow and firn sampling sites in Svalbard: Holtedahlfonna (HF); Kongsvegen (KV); Lomonosovfonna (LF); and Austfonna (AF). The means d15NNO�
3

and d18ONO�
3

(bracketed) measured in snow in this paper are shown for each site (91s; units of �). Shaded relief map from the Advanced Spaceborne

Thermal Emission and Reflection Radiometer (ASTER) global digital elevation model; glacier outlines from Nuth et al. (2013).
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NOx sources in polar regions (Freyer et al. 1996; Hastings

et al. 2004; Heaton et al. 2004; Hastings et al. 2009;

Morin et al. 2009; Björkman 2013). In addition, the

stable isotope ratio 18O/16O in the same molecule is an

indicator of seasonal variations in atmospheric NO�3
formation pathways, particularly at Arctic sites (Michalski

et al. 2003; Morin et al. 2008). After deposition, NOx

can be re-emitted from snow due to photolysis of NO�3
by sunlight (Honrath et al. 1999; Honrath et al. 2000;

Dibb et al. 2002; Hastings et al. 2004; Jarvis et al. 2008).

Sublimation of HNO3 can also take place at the snow/

air interface (Honrath et al. 1999; Dibb et al. 2002;

Röthlisberger et al. 2002), and both photolysis and

sublimation modify the 15N/14N ratio of NO�3 in snow

(Blunier et al. 2005).

The Svalbard Archipelago (Fig. 1) is the site of frequent

exchange between air masses from low and high latitudes

(Hisdal 1998). South-westerly transport of mild oceanic

air, associated with a low-pressure system east of Iceland,

often brings mild winter temperatures to Svalbard compared

to other Arctic locations. In contrast, Arctic air intrusions

from the north-east, driven by a high-pressure system

over Greenland, can bring much colder winter tempera-

tures. The interplay between these synoptic situations

frequently creates unstable weather conditions in Svalbard,

especially during winter, but also favours the long-range

transport of aerosols to the archipelago, including pollutants,

from continental sources to the south and east.

In this work, we report new measurements of stable

isotope ratios of 15N/14N and 18O/16O in NO�3 from firn

cores and snow samples obtained at four sites in central

and north-east Svalbard (Fig. 1). These new data help to

better define the spatial and temporal variability of NO�3
isotopic signatures across Svalbard by complementing

previous measurements from the atmosphere and snow

made near Ny-Ålesund (Heaton et al. 2004; Morin et al.

2009; Morin et al. 2012; Björkman 2013). We also present

back-trajectory analyses of air masses associated with

precipitation events at the different sampling sites to

help identify NO�3 source regions for this sector of the

Arctic.

Methods

Lomonosovfonna and Austfonna firn cores

An 8.0-m-long firn core (LF-11) was drilled at the summit

of the Lomonosovfonna icefield in central Spitsbergen

in April 2011 (Fig. 1, Table 1). A Kovacs drill with an

internal diameter of 8.5 cm and a barrel length of 1.6 m

was employed. The core was packed in clean plastic

sleeves and stored at �208C during transport between

Svalbard and Tromsø, Norway, where the core was

sampled at the facilities of the Norwegian Polar Institute

(NPI). Clean protocols were employed when cutting

and sampling the core (for details see Vega et al. 2015).

The ice core was divided into three pieces with 1.8 cm�
1.8 cm square cross sections, which were then cut in

samples of 4 cm length each, for analyses of water stable

isotope ratios (18O/16O), major ion and black carbon

(BC) (the BC data will be reported elsewhere). The re-

maining sections (1.8 cm�3.6 cm�ca. 70 cm) were used

for stable isotope ratio measurements of 15N/14N and
18O/16O in NO�3 . The mean sampling resolution for these

measurements was ca. 1.8 a�1 (i.e., ca. 0.6 year per

sample).

Another 8.7 m long firn core (AF-11) was drilled from

the Austfonna ice cap on Nordaustlandet (Fig. 1, Table 1)

in May 2011. The ice core was drilled from the bottom of a

snow pit 1.73 m in depth. A PICO drill with an internal

diameter of 7.8 cm was used. The core handling, transport

Table 1 Details of the snow and firn sampling sites across Svalbard.

Name Site/collection date Location/elevation a.s.l. (m) Depth(m)

Depth, water

equivalent (m)

Winter accumulation rate,

water equivalent (m a�1)a
Mean annual air

temperature (8C)

HF-1 Holtedahlfonna

12/04/2011

79.148N, 13.398E/1127 1.66 0.66 0.66 �10.7b

HF-2 Holtedahlfonna

14/04/2011

79.148N, 13.398E/1130 1.60 0.61 0.61

KV Kongsvegen

23/04/2011

78.758N, 13.338E/673 1.73 0.75 0.75 No data

LF-11 Lomonosovfonna

04/04/2011

78.828N, 17.438E/1202 7.59 3.77 0.40 �12.0c

AF-11 Austfonna

05/05/2011

79.838N, 23.978E/757 10.09 5.88 0.69 �8.3d

aFor the period 2010�11, estimated from snowpits or the top of firn cores. bFrom stake 4.5 at Holtedahlfonna, ca. 20 km south-east and 400 m lower than the HF-1 and HF-2

sites (J. Kohler, pers. comm.). cPohjola et al. (2002). dSchuler et al. (2013). Temperature measurements at ca. 400 m a.s.l.
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and sampling procedures were the same as for the

LF-11 core.

