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Abstract. Although aerosols in the Arctic have multiple and
complex impacts on the regional climate, their removal due
to deposition is still not well quantified. We combined meteo-
rological, aerosol, precipitation, and snowpack observations
with simulations to derive information about the deposition
of sea salt components and black carbon (BC) from Novem-
ber 2011 to April 2012 to the Arctic snowpack at two loca-
tions close to Ny-Ålesund, Svalbard. The dominating role of
sea salt and the contribution of dust for the composition of
atmospheric aerosols were reflected in the seasonal compo-
sition of the snowpack. The strong alignment of the concen-
trations of the major sea salt components in the aerosols, the
precipitation, and the snowpack is linked to the importance of
wet deposition for transfer from the atmosphere to the snow-
pack. This agreement was less strong for monthly snow bud-
gets and deposition, indicating important relocation of the
impurities inside the snowpack after deposition. Wet deposi-
tion was less important for the transfer of nitrate, non-sea-salt
sulfate, and BC to the snow during the winter period. The av-
erage BC concentration in the snowpack remains small, with
a limited impact on snow albedo and melting. Nevertheless,
the observations also indicate an important redistribution of
BC in the snowpack, leading to layers with enhanced concen-

trations. The complex behavior of bromide due to modifica-
tions during sea salt aerosol formation and remobilization in
the atmosphere and in the snow were not resolved because of
the lack of bromide measurements in aerosols and precipita-
tion.

1 Introduction

Aerosols and specifically black carbon (BC) play an impor-
tant role in the regional climate of the Arctic (Shindell, 2007;
Quinn et al., 2007) since they modify the radiation balance
of the atmosphere, as well as the activation of clouds, and
reduce the albedo of different cryospheric components like
snow and glaciers, enhancing the melting of snow and ice af-
ter deposition. Arctic aerosols exhibit a pronounced seasonal
cycle with high concentrations in winter and early spring and
lower values in summer (Law and Stohl, 2007; Quinn et al.,
2007; Eleftheriadis et al., 2009). This seasonality is caused
by different processes related to emission, transport, and de-
position, which undergo seasonal cycles (Law and Stohl,
2007; Croft et al., 2016).
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Sea spray, dust, and biogenic aerosol particles are impor-
tant natural aerosol types in the Arctic. In contrast, Arctic
BC stems primarily from regions outside the Arctic (Law
and Stohl, 2007). Like in all marine environments, sea salt
aerosol (SSA) dominates the atmospheric aerosol burden
over the Arctic Ocean and its coastal areas (e.g., Geng et al.,
2010; Weinbruch et al., 2012). The production and climatic
effects of SSA in the Arctic are expected to change in the
future as a result of changes in the sea ice cover and ocean
temperatures (Struthers et al., 2011; Zábori et al., 2013). Dust
may act as effective ice nuclei in the Arctic (Si et al., 2018)
and may have the potential to influence radiative and other
properties of mixed-phase cold clouds.

Removal due to deposition controls the lifetime of aerosols
and in the Arctic determines the input of aerosols to the snow
and glaciers. In fact, past atmospheric input has been recon-
structed from ice cores in the Arctic (Legrand and Mayewski,
1997; Isaksson et al., 2003; Bauer et al., 2013). Moreover,
the deposition of BC to cryospheric components like snow
and sea ice also impacts the local and regional climate in the
Arctic due to the lowering of the snow albedo and associ-
ated albedo feedback processes (e.g., Flanner et al., 2007;
Bond et al., 2013; Jacobi et al., 2015). The removal is a re-
sult of wet deposition caused by precipitation and dry deposi-
tion of particles, which depend on aerosol size, meteorolog-
ical conditions, and properties of the atmospheric boundary
layer. Despite its importance, the deposition of aerosols to
the cryosphere is not well quantified for many polar sites,
and even the respective contributions of wet and dry depo-
sition are not well known for many compounds (Legrand
and Mayewski, 1997; Bauer et al., 2013). Moreover, Stohl et
al. (2007) evoked a potentially large enhancement of the de-
position of impurities due to blowing snow during a period
with elevated aerosol concentrations.

The recommended method to determine dry deposition re-
lies mostly on the calculation of fluxes based on atmospheric
composition and an estimated dry deposition velocity (Vet
et al., 2014), which shows a large uncertainty. In the case
of BC, the calculated deposition varies considerably across
models since it depends on the applied assumptions and pa-
rameters concerning the size of the aerosols and the mixing
state (Bond et al., 2013). For example, the estimated total
BC deposition in the Arctic varies between 8 and more than
13 Tg C yr−1, with dry deposition contributing up to 40 %
of the total removal (Liu et al., 2011). Although a compre-
hensive understanding of the microphysics and chemistry re-
lated to aging and deposition is essential for a successful
simulation of BC concentrations over the Arctic (Liu et al.,
2011; Sharma et al., 2013), direct BC deposition measure-
ments are still limited. In addition, the few available mea-
surements of the dry deposition of submicron particles over
snow also show a large range of deposition velocities from
0.02 to 0.33 cm s−1 (Duan et al., 1988; Contini et al., 2010;
Grönlund et al., 2002).

While detailed investigations of the chemical properties
of aerosols have been performed at Ny-Ålesund based on
single-particle analysis (e.g., Geng et al., 2010; Weinbruch et
al., 2012), similar studies for the composition of precipitation
and the snowpack are currently missing. Moreover, due to the
rapid changes in aerosol sources it is urgent to better quan-
tify the fate of different aerosol types in the Arctic. Here, we
combine observations in the snowpack and the atmosphere
to better constrain deposition processes for major and minor
sea salt components and BC around Ny-Ålesund, Svalbard,
during the winter period. We used meteorological observa-
tions to perform detailed physical snowpack modeling. The
results of such simulations are to our knowledge for the first
time combined with precipitation and atmospheric aerosol
measurements to derive chemical profiles and monthly snow
budgets related to dry and wet deposition. The calculated
profiles are finally compared to physical and chemical snow-
pack measurements to evaluate the performance of the snow-
pack model and to improve our understanding of the depo-
sition processes. Variations in the concentrations of multiple
species in aerosols, precipitation, and in the snowpack are
used to study the transfer processes from the atmosphere to
the snow for the investigated species.

2 Methods

2.1 Snow sampling

Sampling of snow was performed in snow pits on two
glaciers located approximately 8 and 35 km to the east of
Ny-Ålesund, Svalbard (Fig. 1). The snow was sampled on
30 March 2012 on the Kongsvegen glacier (snow pit KV;
78.755◦ N, 13.337◦ E; ∼ 670 m a.s.l.) and on 13 April 2012
on the Austre Lovénbreen glacier (snow pit AL; 78.871◦ N,
12.150◦ E; ∼ 340 m a.s.l.). The Kongsvegen glacier is one of
the largest glaciers in the vicinity of Ny-Ålesund, with an
area of ∼ 100 km2 and a length of 26 km. It reaches from
sea level to a maximum altitude of 750 m, with slopes rang-
ing from 0.5 to 2.5◦ (Karner et al., 2013). Austre Lovén-
breen is a low-elevation, small-valley glacier with an area of
∼ 10 km2 and a surrounding topography affecting meteoro-
logical conditions like wind and precipitation. Nevertheless,
the snow pit was located in the central part of the glacier with
rather homogeneous snow properties (Bernard et al., 2017).
In both cases, pits were dug down to the ice layer formed
during the summer–fall period in 2011. The sampled snow-
pack thus represented the precipitation accumulated during
the previous winter period. For both snow pits the stratigra-
phy was established based on visual inspection of the dif-
ferent layers following international guidelines (Fierz et al.,
2009). Snow density was measured using a 250 cm3 triangu-
lar snow cutter. Furthermore, duplicate snow samples were
collected using 50 mL polypropylene tubes for either chem-
ical or BC analysis. If allowed by the thickness and hard-
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ness, each identified snow layer was sampled separately and
at least once. The tubes, with an inner diameter of 2.7 cm,
were horizontally inserted into the wall of the snow pit after
careful cleaning of the snow surface. The depths of the snow
samples reported below correspond to the center of the tube
openings. Furthermore, three fresh snow samples were col-
lected within 12 h after the end of precipitation on 24 (two
samples) and 29 March at a distance of ∼ 5 km from the vil-
lage of Ny-Ålesund, which were analyzed for BC.

2.2 Snow analysis

All samples were stored at −20 ◦C at Ny-Ålesund, trans-
ported frozen to Grenoble using isolated boxes, and stored
further at −20 ◦C until analysis. All samples were melted in
a thermostated water bath and were analyzed within 30 min
after melting. Concentrations of the components sodium,
potassium, magnesium, calcium, chloride, sulfate, nitrate,
and bromide were determined using ion chromatography in
one of the duplicate snow samples. The samples were filtered
using 0.22 µm Acrodisc filters before analysis. Anions and
cations were analyzed with a combined suppressed conduc-
tivity Dionex ICS3000 instrument using AS11-HC and CS12
columns. The detection limit is typically below 1 ppb for all
measured compounds. The analytical precision is around 5 %
for all ions. Five analyzed samples showed bromide concen-
trations below the detection limit (three samples for snow
pit KV, two samples for snow pit AL), which were replaced
by values of 0.5 ppb for all further calculations. Non-sea-salt
sulfate concentrations were calculated according to [nss sul-
fate]= [sulfate]− 0.2516× [sodium] (Millero et al., 2008).

Refractory BC (rBC) was determined with a single-
particle soot photometer (SP2, Droplet Measurement Tech-
nologies, USA). Details of the analytical procedure are de-
scribed in Lim et al. (2014). Briefly, the SP2 allows for quan-
tifying the mass of single particles using a laser-induced in-
candescence technique. The instrument has unity detection
efficiency for rBC particles with diameters between 80 and
600 nm, while avoiding interferences with other inorganic or
organic species. The instrument was calibrated using size-
selected fullerene soot (Alfa Aesar Inc., USA). A commer-
cial nebulizer (APEX-Q, Elemental Scientific Inc., Omaha,
USA) was used to transfer the particles from the melted snow
to the aerosol phase. The losses during aerosolization were
determined daily using suspensions of Aquadag standards
with different mass concentrations, resulting in an average
efficiency of 56 %, which was applied to all reported rBC
concentrations. Further details are shown in the Supplement
(Fig. S1). Two samples from snow pit AL showed rBC con-
centrations below the limit of quantification of 0.03 ppb (Lim
et al., 2014), which was used instead for all further calcula-
tions.

2.3 Meteorological data

Meteorological parameters were recorded close to the ana-
lyzed snow pit KV by an energy balance station (Karner et
al., 2013). The station provided data on air temperature, rel-
ative humidity, wind speed, wind direction, and shortwave
and longwave radiation components. Surface height changes
were recorded with an ultrasonic ranger and allowed for de-
riving accumulation rates. Temperature-corrected raw data
were retained for changes of more than 1 cm h−1 to filter sig-
nificant events and exclude potentially inaccurate data, which
also may be due to potential disturbances by drifting snow.
The significance of these events was cross-checked by tem-
perature and humidity criteria. The resulting data were con-
verted to water equivalent using a wind- and temperature-
dependent parameterization of fresh snow density as used in
the CROCUS snow model (Vionnet et al., 2012). A scaling
factor of 1.1 was applied to achieve consistency with total
snow height and average density observed in investigated
snow pits. Overall, this procedure yields data on snow ac-
cumulation and thus represents changes in water equivalent
in response to snow precipitation and subsequent redistribu-
tion. More details about this procedure as well as about the
quality control of further recorded meteorological parame-
ters are given in Karner et al. (2013) and Sauter and Obleit-
ner (2015). Cloud cover was estimated from the ratio be-
tween observed and theoretical incoming shortwave radia-
tion using the method described in Jacobi et al. (2015).

2.4 Snowpack modeling and snow budgets

Simulations for the snowpack on the Kongsvegen glacier
were performed with the one-dimensional multilayer phys-
ical snowpack model CROCUS (Vionnet et al., 2012; Ja-
cobi et al., 2010a, 2015), which was previously applied for
mass-balance simulations of the glacier (Sauter and Obleit-
ner, 2015). The model solves the surface mass and energy
budgets by taking into account physical processes like heat
diffusion, transfer of radiation, densification, sublimation,
condensation, and melting. The model is forced using me-
teorological data including air temperature, wind speed, rel-
ative humidity, precipitation rate and phase, incoming direct
and diffuse shortwave radiation, incoming longwave radia-
tion, and cloud cover. The forcing data for the period Septem-
ber 2011 to March 2012 were generated from observations at
the energy balance station KNG8. The model was initiated
with an ice layer set to a temperature of 0 ◦C. The output
refers to multiple homogeneous horizontal layers that are es-
tablished according to snowfall events and undergo transfor-
mation related to a metamorphism scheme. The model deliv-
ers physical properties of each snow layer including thick-
ness, density, temperature, structure parameters, and date of
accumulation. According to the simulations the oldest con-
served snowpack layer was deposited on 30 October 2011.
The simulations deliver accumulation dates for each simu-
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Figure 1. A 3-D map of the Kongsfjord area with Ny-Ålesund (red), Zeppelin Station (green), and the locations of the snow pits on the
Kongsvegen (light blue) and Austre Lovénbreen glaciers (dark blue) indicated (adapted from ©Norwegian Polar Institute).

lated layer, which were used to divide total snow budgets into
monthly budgets for October 2011 and March 2012. How-
ever, the incomplete October budgets were not used for fur-
ther analysis. Concentrations and densities of the simulated
snow layers were used to calculate monthly budgets for each
impurity.