Snow pits

Three snow pits, 1.60�1.73 m deep, were sampled in 2011

on the Holtedahlfonna (HF) ice cap and Kongsvegen

glacier (KV), close to Ny-Ålesund in western Spitsbergen.

Another snow pit (AF-11snow), 1.5 m deep, was sampled

at the 2011 firn coring site on Austfonna (Fig. 1, Table 1).

In addition, the top 1.5 m of the LF-11 firn core, hereafter

denoted LF-11snow, was sampled to characterize snow-

pack properties at the Lomonosovfonna site (see preced-

ing section).

The snow pits were sampled at 10-cm resolution in

accordance with International Trans-Antarctic Scientific

Expedition protocol (Twickler & Whitlow 1997) using

50-mL clean high-density polyethylene tubes. All sam-

pling materials and tubes had been pre-cleaned using

methanol and 18 MV water and double-sealed in

polyethylene bags.

Chemical analyses

Concentrations of nine major ions (Na�, NHþ4 , K�,

Ca2�, Mg2�, Cl�, Br�, NO�3 and SO2�
4 ) in snow and

firn samples were determined using a ProfIC850 ion

chromatograph (IC; Metrohm, Herisau, Switzerland) at

Uppsala University, Sweden. Hereafter, brackets are

used to denote ionic concentrations, e.g., [Na�]. Sam-

ples and standards were handled under a class 100

clean air hood, using powder-free gloves. Standards

were prepared before analysis and stored frozen at

�208C. Shortly prior to analysis, samples and standards

were melted at room temperature (with vial lids closed).

They were then placed in the IC auto-sampler (with

lids removed) and covered with aluminium foil to avoid

any dust contamination. A minimum of 5 mL H2O per

sample was required to measure cations and anions.

Calibration curves (R]0.9998) were constructed using

12 standards in the concentration range 1�1000 mg L�1.

Samples with ionic concentrations greater than the

highest standard were diluted automatically using the

Dosino module, which is part of the ProfIC850 IC

system. Three sample blanks consisting of �18 MV
water were analysed at the beginning and the end of

every sample batch. Check samples consisting of melted

bulk snow collected in Ny-Ålesund or Uppsala, Sweden,

were analysed for every 10 samples to assess the

reproducibility of measurements within a given batch.

The reproducibility was within 5% for each ion. Detec-

tion limits were calculated as the average plus 1.68

times the standard deviation (s) of six separate blanks

(cblank�1.68�sblank) and were below 5 mg L�1 for each

ion. In this paper, major ion concentrations in samples

are reported as charge-equivalent concentrations in

units of mmol L�1. With the exception of NO�3 , the

non-sea salt (nss) fractions of each ion in snow and firn

were estimated from the mean seawater composition,

following:

nssX½ � ¼ X½ �total�
X½ �

Naþ½ �

 !
seawater

� Naþ½ �total ; (1)

where X stands for a major ion (Supplementary Table S1).

The 18O/16O ratios of water in melted firn core samples

were analysed at the Institute of Geology at Tallinn

Technical University, Estonia, using two methods: a

L2120-i water isotope analyser (Picarro, Santa Clara, CA,

USA), using cavity ringdown spectroscopy technology,

with a high precision vaporizer A0211 for the LF-11 core;

and a Delta V Advantage mass spectrometer (Thermo

Fisher Scientific, Waltham, MA, USA) with a GasBench II

system for the AF-11 core (Thermo Fisher Scientific).

Results are reported using the d18O notation:

d18OH2O ¼
18O=

16
O

� �
sample
� 18O=

16
O

� �
VSMOW

18O=
16
O

� �
VSMOW

; (2)

where VSMOW is the Vienna Standard Mean Ocean

Water international standard. The measurements were

calibrated against both VSMOW and the Vienna Standard

Light Antarctic Precipitation standards, and the repro-

ducibility for d18OH2O was estimated to be 90.1� (1s for

four to six replicate measurements).

Stable isotope ratios of 15N/14N and 18O/16O in NO�3
were determined by mass spectrometry at the University

of East Anglia, UK, after conversion of NO�3 to N2O by the

denitrifier method (Casciotti et al. 2002; Kaiser et al.

2007). The method requires at least 10 nmol of NO�3
(20 nmol being optimum) in not more than 11 mL of

H2O sample. Samples with [NO�3 ]B0.9 mmol L�1 were

pre-concentrated using a freeze-drying procedure (lyo-

philization). All samples were then filtered through

0.2 mm Minisart PES syringe filters (Sartorius, Goettingen,

Germany), collected in clean 50-mL plastic tubes and

kept frozen until analysis.

The stable isotope composition of N in NO�3 is

expressed using the d15N notation:

d15NNO�
3
¼

15N=
14
N

� �
sample
� 15N=

14
N

� �
Air

15N=
14
N

� �
Air

; (3)
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where (15N/14N)Air is the mean 15N/14N ratio of N2 gas in

air. The stable isotope composition of 18O/16O in NO�3 is

expressed as d18ONO�
3

relative to VSMOW. The overall

precision of the measurements, taking into account that

samples were measured in different batches and days,

was estimated to be 90.4� and 91� (1s) for d15NNO�
3

and d18ONO�
3
, respectively.

Laboratory tests showed that pre-concentrating NO�3
in samples by a factor of 10 increased d15NNO�

3
by ca.