We estimate an overall uncertainty of 21 % for the snow
budgets due to error propagation from the combination of
the spatial variability of 20 % (Svensson et al., 2013), analyt-
ical error of 5 % (2.2), and error of the density measurements
of 6 % (Proksch et al., 2016). As a result all calculated (to-
tal and monthly) budgets differing by less than 21 % are not
considered to be significantly different.

2.5 Atmospheric concentrations

Atmospheric concentrations Catm of ionic species in the
aerosols were measured at Zeppelin Station at an alti-
tude of 475 m a.s.l.. The aerosols were collected using a
three-stage filter pack sampler with no size cutoff (Aas
et al., 2013). The data were downloaded from the EBAS
database (ebas.nilu.no) for the period 30 October 2011 to
29 March 2012 as daily averages. Concentrations of atmo-
spheric BC corresponding to equivalent BC (eBC) were de-
termined at Zeppelin Station using the 880 nm channel BC
values recorded by a seven-wavelength AE31 aethalometer
(Eleftheriadis et al., 2009) with updated parameters for ab-
sorption and attenuation according to Backman et al. (2017)
and Zanatta et al. (2018). Daily averages were used for fur-
ther calculations (Fig. S1). The eBC time series includes
23 missing values (7 d in November, 16 d in December)
and 19 values below the detection limit (BDL) of 7 ng m−3

in the analyzed period. While the missing values were re-
placed by the monthly averages, the impact of using either
the maximum or minimum value (7 or 0 ng m−3) to replace

the BDL values remained small for calculated monthly av-
erages (< 0.8 ng m−3 and < 7 %). Therefore, all BDL values
were replaced by 3.5 ng m−3, which is equal to half of the
detection limit, before further calculations.

2.6 Dry and wet deposition

Dry deposition of particles (Ddry; g m−2) was calculated us-
ing Eq. (1):

Ddry = Catm× vd× t × 10−6, (1)

with the deposition velocity vd (m s−1), the atmospheric con-
centration of the aerosols Catm (µg m−3), and the averaging
time t for the atmospheric measurements (here 24 h). While
wind speed- and particle-size-dependent parameterizations
for vd are available (e.g., Zhang et al., 2001), the use of
single values of vd to estimate dry deposition fluxes from
aerosol concentrations is still standard. Here, we used a high
vd value of 1 cm s−1 for the ionic species, assuming that they
were mainly associated with coarse sea salt aerosols (Zhang
et al., 2001). Thus, we consider the estimated dry deposi-
tion of these components as an upper limit. The gas-phase
species nitric acid (HNO3) and sulfur dioxide (SO2) also
contribute to the total dry deposition of nitrogen and sulfur
but are not included in the estimates here. Since bromide
was not determined in the aerosols, the standard seawater
ratio and observed sodium concentrations were used to es-
timate the dry deposition of bromide according to Dwet (bro-
mide)= 0.00624×Dwet (sodium) (Millero et al., 2008). A
smaller vd of 0.1 cm s−1 was used for BC, which corresponds
to a typical global annual mean in many models (Wang et al.,
2011) and is within the range of observed deposition veloc-
ities of submicron particles over snow (Duan et al., 1988;
Contini et al., 2010; Grönlund et al., 2002). The total and
monthly dry deposition was calculated as the sum of the daily

Atmos. Chem. Phys., 19, 10361–10377, 2019 www.atmos-chem-phys.net/19/10361/2019/



H.-W. Jacobi et al.: Deposition of ionic species and black carbon to the Arctic snowpack 10365

deposition either for the full period or for each month from
November 2011 to March 2012.

Wet deposition (Dwet; g m−2) was calculated using ob-
served precipitation amounts (P ; L m−2) and chemical con-
centrations (Cprecip; mg L−1) of the precipitation collected at
Ny-Ålesund close to sea level using Eq. (2):

Dwet = Cprecip×P × 0.001. (2)

Major sea salt components and nitrate were determined us-
ing ion chromatography in precipitation samples collected
on a weekly basis using a bucket funnel system in summer
and a snow sampler in winter (Kühnel et al., 2011; Aas et
al., 2013). The data downloaded from the EBAS database
(ebas.nilu.no) were used without further correction, although
the bulk sampler likely also collected gaseous compounds
and particulate material due to dry deposition. Especially in
periods with high wind speed, the bulk collector may also
catch large sea spray aerosols. However, the exact contribu-
tion of dry deposition to the wet deposition calculated here
is difficult to quantify since it depends on the frequency of
rain events and episodes with elevated sea salt aerosols. The
total and monthly wet deposition was calculated as the sum
for the period 31 October 2011 to 1 April 2012 and for each
month (except October). No measurements of bromide and
BC in the precipitation are available. For bromide, wet depo-
sition was estimated from the wet deposition of sodium, also
by applying standard seawater ratios. Wet deposition of BC
was estimated according to the scavenging scheme proposed
by Sharma et al. (2013). The change in atmospheric BC con-
centration 1[BC] was estimated using the BC concentration
[BC], the scavenging coefficient (R; m2 kg−1), the precipita-
tion rate (Pt , L m−2 s−1), and the time step (1t , s) according
to Eq. (3):

1[BC] = [BC]×R×Pt×1t. (3)

We used a scavenging coefficient of R = 5×10−3 m2 kg−1

as recommended by Sharma et al. (2013). Since all scav-
enged atmospheric BC will be mixed into the accumulated
weekly snowfall (Pt×1t), the BC concentration in the snow
[BC]snow (ppb) is calculated according to Eq. (4), where h

denotes the depth of the atmospheric column affected by
scavenging:

[BC]snow = 10−9
×[BC]×h×R. (4)

Since typical top heights of clouds in the wintertime Arc-
tic are on the order of 4500 m (Intrieri et al., 2002) we used
h= 4500 m for the tropospheric column affected by scav-
enging. BC concentrations in snow were calculated only for
weeks with precipitation recorded at Ny-Ålesund and using
the observed weekly precipitation rates. For further calcu-
lations, we used monthly average BC concentrations in the
snow due to scavenging to derive monthly wet deposition ac-
cording to Eq. (2). Finally, total wet deposition corresponds
here to the sum of the monthly wet deposition from Novem-
ber to March.