0.33�. However, the actual pre-concentration factors

for low [NO�3 ] samples were in fact much lower (2.5

for snow, 6.7 for firn), and the effect of lyophilization

on d15NNO�
3

is therefore considered negligible relative to

the range of d15NNO�
3

variations that was observed in

Svalbard snow and firn samples (typically 93� at each

site; see below). Lyophilization was also found to have no

detectable effect on d18ONO�
3
. The d15NNO�

3
were not

corrected for 17O excess (D17O), which may cause values

reported here to be 1�2� too high (Coplen et al. 2004).

However, for a given d18ONO�
3
, D17O is expected to

vary by at most 6� (Morin et al. 2008), which would

require a maximum d15NNO�
3

correction of �0.3� in

our samples. Such a correction is negligible compared to

the observed seasonal d15NNO�
3

variations in Svalbard

snow and firn. Unfortunately, owing to the low final

liquid volumes in pre-concentrated samples, duplication

of the d15NNO�
3

and d18ONO�
3

determinations was not

feasible.

Low [NO�3 ] or sample volumes also limited the number

of snow pit samples in which d15NNO�
3

and d18ONO�
3

could

be determined. Gaps therefore exist in the snow pit

sample sequences for these measurements. As a conse-

quence, annual mean values estimated from snow pit

samples could be biased by high [NO�3 ] in single deposi-

tional events, particularly given the large temporal

variations observed in the snow pit data (see below).

This is not an issue for the firn core samples, as each

represents integrated snow accumulation over several

months.

Dating of the firn cores and snow pits

The LF-11 and AF-11 firn cores were dated by counting

seasonal cycles in d18OH2O using the winter minima as

an annual reference. In addition, specific features in

major ion profiles in the LF-11 core were correlated

with those in a separate, previously dated core from

Lomonosovfonna (Vega et al. 2015). In this way, the LF-

11 and AF-11 cores were estimated to span the temporal

ranges 2004�2011 and 2000�2010, respectively.

To date the snow pits, three prominent peaks in [Cl�],

observed in all pits, were correlated with (presumably

synchronous) peaks found in the dated LF-11 core

(assigned to years 2011.3, 2011.2 and 2011.1). Dating

snow layers between these points was done by linear

interpolation. The different snow pits were estimated to

contain snow accumulated since the summer of 2010,

in good agreement with inferences from the stratigraphy

and density profiles in each pit.

Air mass back-trajectories

To quantify the relative influence of different aerosol

source regions over Svalbard during the snow/firn sam-

pling period 2010�11, we calculated trajectories of

air masses arriving at Austfonna (Nordaustlandet) and

Holtedahlfonna (Spitsbergen) during precipitation events,

using the National Oceanic and Atmospheric Administra-

tion’s Hybrid Single-Particle Lagrangian Integrated

Trajectory model (HYSPLIT; Draxler & Hess 1998). Pre-

cipitation events were identified from hourly snow surface

height measurements by sonic rangers (model SR50,

Campbell Scientific, Logan, UT, USA) installed on auto-

matic weather stations (AWS) at these sites. The first

AWS is located on Etonbreen (370 m a.s.l.) on the western

side of Austfonna (data provided by T.V. Schuler, Uni-

versity of Oslo; see Schuler et al. 2013). The second

AWS is situated at 690 m a.s.l. on Holtedahlfonna (data

provided by J. Kohler, NPI). Precipitation events detected

at these AWS were assumed to have also occurred at

the snow pit sites. The AWS snow height data were first

smoothed using a 24 h running average. A snow event

was defined as an increase in the smoothed surface

snow height data series that exceeded 0.5 cm over a

6-h period.

Due to the variable duration of precipitation events,

air mass back-trajectories were calculated at the start of

each event over the period 12 August 2010 to 23 April 2011,

which brackets the sampling period. Based on the estimated

lifetime of NOx in the Arctic (ca. 10 days; Liu et al. 1987), and

the global mean lifetime of aerosol NO�3 (four�six days; Xu

& Penner 2012), we calculated air mass back-trajectories

over five days, arriving 500 m above the Austfonna and

Holtedahlfonna sampling sites. Such trajectories to Svalbard

are expected to have lengths of 3000�5000 km (Eneroth

et al. 2003), allowing for the identification of potential

continental source regions of NOx precursors to the mea-

sured NO�3 in Svalbard snow and ice. Back-trajectories were

computed using meteorological fields from the Global Data

Assimilation System, and the clustering algorithm found

in the HYSPLIT model was used to identify and map the

most common trajectory types.
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Results and discussion

Spatial variations in major ion concentrations

Mean concentrations of eight major ions measured in

snow pits and firn core samples (Na�, NHþ4 , K�, Ca2�,

Mg2�, Cl�, Br� and SO2�
4 ) are given in Table 2. Nitrate

is discussed separately. In a previous study, Semb et al.