3 Results and discussion

3.1 Physical properties of the snowpack

The stratigraphy and densities for the two analyzed snow pits
are shown in Fig. 2. The investigated snow layers comprised
depths down to −263 cm below the surface for snow pit KV
and −195 cm for snow pit AL, in both cases reaching the
surface of the ice layer formed during the previous summer.
While both snow pits showed a typical increase in density
from the surface to the deeper layers, the variability in terms
of grain types and layer structures was higher for snow pit
AL. At an altitude of 670 m a.s.l. the high wind speeds at
snow pit KV led to the formation of several wind-packed lay-
ers. The impact of significant melting was not identified in
the snow pit KV, although the recorded temperatures reached
values several times above or close to the melting point (see
Fig. S2). In contrast, at an altitude of 340 m a.s.l. melting
events were more apparent in snow pit AL, which exhibited
several melt–freeze crusts, probably due to warmer periods
in November 2011 and January 2012, accompanied by air
temperatures above 0 ◦C and large amounts of rain at sea
level in Ny-Ålesund. The stronger impact of melting in the
snow pit AL was confirmed by the chemical composition.
The ratio of magnesium to sodium has been proposed as a
melt indicator (Iizuka et al., 2002; Virkkunen et al., 2007;
Ginot et al., 2010), with lower ratios caused by the preferen-
tial removal of magnesium due to percolating water. While
the average magnesium-to-sodium ratios were around 0.12
in both snow pits, in snow pit AL the variability was higher
and minimum values lower. The smallest ratios were encoun-
tered in layers deposited in November, January, and March
corresponding to the months with elevated air temperatures.
Nevertheless, in both snow pits the ratios did not reach the
small ratios observed in ice cores from Svalbard (Iizuka et
al., 2002; Virkkunen et al., 2007). Therefore, a redistribution
of the impurities probably occurred in the snowpack due to
melting, with a stronger impact on the Austre Lovénbreen
glacier. This is, however, unlikely to have led to a complete
elution. Hence, the overall budgets of both snow pits are as-
sumed to be mostly unaffected by melting.

Together with the stratigraphy, full snow density profiles
were established for both pits as shown in Fig. 2. Accord-
ing to these profiles, the total accumulation amounts to 943
and 667 mm of snow water equivalent (SWE) for the snow
pits KV and AL. The accumulation in the pit KV was close
to the maximum observed in the years 2007 to 2009 at alti-
tudes above 600 m on the Kongsvegen glacier (Forsström et
al., 2013). The observed accumulation of precipitation at Ny-
Ålesund close to sea level corresponds to a value of 278 mm
for the period 31 October 2011 to 1 April 2012. The gradi-
ent in accumulation between the snow pits KV, AL, and Ny-
Ålesund was slightly higher than 30 % per 100 m of altitude
increase and is thus close to the accumulation gradients pre-
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Figure 2. Snow stratigraphy observed in the snow pits KV (a) and AL (b). Note the different depth scales. Snow types are indicated on the
right side using the classification recommended by Fierz et al. (2009), with layers separated by horizontal red lines. Blue circles indicate
observed snow densities, and vertical blue lines correspond to snow densities adjusted to observed and sampled layers. The green line shows
snow densities simulated with the CROCUS model for snow pit KV. The alternating shaded and non-shaded areas correspond from the top
to the months March to October.

viously applied for the nearby Midre Lovénbreen and Austre
Brøggerbreen glaciers (Hodson et al., 2005).

CROCUS model results obtained for the snow pit KV were
used here for further analysis. The snowpack simulated for
29 March 2012 consists of 50 layers with varying densities
covering a total depth of −269.4 cm (Fig. 2). The densities
below −80 cm are well represented by the model, but the
densities between−10 and−80 cm are underestimated com-
pared to the observations. While density measurements using
a cutter suffer from a systematic overestimation (Proksch et
al., 2016), a strong bias in simulated snow densities in the top
layers is common for snow models applied to polar regions
(e.g., Groot Zwaaftink et al., 2013). Despite the differences
in the top layers, the simulated total SWE of 937 mm is in
excellent agreement with the observed SWE. Shaded areas
in Fig. 2 indicate the different layers deposited in the months
from October 2011 to March 2012 according to the simula-
tions. Only complete identified snow layers were attributed
to specific months. Assuming a constant linear decrease in
accumulation from the snow pit KV to AL, monthly layers
were also attributed to snow pit AL with linearly interpolated
depth ranges using the ratio of the total snow heights of both
pits (Fig. 2).

3.2 Impurity profiles in the snowpack

Colocated impurity profiles were established for each mea-
sured compound by combining the measured concentrations
with either the observed stratigraphy for both snow pits or
the simulated stratigraphy for snow pit KV. Profiles were es-
tablished by assuming homogeneous concentrations for the
identified snow layers and by adjusting the closest observed
concentrations to the vertical extent of the observed or sim-
ulated layers. Figure 3 shows the observed sodium and rBC
concentrations as well as the profiles. Some common features
can be identified for sodium in the upper part of both snow
pits. Snow pit KV showed three layers with elevated concen-
trations: a first peak in the March layer around −25 cm and
a double peak in the February layer with a maximum around
−60 cm and a broad maximum below −100 cm (Fig. 3a).
A comparable pattern was found in snow pit AL, with the
strongest peak in the March layer at −20 cm and two max-
ima in February at −40 cm as well as a broad peak between
−60 and −90 cm (Fig. 3b). However, the relative strengths
of the peaks are different in the two pits. These differences
may be caused by site-dependent deposition fluxes. For ex-
ample, strong vertical gradients in aerosol concentrations be-
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tween the altitudes of the snow pits, as are sometimes ob-
served for BC (Spolaor et al., 2017) have a direct impact on
the local deposition fluxes. However, the differences in the
profiles may also be related to meltwater formation and per-
colation, which likely had a stronger impact on snow pit AL.
This may have also contributed to the higher variability of
sodium in the lower part of the snow pit AL compared to
KV. Moreover, peaks may have been missed at KV because
of the larger spacing between the samples.

The lowest concentrations of all studied impurities were
found for rBC. Average rBC concentrations differed by a
factor of 2 between the two locations, with 0.6 ppb at KV
(Fig. 3c) and 1.2 ppb at AL (Fig. 3d). The average concen-
tration at AL is in good agreement with the average rBC
concentration of (1.4± 0.2) ppb for the snowpack accumu-
lated during winter 2012–2013 on the Brøggerbreen glacier
at 300 m of altitude (Sinha et al., 2018). However, the con-
centrations are lower than elemental carbon (EC) measured
with a thermo-optical method in samples from the Kongsve-
gen glacier above 600 m a.s.l, where Forsström et al. (2013)
found median concentrations of 1.4, 4.2, and 3.8 ppb in
April 2007, 2008, and 2009. It should be noted here and dur-
ing all further discussion that a comparison of the quanti-
ties EC, eBC, and rBC introduces additional uncertainties.
For example, a previous comparison of EC and rBC in snow
samples from Greenland indicated a mean ratio of 2 (Lim et
al., 2014), while atmospheric rBC and eBC measurements
in Ny-Ålesund are more consistent if adjusted absorption
properties are used (Zanatta et al., 2018). These uncertain-
ties may partly explain the differences in the determined con-
centrations. While an overall decrease in atmospheric BC
concentrations in the Arctic (Sinha et al., 2017) potentially
contributed to lower concentrations in 2012 compared to the
years 2007 to 2009, the impact is difficult to analyze due to
large interannual meteorological variabilities impacting the
transport of BC to the Arctic (Eleftheriadis et al., 2009; Hird-
mann et al., 2010), occasionally leading to high pollution
events in wintertime (e.g., Winiger et al., 2012). Melting pro-
cesses probably caused the higher variability of BC in the AL
pit since insoluble particles show enrichments at the snow
surface, generating layers with enhanced concentrations in
the Arctic (Forsström et al., 2013).

3.3 Wintertime snow budgets and deposition of ionic
compounds

Total snow budgets of all measured compounds for the two
snow pits were calculated using three different approaches.
(i) Simple budgets were determined by multiplying the aver-
age concentrations by the total SWE. (ii) Adjusted budgets
were calculated from the interpolated density profile shown
in Fig. 2 and colocated concentration profiles like in Fig. 3.
(iii) For snow pit KV, simulated budgets were obtained by
combining the simulated density profiles with simulated con-
centration profiles. All calculated budgets are summarized

Figure 3. Sodium (a, b) and rBC concentrations (c, d) in the snow
pits KV (a, c) and AL (b, d). Blue circles indicate observed con-
centrations, and blue lines correspond to concentrations adjusted to
the observed stratigraphy. The green line shows concentrations ad-
justed to the simulated stratigraphy for the snow pit KV. The alter-
nating shaded and non-shaded areas correspond from the top to the
months March to October.
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in Fig. 4, which also shows the observed wet deposition at
Ny-Ålesund and the estimated total dry aerosol deposition
for the period 31 October 2011 to 29 March 2012. Accord-
ing to the meteorological records of the Norwegian Mete-
orological Service (eklima.met.no), no further precipitation
occurred between 29 March and 15 April 2012, and the to-
tal wet deposition can thus be compared to the budget of the
snow pit AL.

Due to differences smaller than 21 % in their budgets, it
can be assumed that differences for chloride, sodium, magne-
sium, calcium, and potassium are not significant. The spatial
variability of snow concentrations at a scale of meters can be
even larger (e.g., Svensson et al., 2013). Thus, the total snow
budgets for the pits KV and AL reveal a consistent picture
for the sea salt components chloride, sodium, magnesium,
potassium, and bromide (Fig. 4), with insignificant differ-
ences in the observed total budgets despite differences in alti-
tude and accumulation. This is consistent with recent obser-
vations revealing characteristic patterns of aerosol concen-
trations along Svalbard glaciers, including the Kongsvegen,
demonstrating consistent formation, transport, and exchange
processes between the atmosphere and the snow (Spolaor et
al., 2017).

If post-depositional processes are negligible, the total
snow budgets of the impurities correspond to the input due to
the sum of wet and dry deposition. Based on the comparison
of the total snow budgets with the observed wet deposition,
the estimated dry deposition is evaluated for the different im-
purities. The total snow budgets of chloride, sodium, mag-
nesium, and potassium agree well with the observed wet de-
position at Ny-Ålesund, with differences smaller than 20 %
for the period October 2011 to March–April 2012. However,
the recorded wet deposition also includes variable contri-
butions from dry deposition since the precipitation samples
were collected with an open bucket instrument (Kühnel et
al., 2011). Nevertheless, the estimated dry deposition corre-
sponds to less than 5 % of the wet deposition of chloride,
sodium, and magnesium and reaches a maximum of 14 % for
potassium (Fig. 4). Subtracting the nss sulfate from the total
sulfate shows that the dry deposition of sulfate with marine
origin also corresponds to less than 5 % of the total wet depo-
sition. Since the estimated dry deposition is considered to be
an upper limit, it can be assumed that its contribution for the
total snow budget on the Kongsvegen and Austre Lovénbreen
glaciers during the period November 2011 to April 2012 re-
mained small for chloride, sodium, magnesium, potassium,
and sea salt sulfate. The estimated wet deposition for bro-
mide based on sodium concentrations and the standard sea-
water ratio leads to an overestimation of more than 40 %
compared to the observed bromide in the snowpack (Fig. 4).
This demonstrates that sea salt bromide is undergoing impor-
tant modifications during the formation of sea salt aerosols in
the atmosphere or after deposition (see Sect. 3.7).

Like for the sea salt components, a good agreement be-
tween the KV snow budget of nitrate and nss sulfate and the

total deposition during the period October 2011 to April 2012
is found. For these two compounds the observed wet depo-
sition at Ny-Ålesund remains significantly below the snow
budget, while the missing fractions are largely compensated
for by the estimated dry deposition. For nitrate, the dry de-
position is comparable to the wet deposition, whereas for nss
sulfate, dry deposition even dominates the snow budget. The
adjusted budgets of the snow pit AL show∼ 50 % less nitrate
and ∼ 40 % less nss sulfate compared to KV (Fig. 4), which
may be related to the spatial variability of the dry deposition
of the two species.

3.4 Wintertime snow budgets and deposition of BC

Regarding the snow budgets, the differences in the rBC pro-
files and average concentrations are partly compensated for
by the different accumulation for the two snow pits. The sim-
ple, adjusted, and simulated snow budgets vary between 0.51
and 0.71 mg m−2 for KV and between 0.79 and 0.83 mg m−2

for AL; they are thus between 10 % and 60 % higher at AL
compared to KV. Despite the difference between EC and rBC
(see Sect. 3.2), it appears that the derived rBC budget for KV
remains well below the EC budgets for 2007 to 2009 for the
Kongsvegen glacier (Forsström et al., 2013). In contrast, the
AL budget is somewhat above the rBC budget for the Brøg-
gerbreen glacier of 0.49 mg m−2 determined in April 2013
(Sinha et al., 2018). These differences, which are partly re-
lated to the different detection methods for BC, are proba-
bly also related to the interannual variability of BC as re-
flected in the atmospheric observations (Eleftheriadis et al.,
2009).The BC deposition derived here only relies on esti-
mated values for scavenging and dry deposition velocities.
The monthly averages of the estimated BC concentrations in
fresh snow due to scavenging vary from 0.2 ppb in October to
0.8 ppb in March. The March average is in very good agree-
ment with the three fresh snow samples collected in March
2012, which showed rBC concentrations of 0.47, 0.72, and
0.97 ppb. Moreover, these estimated concentrations are in
agreement with average eBC concentrations in fresh snow
samples collected in April and November in the years 2012 to
2017 on the glaciers surrounding Ny-Ålesund ranging from
0.9 to 2 ppb (Gogoi et al., 2018). Noone and Clarke (1988)
proposed a dimensionless scavenging ratio (SR) correspond-
ing to the ratio of the atmospheric and snow concentration
of BC. Using the observed atmospheric BC and the esti-
mated BC concentrations in snow, we derive SRs of approx-
imately 30, which agree with the lower end of SRs for the
Ny-Ålesund area (Gogoi et al., 2016, 2018).