(1984) showed that the distribution of sea-salt ions (Cl�,

Na�, SO2�
4 and Mg2�) in snow across Svalbard is partly

controlled by orographic effects, their concentrations de-

creasing with increased elevation and remoteness from

the marine boundary layer. These authors also found that

NO�3 , NHþ4 and non-sea salt sulphate nssSO2�
4ð Þ show

decreasing concentrations from the south-east to the

north-west sector of Svalbard. Similarly, we find that the

concentrations of sea-salt ions in our snow pit samples

are highest at the lower-elevation sites Kongsvegen

(673 m a.s.l.) and Austfonna (757 m a.s.l.), presumably

reflecting the dominance of marine aerosol sources in

snow at these relatively low altitudes (Table 3). Our data

also show that major ion concentrations in snow across

Svalbard vary depending on the geographic situation

relative to the orographic barrier formed by the moun-

tains and uplands in north-central Spitsbergen (between

ca. 14 and 178E; Fig. 2). This is reflected in relatively

higher ion concentrations in snow on Lomonosovfonna

compared to Holtedahlfonna, despite similar elevations

at these two sites (1202 and ca. 1130 m a.s.l). Indications

of an east�west gradient in snow chemistry across

Svalbard were reported by others for major ions (Beaudon

et al. 2013), pesticides (Ruggirello et al. 2010) and BC

(Forsström et al. 2009) in snow and firn.

Based on these observations, we chose to separate

and group our sample data between eastern sites

(Lomonosovfonna and Austfonna) and western sites

(Holtedahlfonna and Kongsvegen) relative to longitude

ca. 158E. We then used the non-parametric Wilcoxon

rank-sum test to compare the mean ion concentrations

between the pooled data from the eastern and western

sites (Gibbons & Chakraborti 2003). Only nssSO2�
4½ �

and [nssMg2�] displayed meaningful differences, their

mean concentrations in snow at eastern Svalbard sites

being significantly greater than at western sites (a�0.1).

Remarkably high concentrations of [nssCl�] and [nssK�]

were measured sporadically at Holtedahlfonna, Lomo-

nosovfonna and Austfonna, and these outliers could mask

some east�west differences in snow chemistry. Likewise,

local terrestrial dust sources from snow-free terrain (e.g.,

nunataks) are known to supply nssCa2� and other ions

in snowpacks of central Spitsbergen (Semb et al. 1984;

Kang et al. 2001), and these local inputs could obscure

larger-scale spatial variations in snow chemistry across the

archipelago.

Spatial variations of [NO�3 ], d15NNO�3
and d18ONO�3

in snow

The mean concentration and stable isotope composi-

tion (d15NNO�
3

and d18ONO�
3
) of NO�3 in Svalbard snow and

firn samples are given in Table 4. Snow pit [NO�3 ]

are similar at the three Spitsbergen sites (Holtedahl-

fonna, Lomonosovfonna and Kongsvegen), despite their

different elevations. In contrast, snow samples from Aust-

fonna (AF-11snow) have a mean [NO�3 ] that is twice that

of the Spitsbergen sites. The d15NNO�
3

and d18ONO�
3

values

Table 2 Mean concentrations (charge equivalents;9s) of major ions in seasonal snow at the sampling sites at Holtedahlfonna (HF), Kongsvegen (KV),

Lomonosovfonna (LF) and Austfonna (AF), Svalbard. For [NO�3 ], see Table 4.

Cl� Br� SO2�
4 Na� K� NHþ4 Ca2 � Mg2 �

Site (elevation a.s.l. m) (mmol L�1) Period

HF-1 (1127)
Mean 18 0.02 3 11 0.3 0.5 2 3

Mid-2010 to mid-2011

s 21 0.02 2 11 0.3 0.3 2 4

HF-2 (1130)
Mean 13 0.01 2 10 0.2 0.3 2 3

s 12 0.01 1 10 0.2 0.2 3 2

KV (673)
Mean 61 0.1 8 14 1 0.4 4 13

s 75 0.1 9 13 1 0.4 4 16

LF-11snow (1202)
Mean 42 0.03 6 34 3 0.4 5 9

s 70 0.02 8 58 1 0.5 8 13

AF-11snow (757)
Mean 61 0.1 9 39 1 0.9 2 10

s 117 0.1 14 83 2 0.9 3 23

LF-11 (1202)
Mean 13 0.01 2 10 0.2 0.5 3 3

2004�2011
s 30 0.01 4 25 0.5 0.5 5 6

AF-11 (757)
Mean 12 0.02 1 9 0.2 0.6 2 1

2000�2011
s 7 0.01 1 5 0.1 0.4 1 1
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Fig. 2 West-to-east variations in mean non-sea salt (nss) ion concentrations measured in Svalbard snow pits and firn cores at Holtedahlfonna (HF),

Kongsvegen (KV), Lomonosovfonna (LF) and Austfonna (AF).
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show small local inter-site variations on Holtedahlfonna,

but much larger variations at the regional scale, with higher

d15N and lower d18O at the western Svalbard sampling

sites (Fig. 3). Unlike for [NO�3 ], these east�west differ-

ences were found to be statistically meaningful (a�0.1).

A complementary analysis is provided in the supplemen-

tary material (Supplementary Section S1, Supplementary

Table S2).

One factor that can affect spatial variations in [NO�3 ]

and its isotopic composition is the snow accumulation

rate. In Svalbard, accumulation is highly variable due to

the archipelago’s complex topography and wind redis-

tribution (Rasmussen & Kohler 2007). Figure 4 shows

that for the winter 2010/11, winter snow accumula-

tion across Svalbard (estimated from snow pits and firn

cores) decreased almost linearly with increasing eleva-

tion (R�0.77). However, neither [NO�3 ] nor d15NNO�
3

or

d18ONO�
3

shows any systematic, meaningful variations

with snow accumulation or with elevation (Fig. 4,

Supplementary Table S3).