The anticorrelation between accumulation and the average
BC concentrations in the two snow pits points to an important
contribution of dry deposition, which is in agreement with
the estimated dry and wet deposition of BC. The dry depo-
sition of eBC (Fig. 4) derived with a deposition velocity of
0.1 cm s−1 corresponds to approximately half of the observed
rBC budget at KV and is thus somewhat higher than the con-
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Figure 4. Snow budgets of sea salt components, nss sulfate, nitrate, bromide (a, b), and BC (c) for the snow pits KV (Kongsvegen, orange)
and AL (Austre Lovénbreen, green) for October 2011 to March 2012 according to different calculation methods: simple budgets from
average concentrations and total SWE (light colors), adjusted budgets using colocated concentration and density profiles (middle colors), and
simulated budgets for KV using interpolated concentration and simulated density profiles (dark colors). Also shown is the total deposition
as the sum of observed wet deposition at Ny-Ålesund (blue) and estimated dry particle deposition (red). For bromide the wet deposition was
estimated from the standard seawater ratio and all numbers are multiplied by 10. For BC the snow budgets correspond to rBC, while the wet
deposition was estimated for the KV snow pit. The BC deposition corresponds to eBC. See text for further details.

tribution due to wet deposition. Despite the overall uncer-
tainty related to the simplified methods for the estimation of
BC deposition, the difference between the snow budgets and
the total deposition remains below 25 % for the KV and be-
low 45 % for the AL snow pit. This important contribution of
dry deposition is in contrast to the wet and total deposition re-
ported for Ny-Ålesund for winter 2012–2013 based on rBC
measurements in falling snow and in the snowpack (Sinha
et al., 2018). From these observations it was concluded that
the dry deposition of rBC remained negligible. However, the
authors also reported rBC fluxes at 300 m of altitude on the
Brøggerbreen glacier, which were twice as high as in Ny-
Ålesund. While Sinha et al. (2018) claim that this increase
is mainly due to higher accumulation on the glacier, addi-
tional dry deposition at higher altitudes cannot be excluded.
Moreover, the potential contamination of the snowpack close
to Ny-Ålesund due to local power generation or a potential
mismatch between the budgets of the falling snow and the
snowpack due to removal by blowing snow was not consid-
ered.

Previous model studies have indicated that BC in the Arc-
tic is primarily removed through wet deposition (e.g., Flanner

et al., 2007; Wang et al., 2011). However, in the models the
dry deposition velocity of BC was often reduced to improve
the simulated atmospheric concentrations of BC. Moreover,
the wintertime deposition observed here may not be extrap-
olated to the entire Arctic since BC deposition depends on
multiple factors like air mass transport, aging processes of
atmospheric BC particles, and ice nucleation (e.g., Sharma
et al., 2013; Liu et al., 2011; Vergara-Temprado et al., 2018)

3.5 Comparison of monthly snow budgets and
deposition

To derive a higher temporal resolution of the snow budgets,
monthly snow budgets were calculated from layers deposited
in each month between November 2011 and March 2012.
The monthly budgets are further compared to monthly wet
and dry deposition. Each weekly wet deposition was at-
tributed to the month with the largest overlap in time to derive
the monthly wet deposition, while the monthly dry deposi-
tion was calculated from the daily dry deposition. Monthly
total deposition was calculated as the sum of the correspond-
ing wet and dry deposition. Figure 5 shows the results for
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Figure 5. Monthly accumulation and snow budgets for sodium,
nitrate, and BC for the snow pits KV (Kongsvegen, orange) and
AL (Austre Lovénbreen, green) according to the simulated profiles.
Also shown is the observed accumulation at Ny-Ålesund (top, blue)
and the total deposition divided into wet (blue) and dry (red) de-
position. For sodium and nitrate the wet deposition was measured
at Ny-Ålesund and the wet deposition for BC was estimated from
scavenging. The BC snow budgets correspond to rBC, while the wet
and dry depositions correspond to eBC.

sodium, nitrate, and BC. Results similar to sodium were in
general obtained for the other sea salt components. The dom-
inating role of wet deposition for sodium and other sea salt
components, as well as the larger contribution of dry depo-
sition for nitrate and BC, is also reflected in the monthly
budgets. For the months with recorded precipitation at Ny-
Ålesund, the wet deposition of sea salt components largely
dominates the total deposition. This is in contrast to nitrate
and BC, which show several monthly budgets with higher
values for dry than wet deposition.

The generally good agreement between the total budgets
of the two snow pits and the wet and dry deposition (Fig. 4)
is only partly confirmed by the monthly budgets shown in
Fig. 5. For example, the monthly budgets of sodium show a
much more pronounced variability at KV compared to AL.
In contrast, the monthly total deposition shows a very low
value for December due to the lack of wet deposition ob-

served at Ny-Ålesund and no clear cycle for the remaining
months. Similar results are obtained for other sea salt com-
ponents. In general, differences are caused by multiple fac-
tors related to uncertainties in the snow model results, the
corresponding forcing data, and the spatial variability of the
observations in the snow, wet deposition, and aerosol con-
centrations. Moreover, post-depositional processes modify-
ing the derived monthly snow budgets, like blowing snow or
melting processes, are currently not taken into account in the
simulations.