Alternatively, the observed regional differences in

[NO�3 ], d15NNO�
3

or d18ONO�
3

in snow across Svalbard

Table 3 Non-sea salt (nss) ion concentration (charge equivalents;9s) at the sampling sites at Holtedahlfonna (HF), Kongsvegen (KV), Lomonosovfonna

(LF) and Austfonna (AF), Svalbard.

nssCl� nssSO2�
4 nssK� nssCa2 � nssMg2 �

Site (mmol L�1) Period

HF-1
Mean 7 2 0.1 1 1

s 20 2 0.3 2 4

HF-2
Mean 2 1.0 0.02 2 0.5

s 1 0.5 0.02 3 0.4

KV
Mean 1.6 1.4 0.02 2 0.5 mid-2010 to mid-2011

s 0.9 0.9 0.0.2 3 0.4

LF-11snow
Mean 3 2 0.1 4 1

s 3 2 0.1 7 2

AF-11snow
Mean 5 4 0.1 0.4 2

s 5 3 0.2 0.3 5

LF-11
Mean 2 2 0.1 2 1

2004�2011s 3 2 0.2 4 1

AF-11
Mean 2 1 0.1 1 1

2000�2011s 1 1 0.1 1 1

Table 4 Mean values (9s) of d15NNO�
3

, d18ONO�
3

and [NO3] in seasonal snow at the sampling sites at Holtedahlfonna (HF), Kongsvegen (KV),

Lomonosovfonna (LF) and Austfonna (AF), Svalbard.

d15NNO�
3

d18ONO�
3

[NO�3 ] na([NO�3 ])

Site (�) (�) (mmol L�1) Period na (d)

HF-1
Average �2 62 0.7

Mid-2010 to mid-2011
17

s 3 5 0.6 10

HF-2
Average �1 59 0.7

Mid-2010 to mid-2011
18

s 3 3 0.4 13

KV
Average �3 66 0.7

Mid-2010 to mid-2011
20

s 3 5 0.4 11

LF-11snow
Average �11 80.99 0.7

Mid-2010 to mid-2011
24

s 1 0.03 0.5 2

AF-11snow
Average Not measured 2

Mid-2010 to mid-2011
11

s 1 0

LF-11
Average �9 76 1

2004�2011
156

s 3 4 1 12

AF-11
Average �9 72 0.8

2000�2011
174

s 3 5 0.8 17

aNumber of samples.
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could be explained by differences in the origin of air

masses arriving at the eastern sites (Lomonosovfonna

and Austfonna) and western sites (Holtedahlfonna and

Kongsvegen). As mentioned before, air arriving at

Svalbard may travel from both southerly and northerly

directions (Hisdal 1998). Using air mass back-trajectory

analyses over a decade, Eneroth et al. (2003) identified

eight different air mass transport patterns to Ny-Ålesund

in western Spitsbergen. Half of these originated in the

Arctic Ocean, the others from northern Europe and/or

Eurasia, or from the Atlantic sector. During spring and

summer, low cyclonic activity and relatively stable weather

conditions result in air masses being mostly confined to

the Arctic Ocean. In contrast, during autumn and winter,

more intense cyclonic activity results in enhanced trans-

port of air masses from eastern North America, the North

Atlantic and northern Europe/Eurasia. While there is

low interannual variability in the relative frequency of

these different air mass transport patterns, their seasonal

or monthly frequency differs from year to year, mainly

in response to variability in the strength of the Icelandic

Low (Eneroth et al. 2003).

The air mass transport patterns described above may be

adequate for interpreting snow and firn chemistry data

from sites close to Ny-Ålesund, such as Holtedahlfonna

or Lomonosovfonna. However, they may not be repre-

sentative for sites further east on Nordaustlandet, such

as Austfonna. In order to better discriminate the origin of

air masses affecting our sampling sites, we analysed five-

day back-trajectories associated with precipitation events

at Holtedahlfonna (N�54) and Austfonna (N�86) during

the snow pit sampling period (August 2010 to April

2011). At each of these sites, individual trajectories were

clustered into three main transport patterns. Air masses

arriving at Austfonna during precipitation events were

mostly transported from the east (43%), west (36%) or

south-west (21%), and westerly trajectories often origi-

nated from continental Eurasia (Figs. 5, 6). In contrast,

most air masses arriving at Holtedahlfonna during pre-

cipitation events were mostly transported from the west

(44%), north-east (31%) and south-west (24%), many

of the latter trajectories passing over northern Europe

(Figs. 7, 8).
The relative length of different air mass trajectories

can affect the d15N of NO�3 deposited in snow by limit-

ing the time during which in-transport isotopic frac-

tionation can occur (Freyer 1991). During airborne

transport, NOx undergoes oxidation reactions that pro-

duce NO�3 . Isotopic fractionation of N accompanies some

of these reactions, resulting in reactants and products

with different d15N. For any such reaction, the iso-

topic fractionation o between product and reactant is

defined as:

e ¼ ðd15Nproduct � d15NreactantÞ=ð1þ d15NreactantÞ (4)

The reaction

15NOþ14NO2 Ð14NOþ15NO2 (5)

is often accompanied by equilibrium isotopic frac-

tionation with o�0, where the more oxidized comp-

ound is considered to be the product. In contrast, the

reaction

NO2 þOH!M HNO3 (6)

is accompanied by kinetic fractionation with oB0 be-

cause the 14N isotopologue reacts faster than the 15N

isotopologue, lowering the d15N of the products relative

to the reactants (Heaton 1987 and references therein).