3.6 Variations of the chemical composition of snow,
aerosols, and precipitation

Variation diagrams showing the concentrations of two
trace compounds are often exploited to determine common
sources or processes acting upon the correlated species. Here,
the ratios of concentrations in the atmosphere, the precip-
itation, and the snow are used to study transfer processes
from the atmosphere to the snow. Figure 6 shows the vari-
ation of chloride vs. sodium for the period October 2011 to
April 2012 in aerosols at Zeppelin Station, in the precipita-
tion at Ny-Ålesund, and in the snow pits KV and AL. Most of
the chloride-to-sodium ratios in the aerosols are close to the
standard seawater ratio (Millero et al., 2008), indicating that
in the marine environment around Ny-Ålesund the composi-
tion of the aerosols is dominated by sea salt. Some aerosol
samples show dechlorination, likely caused by the replace-
ment of chlorine ions due to the uptake of sulfuric and nitric
acid (Keene et al., 1998). Figure 6 further demonstrates that
the impact of dechlorination becomes visible only during pe-
riods with low atmospheric loading of sea salt aerosols with
less than 1 µg m−3 of sodium. Such a dechlorination, how-
ever, is masked in the precipitation and snow samples, which
were all close to the standard seawater ratio. In summary,
in wintertime the composition of the majority of aerosols
and the precipitation around Ny-Ålesund are dominated by
sea salt aerosols, confirming previous studies of individual
aerosol particles (Weinbruch et al., 2012). This leads to the
same chemical imprint in the snowpack. Magnesium and
potassium show a similar variation with sodium (not shown),
except that some aerosol samples showed elevated potassium
concentrations, possibly due to potassium-enriched dust par-
ticles from soils. Nevertheless, the variation in the precipi-
tation samples confirms that the contribution of dry aerosol
deposition also remained small for these compounds with re-
spect to the overall observed budget of the snow pits.

Calcium shows a different behavior compared to the other
major sea salt components, with a significant enrichment of
calcium in the aerosols as well as in the precipitation, which
results in calcium-to-sodium ratios above standard seawa-
ter in a large number of snow samples (Fig. 6). Such an
enrichment in the Arctic may be attributed to calcium-rich
aerosols originating from soils (Toom-Sauntry and Barrie,
2002; Geng et al., 2010; Jacobi et al., 2012; Weinbruch et al.,
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Figure 6. (a) Chloride (blue) and calcium (red) concentrations vs. sodium concentrations in snow pit KV (filled diamonds) and AL (filled
squares), in precipitation (open circles), and aerosols (open triangles). Aerosol concentrations (µg m−3) are derived from measurements at
Zeppelin Station. The lines indicate the standard seawater ratio. (b) Same as top, but for nitrate (blue) and nss sulfate (red).

2012), although local aerosol formation was probably lim-
ited due to the extended snow cover. The in- or below-cloud
scavenging of dust particles likely contributed to the transfer
of elevated calcium concentrations from the aerosols to the
precipitation and to the snow.

As demonstrated in previous studies (e.g., Jacobi et al.,
2012), nitrate and nss sulfate in aerosols, precipitation, and
snow do not exhibit a constant ratio compared to sodium
(Fig. 6). The highest ratios are found in the aerosols and the
lowest ratios in the precipitation, with the average snowpack
ratio between these values. This confirms that the nitrate and
nss sulfate in the snowpack can be attributed to a mixture
of wet deposition and dry deposition of aerosols. Although
in wintertime the reactive nitrogen budget is dominated by

particulate nitrate (Hara et al., 1999), further dry deposition
of gas-phase species to the snow is possible, which may be
even more important than aerosol deposition (Björkman et
al., 2013).

Due to the different sources of BC and sodium (long-range
transport vs. local or regional formation of sea salt aerosols),
no consistent BC-to-sodium variation is found in the aerosols
(Fig. S3). Similarly, the variation of BC in the snow pits is
also independent of the sodium concentrations. Since BC
particles are preferentially coated by organic matter or sul-
fate (Liu et al., 2011), atmospheric BC shows a positive re-
lationship to nss sulfate, resulting in a coefficient of deter-
mination R2 of 0.60 (Fig. 7). In the snowpack, the rBC-to-
nss-sulfate ratios are less consistent, and the average ratio
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Figure 7. BC vs. nss sulfate concentrations in snow pits KV (filled diamonds) and AL (filled squares) and in aerosols (open triangles). The
lines calculated by linear regression with slope m and coefficient of determination R2 are forced through the origin and separated for the
aerosol and snow samples. BC in the snow pits corresponds to rBC, while the BC in aerosols corresponds to eBC.

is almost 1 order of magnitude smaller than in the aerosols.
Despite the different measurement techniques for BC in the
aerosols and in the snow, the lower BC-to-nss-sulfate ratio
in the snow can only partly be explained by the different
measurement methods. Different ratios in the snow may be
caused by the smaller contribution of wet to total deposition
of BC compared to nss sulfate (Fig. 4). Moreover, the AL
snow pit shows a higher variability in the BC-to-nss-sulfate
variation than the KV snow pit (Fig. 7), indicating that the
redistribution of impurities caused by melting probably also
impacted BC and nss sulfate.

3.7 Bromide in the snowpack

Since no bromide concentrations in the aerosols or in the
precipitation are available, the ratio between bromide and
sodium is shown in the form of profiles for the snow pits KV
and AL (Fig. 8). The ratio between the overall bromide and
sodium budgets varies between 0.0045 for KV and 0.005 for
AL; it is thus below the standard seawater ratio of 0.00624
(Millero et al., 2008). Only distinct layers show enrichments
of bromide (Fig. 8). Multiple photochemical processes occur
in the sea ice–snow–atmosphere system of the Arctic, act-
ing upon the variation between bromide and sodium (Simp-
son et al., 2007; Jacobi et al., 2012). On solid surfaces
(aerosols, snow, sea ice) bromide can be transformed into
volatile bromine compounds that are released to the atmo-
sphere and subsequently deposited. Therefore, bromide can

be already depleted in the sea salt aerosols generated over
sea ice, which would cause a wet and dry deposition flux
lower than estimated based on the standard seawater ratio, or
it can be diminished in the surface snow after deposition (Ja-
cobi et al., 2012), explaining the average bromide-to-sodium
ratios below the seawater ratio in both snow pits. Neverthe-
less, since the released bromide is subsequently deposited, a
snowpack with layers enriched in bromide is also possible
depending on the dominating influence of the release vs. the
additional deposition of bromide (Simpson et al., 2007). This
can also explain the contrasting results found on top of the
Holtedahlfonna glacier, located approximately 40 km to the
northeast of Ny-Ålesund, in April 2012. Spolaor et al. (2013)
reported that the snowpack was highly enriched in bromide,
with only a few samples close to the seawater ratio, poten-
tially caused by the additional deposition of bromide after
release from sea-ice-covered areas of the Arctic Ocean. It is
well known that such activation of bromide mainly occurs
in springtime after polar sunrise, explaining the low bromide
budgets in the KV and AL snow pits in the winter period.
Since bromine activation over sea ice also leads to a signifi-
cant destruction of tropospheric ozone (Jacobi et al., 2010b),
the ozone record at Zeppelin Station may be used as a proxy
for the impact of bromine-rich air masses at Ny-Ålesund and
the surrounding area. The ozone concentration during the en-
tire period covered by the snow pits remained above 35 ppbV
and dropped to ∼ 20 ppbV on the afternoon of 29 March
(data accessible at ebas.nilu.no), indicating that the influence

Atmos. Chem. Phys., 19, 10361–10377, 2019 www.atmos-chem-phys.net/19/10361/2019/



H.-W. Jacobi et al.: Deposition of ionic species and black carbon to the Arctic snowpack 10373

Figure 8. Bromide-to-sodium ratio in the snow pits KV (a) and
AL (b). Blue circles indicate observed ratios; blue lines corre-
spond to ratios adjusted to the observed stratigraphy. The alternating
shaded and non-shaded areas correspond from the top to the months
March to October. The vertical dashed grey lines indicate the stan-
dard seawater ratio. The values for three peaks in the snow pit AL
beyond the range of the scale are indicated.

of bromine-enriched air remained small in spring 2012 be-
fore the sampling of the snow pits. Finally, meteorological
conditions in Ny-Ålesund are less sensitive to the sea ice ex-
tent than other locations in Svalbard according to a study of
precipitation trends (Osuch and Wawrzyniak, 2017). Thus,
the distinct peaks in the bromide-to-sodium ratio in the snow
pit AL, which occurred in layers attributed to early March,
late February, and late January, are probably not caused by
additional deposition as a consequence of bromine explosion
events but are possibly related to the influence of melting.
Accordingly, these high ratios are not produced by enhanced
bromide but by low sodium concentrations. In summary, the
potential use of bromide enrichment as a proxy for bromine
activation and thus sea ice extent as developed by Spolaor et
al. (2013) for the Holtedahlfonna record appears rather lim-
ited for the snowpack and glaciers around Ny-Ålesund due
to a restricted impact of sea ice conditions in this region.

4 Conclusions

The chemical composition of aerosols, precipitation, and the
snowpack was analyzed for Ny-Ålesund, Svalbard. The re-
sults concerning the snow budgets, wet deposition, and the

ratios of the different components in the snowpack, precip-
itation, and aerosols underline the importance of wet depo-
sition for the major sea salt components chloride, sodium,
potassium, magnesium, and sulfate during the winter period
from October 2011 to March 2012, confirming previous stud-
ies (Isaksson et al., 2003; Weinbruch et al., 2012; Geng et
al., 2010). The significant contribution of wet deposition is
further supported by the estimated maximum of dry depo-
sition. Although the choice of the deposition velocity intro-
duces considerable uncertainty, the estimated dry deposition
remains well below 10 % of the total deposition for chloride,
sodium, and magnesium, while it contributes more than 20 %
to the snow budget of calcium and potassium, probably due
to a stronger dust contribution. It is possible that the rela-
tively high overall accumulation, including strong precipita-
tion events in the last week of January, contributed to high
input due to wet deposition during winter 2011–2012. There-
fore, the contribution of the dry deposition of sea salt aerosols
could be larger during winter periods with different precip-
itation characteristics. Nevertheless, it appears that the wet
deposition measurements at Ny-Ålesund can be used to es-
timate the total wintertime deposition of the major sea salt
components in the areas surrounding Ny-Ålesund.

In contrast to the major sea salt components, the dry de-
position of nitrate and nss sulfate was more important than
the wet deposition. However, the dry deposition of the corre-
sponding gas-phase species like HNO3 and SO2 are not well
quantified (e.g., Zhang et al., 2001; Osada et al., 2010) and
probably also contributed to the observed snow budgets of
nitrate and sulfate. Further direct measurements of the dry
deposition of all N-containing species and nss sulfate would
be needed to better quantify the full N and S cycle in the
Arctic.

The obtained results for the snow budgets and the depo-
sition of BC indicate a behavior of BC resembling nitrate
and nss sulfate. In the wintertime the deposition of BC to the
snowpack on the glaciers surrounding Ny-Ålesund appears
to be equally driven by dry and wet deposition. However, it
is important to note the large uncertainties in the estimated
BC deposition, for which direct measurements in the Arc-
tic are needed. Overall, the average rBC concentrations in
the wintertime snowpack remained below 1.2 ppb, thus caus-
ing a marginal reduction of the snow albedo (e.g., Jacobi et
al. 2015). In contrast, post-depositional processes are likely
at the origin of snow layers, with rBC concentrations in-
creased by a factor of 3 compared to the average. Such layers
may cause a stronger direct and indirect impact on the snow
albedo via enhanced metamorphism processes (e.g., Jacobi
et al., 2015). Further studies with detailed observations of
the vertical BC distribution in the snowpack are required for
a better quantification of the climate impact of BC in snow.

Bromide is the sea salt compound showing the strongest
variability in the ratio to other major components like
sodium, which is related to its high mobility in the sea
ice–atmosphere–snow system caused by chemical processes.
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Systematic measurements of bromide not only in the snow-
pack, but also in the aerosols, precipitation, and fresh snow,
are required to further investigate processes before the for-
mation of the sea salt aerosols, during their transport, or after
deposition to the snowpack.

While the annual budgets and estimated deposition for
most of the studied species agree well, the results for the
monthly budgets obtained with detailed snowpack model-
ing are less convincing. Further improvements regarding the
modeling of the Arctic snowpack are needed to better address
physical properties (e.g., the evolution of the snow density)
and post-depositional processes acting upon the vertical dis-
tribution of impurities in the snowpack. Although the treat-
ment of impurities was recently implemented into the CRO-
CUS snowpack model (Tuzet et al., 2017), the impact of pro-
cesses modifying the vertical distribution of impurities in the
Arctic snowpack like blowing snow, sublimation, and per-
colation are still not fully considered in most models. The
full implementation of post-depositional processes into com-
plex snow models may offer the opportunity to exploit further
snowpack and ice core observations for the reconstruction of
climate and pollution.

Code and data availability. The snowpack scheme CROCUS is in-
tegrated into the surface modeling platform SURFEX developed
by Météo France. The SURFEX code is freely available via
https://www.umr-cnrm.fr/surfex/ (Météo France, SURFEX, last ac-
cess: 12 August 2019) using a CeCILL-C license. The snow pit
(https://doi.org/10.6096/parcs.12, https://doi.org/10.6096/parcs.13)
and the meteorological data (https://doi.org/10.6096/parcs.17) are
available from the PARCS database (https://www4.obs-mip.fr/
parcs/database/; Pôle Aeris 2017 – Service de données OMP, Pollu-
tion in the Arctic System: Database, last access: 12 August 2019).
Precipitation data are available from the EBAS database of the Nor-
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able on request.
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