Vega et al. (2015) estimated the magnitude of in-

transport fractionation effects on d15NNO�
3

using a simple

isotopic mass balance model (Freyer et al. 1996) applied to

d15NNO�
3

data from pre-industrial (pre-1900) and modern

(post-1950) ice-core samples obtained from Lomonosov-

fonna in eastern Spitsbergen. The anthropogenic contri-

bution (d15Nant) to the d15N of ice-core NO�3 was

calculated as:

d15Nant ¼ fcombd
15Ncomb þ ð1� fcombÞd15Nsoil; (7)

where d15Ncomb, d15Nsoil are the estimated mean isotopic

compositions of NOx from anthropogenic fossil fuel

combustion (�13�5d15N520�; Hastings 2010; Felix

et al. 2012) and from soil emissions (�48.95d15N

5�19.9�; Li & Wang 2008), respectively. The variables

fcomb and fsoil are estimated NOx emission fractions from

the most likely source regions to Svalbard, the latter

being, over the period between 1970 and 2008, the USA,

the European countries belonging to the Organisation for

Economic Co-operation and Development and the

Russian Federation (Samyn et al. 2012). Plausible values

for fcomb and fsoil were obtained from the European

Commission’s Emission Database for Global Atmospheric

Research (EC-JRC/PBL 2011; Supplementary Table S4).

Using these data, the magnitude of in-transport frac-

tionation effects (otrans) on d15N of ice-core NO�3 could

be estimated by:

etrans ¼
d15Npost�1950�f d15Npre�1900

1�f

h i
� d15Nant

1þd15Nant

; (8)

where f is the ratio of the mean [NO�3 ] in pre-1900 ice

(0.6 mmol L�1) and the mean [NO�3 ] in the whole core
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(0.9 mmol L�1). Results suggest that on Lomonosovfonna,

the contribution of (non-source related) in-transport

fractionation effects (otrans) to the d15NNO�
3

in snow could

be as large as ca. �32�. A similar calculation has not yet

been performed for other Svalbard sites owing to the

limited d15NNO�
3

data available. However, the estimated

otrans from Lomonosovfonna underscores how source-

related signatures in d15NNO�
3

could be obscured by in-

transport fractionation as a function of air mass transport

distance.

Evidence for such in-transport fractionation effects

may be found in measurements of d15NNO�
3

in snowfall at

Ny-Ålesund reported by Heaton et al. (2004). A precipita-

tion event on 23 April 2001 delivered snow with a [NO�3 ]

of 2 mmol L�1 and a d15NNO�
3

of �17�, while a later event

on 5 April 2002 delivered snow with a [NO�3 ] of 4 mmol L�1

Fig. 3 West-to-east variations in the mean [NO�3 ], d15NNO�
3

and d18ONO�
3

determined in Svalbard snow pits and firn cores at Holtedahlfonna (HF),

Kongsvegen (KV), Lomonosovfonna (LF) and Austfonna (AF). For AF-11, the d15NNO�
3

and d18ONO�
3

values shown were determined from firn core samples

as values in seasonal snow could not be obtained.
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and a d15NNO�
3

of �9�. An analysis of associated air mass

back-trajectories for the two snowfall events (Fig. 9)

shows that their contrasting [NO�3 ] and d15NNO�
3

values

could be explained by different air mass sources and

transport routes. The air mass trajectory for the snowfall

on 23 April 2001 passed over Alaska and the Arctic Ocean

(Fig. 9a), while the trajectory for the snowfall on 5 April

2002 passed over the North Atlantic, close to England and

Fig. 4 Altitudinal variations in (a) the estimated snow accumulation rate for winter 2010/11; and mean values of (b) [NO�3 ] (mmol L�1), (c) d15NNO�
3

(�)

and (d) d18ONO�
3

(�) in snow and firn at Holtedahlfonna (HF), Kongsvegen (KV), Lomonosovfonna (LF) and Austfonna (AF).

Fig. 5 Clustered mean five-day back-trajectories of air masses arriving at Austfonna, Nordaustlandet, calculated for 86 precipitation events recorded

between 12 August 2010 and 23 April 2011. Data from the Global Data Assimilation System (GDAS).
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Scandinavia, and this air mass is therefore more likely to

have mixed with polluted air from these regions (Fig. 9b).

However the most fractionated value of d15NNO�
3

was that

associated with the 23 April 2001 snowfall, which had

the lowest [NO�3 ]. This suggests that snow delivered by air

masses that travel long distances over the Arctic Ocean

may inherit lower d15NNO�
3

owing to extensive in-transport

fractionation, when compared with snow delivered by

(often polluted) air masses arriving more directly to

Svalbard from northern Europe/Eurasia.

We therefore speculate that glacier sites in Svalbard

that receive snowfall predominantly associated with

relatively short/fast air mass trajectories from northern

Europe/Eurasia are more likely to preserve d15NNO�
3

signatures from NOx source emissions, anthropogenic or

otherwise. This should be the case on Holtedahlfonna or

Kongsvegen, for example. Verification of this hypothesis

will require an estimation of otrans using measurements of

d15NNO�
3

in pre-industrial ice-core samples (as described

above), which are presently unavailable.

Seasonal variability of [NO�3 ], d15NNO�3
and d15NNO�3

in snow

Temporal variations of [NO�3 ], d15NNO�
3

and d18ONO�
3

in

snow over the period 2010�11, reconstructed from

snow pits on Holtedahlfonna and Kongsvegen (western

Svalbard sites), are presented on Fig. 10. Also shown

are [NO�3 ], and d15NNO�
3

measured in fresh snow at Ny-

Ålesund in spring 2001 and 2002 (Heaton et al. 2004).

Decadal-scale variations in [NO�3 ], d15NNO�
3

and d18ONO�
3

reconstructed from firn cores are discussed separately

in the following section.

In many, but not all, snow pits, higher [NO�3 ] (up to

3 mmol L�1) are found in snow layers deposited in

autumn and/or winter compared to spring. Exceptions

are Austfonna (AF-11snow), where the highest [NO�3 ] is

in spring snow, and Lomonosovfonna (LF-11snow),

where [NO�3 ] is highest in summer snow layers. For

comparison, at Barrow, Alaska, and at Alert, Canada,

atmospheric [NO�3 ] reach a seasonal maximum during

Fig. 6 Five-day back-trajectory for a precipitating air mass arriving at Austfonna, Nordaustlandet, on 6 February 2011. Data from the Global Data

Assimilation System (GDAS) using the National Oceanic and Atmospheric Administration’s Hybrid Single-Particle Lagrangian Integrated Trajectory

model (HYSPLIT).
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the period March�April, coincident with the highest

incidence of Arctic Haze events at this sites (Morin

et al. 2007; Quinn et al. 2007; Morin et al. 2012; see

also the Supplementary file). In contrast, [NO�3 ] in

central Greenland snow tends to peak during spring

and summer rather than in autumn and winter, although

seasonal variations are not always easy to resolve

(Burkhart et al. 2004; Hastings et al. 2004). Reported

higher [NO�3 ] in central Greenland have been attributed

to the greater influence of polluted air masses transported

from North America during this season (Kahl et al. 1997).

Figure 10b and c present seasonally-averaged d15NNO�
3

and d18ONO�
3

in the different snow pits sampled across

Svalbard. The d15NNO�
3

measured in fresh snow at Ny-

Ålesund by Heaton et al. (2004) are also shown, but

not their d18ONO�
3

because the analytical method they

employed differed from the one used in this work.

The observed range of d15NNO�
3

and d18ONO�
3

values in

Svalbard snow is narrower than that observed at Sum-

mit, Greenland (Hastings et al. 2004), but the difference

could be explained by the limited number of summer

snow samples in our data.

The snow pits share some features, the lowest d15NNO�
3

being apparently associated with winter or spring snow

layers (Fig. 10b). In central Greenland, Hastings et al.

(2004) reported higher d15NNO�
3

in spring/summer snow

relative to autumn/winter snow. They attributed these

variations to seasonal changes in the dominant source

contributions of NO�3 : higher spring/summer d15NNO�
3

were ascribed to greater biomass burning, biogenic

soil emissions and lightning NOx emissions in these

seasons, compared to greater fossil fuel combustion emis-

sions in autumn/winter. Our snow pit data from Svalbard,

although limited, appear to show a similar seasonal

pattern, and the source-related interpretation proposed

by Hastings et al. (2004) for Greenland probably holds

true for these sites also (Fig. 10). In Svalbard, higher

d15NNO�
3

in summer snow could be associated in part with

NOx emissions from forest fires in Siberia (Stohl et al.

2007).

Local post-depositional effects, such as evaporation

or photolysis, could also contribute to the relatively

high d15NNO�
3

observed in spring snow layers at one of

the Holtedahlfonna sites (HF-2). However, based on

findings by Beine et al. (2003), Amoroso et al. (2006)

and Björkman (2013), we do not expect photolysis to be

a major factor of d15NNO�
3

variability in snow at this site.

Other, non-source-related processes that can lead to

increased d15NNO�
3

in springtime snow are desorption of

HNO3 (Honrath et al. 1999; Dibb et al. 2002; Röthlisberger

et al. 2002; Blunier et al. 2005) or wind action that mixes

surficial snow layers, thereby altering the d15NNO�
3

in the

affected snow strata. However, our data are too limited

to allow us these effects to be quantified.

Fig. 7 Clustered mean five-day back-trajectories of air masses arriving at Holtedahlfonna, Spitsbergen, calculated for 54 precipitation events recorded

between 12 August 2010 and 23 April 2011. Data from the Global Data Assimilation System (GDAS).
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Fig. 8 Five-day back-trajectory for a precipitating air mass arriving at Holtedahlfonna, Spitsbergen, on 4 October 2010. Data from the Global Data

Assimilation System (GDAS) using the National Oceanic and Atmospheric Administration’s Hybrid Single-Particle Lagrangian Integrated Trajectory

model (HYSPLIT).

Fig. 9 Five-day air mass back-trajectories for the snowfall events reported by Heaton et al. (2004) at Ny-Ålesund during (a) 2001 and (b) 2002. Data

from the Climate Diagnostics Center (CDC) using the National Oceanic and Atmospheric Administration’s Hybrid Single-Particle Lagrangian Integrated

Trajectory model (HYSPLIT).
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Fig. 10 Comparison of estimated seasonal mean values (91s) of (a) [NO�3 ], (b) d15NNO�
3

and (c) d18ONO�
3

in snowpits at sampling sites across Svalbard:

Holtedahlfonna (HF), Kongsvegen (KV), Lomonosovfonna (LF) and Austfonna (AF). The [NO�3 ] measured in snowfall at Ny-Ålesund in 2001 and 2002 and

reported by Heaton et al. (2004) is marked with horizontal arrows.
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The d18ONO�
3

in Svalbard snow pits range between

50 and 80� (Fig. 10c), the lower value being ca. 10�

lower than reported values for Greenland snow (Hastings

et al. 2004). The data do not show a very clear

seasonality. However, where such a comparison is

possible, d18ONO�
3

values are relatively higher in winter/

spring snow layers compared to summer/autumn layers,

possibly as a result of seasonal changes in the dominant

oxidation pathways leading to the formation of NO�3
(e.g., Michalski et al. 2003; Morin et al. 2008).

Decadal variability of [NO�3 ], d15NNO�3
and d18ONO�3

in

firn cores

Variations of [NO�3 ], d15NNO�
3

and d18ONO�
3

in firn over

the period 2000�2011, as reconstructed from the AF-11

(Austfonna) and LF-11 (Lomonosovfonna) cores, are

presented on Fig. 11. Despite differences between coring

site locations and elevations (Table 1), the mean [NO�3 ]

in the two cores is comparable: 0.890.8 mmol L�1 in

AF-11, and 1.091.0 mmol L�1 in LF-11 (Table 4). The

d15NNO�
3

and d18ONO�
3

were measured at a lower resolu-

tion in firn cores (mean ca. 1.8 samples a�1) than in

snow pits (10 samples a�1). Therefore, the d15NNO�
3

and

d18ONO�
3

in the firn core samples should represent the

composite, integrated signatures of different NO�3 trans-

port and deposition episodes over one or 2 years. From

observations on a glacier near Ny-Ålesund, Björkman

et al. (2013) estimated that dry deposition accounted

for only ca. 14% (average) of total NO�3 deposition in

snow at that site between 2009 and 2010. Considering

also that over recent decades most precipitation in

Svalbard occurred in autumn and winter (Førland et al.

2011), we expect that [NO�3 ], d15NNO�
3

and d18ONO�
3

in the

LF-11 and AF-11 firn cores are likely to be biased towards

winter values. The mean d15NNO�
3

and d18ONO�
3

are closely

comparable in the two firn cores: d15N��993� in

both AF-11 and LF-11; d18O�7295� and 7694� in

AF-11 and LF-11, respectively. These results indicate

that the combined isotopic imprint of NOx sources, in-

transport and/or post-depositional processes that define

the d15NNO�
3

and d18ONO�
3

in snow were similar at the two

eastern Svalbard sites over the past decade.

Conclusions

Analyses of seasonal snow and firn samples collected

in 2010�11 at four glacier sites across the Svalbard

Archipelago did not reveal significant spatial variations

in major ion concentrations, save for nssSO2�
4½ � and

[nssMg2�], which were higher in accumulated snow at

sites on eastern Spitsbergen and Nordauslandet (eastern

sites) compared to sites located on western Spitsbergen

(western sites). Results also show the existence of zonal

Fig. 11 (a) Annual mean values of (a) [NO�3 ], (b) d15NNO�
3

and (c) d18ONO�
3

measured in the AF-11 and LF-11 firn cores from Austfonna and

Lomonosovfonna, respectively. The resolution of the isotopic measurements in the cores is 1.8 samples a�1. The mean error in the dating of the cores

was estimated as 90.7 a.
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differences in the isotopic composition of NO�3 in snow

across the archipelago, with lower nitrate d15NNO�
3

and

higher d18ONO�
3

measured at eastern sites compared to

western sites. Air mass back-trajectories suggest that

these contrasts are due to differences in the sources

region(s) and/or transport pathway(s) of precipitating air

masses, transport from the Arctic Ocean and northern

Eurasia being relatively more frequent at Austfonna

(Nordaustlandet), and transport from northern Green-

land and the Canadian High Arctic more frequent on

north-western Spitsbergen (Holtedahlfonna). The fre-

quency of fast and direct air mass transport from the

north-west Atlantic sector and from northern Europe

may also be slightly greater over the western sector

of Svalbard. We suggest that snow deposited during

precipitation episodes associated with long-distance air

mass transport over the Arctic Ocean tend to inherit

relatively low d15NNO�
3

due to in-transport N isotope

fractionation processes. In contrast, faster air mass trans-

port from the south�south-west (north-west Atlantic,

northern Europe) to Svalbard may result in snowfall with

relatively higher d15NNO�
3

because in-transport fractiona-

tion of N is then more time-limited. If the western sector

of Svalbard is, as we suspect, more frequently exposed

to such southerly air mass incursions, the snowpacks in

this region may therefore better preserve the d15NNO�
3

fingerprint of anthropogenic NOx sources from western

Europe. Future additional sampling and analysis of

snowpacks and firn from this sector of Svalbard would

allow verification of these inferences.

The findings presented in this paper improve our the

understanding of the different sources, source regions

and factors affecting atmospheric Nr deposition over the

Svalbard Archipelago, and also provide useful informa-

tion to constrain the interpretation of ice-core records

of temporal NO�3 deposition trends in this sector of the

Arctic.
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Polar Research 32, article no. 19136, doi: 10.3402/polar.

v32i0.19136.

Kühnel R., Roberts T.J., Björkman M.P., Isaksson E., Aas W.,

Holmén K. & Ström J. 2011. 20-year climatology of NO�3
and NHþ4 wet deposition at Ny-Ålesund, Svalbard.
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