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during the AMDE, surface snow Hg concentrations increased two fold. Hg deposition took
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place over a short period of time corresponding to 3–4 days. More than 80% of the deposited
Hg was estimated to be reemitted back to the atmosphere in the days following the event.
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1.

Introduction

Mercury (Hg) is emitted to the atmosphere by both natural and
anthropogenic sources (Munthe et al., 2001) and can then be

largely dispersed in the atmospheric reservoir. Gaseous
elemental mercury (GEM) is the main mercury species in the
atmosphere, with an average concentration of about 1.7 ng/m3
(Slemr et al., 2003). Reactive gaseous mercury (RGM) and

⁎ Corresponding author. Present address: Laboratoire de Glaciologie et Géophysique de l'Environnement (L.G.G.E.), 54, rue Molière, 38402
Saint-Martin d'Heres, France. Tel.: +33 4 76 82 42 39; fax: +33 4 76 82 42 01.
E-mail address: ferrari@lgge.obs.ujf-grenoble.fr (C.P. Ferrari).
0048-9697/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2008.01.064

168

SC IE N CE OF T H E TOT AL E N V I RO N ME N T 3 9 7 ( 2 00 8 ) 1 6 7–1 77

particulate mercury (PM) can be emitted directly by combustion sources (coal, waste incineration) or be formed through
atmospheric GEM oxidation (Slemr et al., 1985; Lindberg and
Stratton, 1998). This phenomenon, called Atmospheric Mercury Depletion Event (AMDE), has been observed mainly in
polar atmospheres (Lu et al., 2001; Poissant and Pilote, 2001;
Steffen et al., 2002; Lindberg et al., 2002; Ebinghaus et al., 2002;
Temme et al., 2003; Berg et al., 2003; Skov et al., 2004; Sommar
et al., 2004; Steffen et al., 2004; Gauchard et al., 2005). The
oxidation chemistry is the result of halogen radicals and
mainly bromine chemistry (Lindberg et al., 2002; Fain et al.,
2006). GEM lifetime during a depletion event is about 4 h as
compared to a normal lifetime of about one year. AMDEs can
result from local, regional and/or long distance chemistry
(Gauchard et al., 2005). The oxidation of GEM and subsequent
formation of RGM and PM has, in some cases, led to elevated
Hg deposition onto snow surfaces (Lu et al., 2001), while in
other cases, no real increase in snow surface Hg levels was
observed (Ferrari et al., 2005). This possible snow surface Hg
deposition depends on the source of the AMDE, i.e. whether it
is generated locally or due to already depleted air masses. Hg
contained in snow can be reemitted back to the atmosphere
via photochemical processes (Lalonde et al., 2002; Dommergue
et al., 2003; Ferrari et al., 2005) or introduced into the
ecosystem during snow melt. In this paper, we present the
results of a springtime field campaign held in Ny-Ålesund
(Svalbard) in 2005. The focal point of our study was to monitor
atmospheric Hg speciation in order to determine the origin of
the long AMDE recorded in April 2005. We also monitored
snow surface Hg deposition during the event, as well as the
stability of Hg complexes in surface snow during spring.
Springtime Hg re-emission from the snow pack was also
investigated so as to better understand the environmental
parameters controlling this emission and the real impact of
this process on the Arctic Hg snow budget.

2.

Material and methods

2.1.

Sampling locations

Two field sites were chosen around the Ny-Ålesund (78°54'N,
11°53'E) International Research and Monitoring Facility. NyÅlesund is a small settlement located on the west coast of
Spitsbergen (Norway) which is the largest of the Svalbard
islands (Fig. 1). The majority of the measurements took place
in a small (~6 m²) electrically heated plywood shed located
300 m east of Ny-Ålesund, approximately 100 m from the
seashore at 8 m.a.s.l. Data were also obtained from the
Zeppelin Norway Research Station. This station is located
2 km south of Ny-Ålesund on a ridge of the Zeppelin Mountain
at 474 m.a.s.l. The study started on April 18, 2005 and finished
on May 14, 2005.

2.2.

Atmospheric measurements

2.2.1.

GEM

Measurement of GEM was carried out at the heated plywood
shed using a Tekran gas-phase mercury vapor analyzer (Model
2537A, Tekran Inc. Canada). The analytical technique, also

Fig. 1 – Location of Svalbard, Norway. The field campaign took
place in Ny-Ålesund, North-East of the major Island.

called Cold Vapor Atomic Fluorescence Spectrophotometry
(CVAFS), is based on collection of ambient mercury onto gold
traps, followed by thermal desorption and final detection by
atomic fluorescence spectrometry. The time resolution was
5 min, the sampling flow rate was 1.5 L/min and the analyzer
was auto-calibrated daily.

2.2.2.

Ozone (O3)

O3 was monitored at Zeppelin station using UV detection with
a 49C analyzer (Thermo, United States). A previous study
(Gauchard et al., 2005) demonstrated that both field sites
(Zeppelin and Ny-Ålesund) yielded identical results for O3 and
GEM concentrations.

2.2.3.

RGM/PM

RGM and PM were measured at Ny-Ålesund between one and
four times per day using manual methods described in Aspmo
et al. (2005). RGM and PM were collected on KCl-coated annular
denuder tubes and a KCl-coated quartz filter, respectively.
Mercury species were thermally decomposed to GEM in a Hgfree air stream and subsequently analyzed by a Tekran 2537
unit.

2.3.

Mercury in snow

2.3.1.

Cleaning procedure and snow sample collection

Most of the bottles used for snow collection were 25 mL PTFE
bottles (some 50 mL and 250 mL bottles were also used)
cleaned as described in Ferrari et al. (2005). Snow samples
were collected every 12 or 24 h, depending on the weather
at Ny-Ålesund, from a protected area with limited access.
An integral non-emissive dust coverall and polyethylene
gloves were used for snow collection. The bottles were

S CIE N CE OF T H E TOT AL E N V I RO N ME N T 3 9 7 ( 2 00 8 ) 1 6 7–1 77

immediately placed into two polyethylene bags which
were then hermetically sealed. Samples were stored in the
dark at − 20 °C and transported frozen to the laboratory in
Venice.

2.3.2.

Snow sample analysis

Mercury analysis was conducted at the Department of
Environmental Science of the University Ca'Foscari of Venice
(Italy). Snow samples were melted in a cleanbench (Class 100)
at ambient temperature and treated with 0.5% v/v ultra pure
HCl before analysis. Reagents and water used were adapted
for trace mercury measurements; therefore their Hg contribution was negligible. Two different analytical techniques,
both based on the inductive coupled plasma mass spectrometer detection method, were carried out on snow samples.
The first technique measured the reactive Hg (HgR) concentration in snow samples (analysis with ICP-QMS Agilent
series 7500) and the second, the total Hg (HgT) concentration
(analysis with ICP-SFMS Thermo Finnigan MAT Element 2;
see Planchon et al., 2004). HgT includes complexes that are
easily reducible by SnCl2 or NaBH4 such as HgCl2, Hg(OH)2,
HgC2O4 (or HgR) and stable complexes such as HgS, Hg2+
bound to sulfur in humic compounds and some organomercuric species (Lindqvist and Rhode, 1985). The instruments were calibrated with Hg standards prepared from
serial dilutions of a monoelemental Hg2+ solution with
an initial concentration of 1000 mg ml− 1 (CPI International
Santa Rosa, CA, USA). The Hg detection limit was 0.18 ng/L,
and the precision of the measurements was estimated to
be 15% according to the relative standard deviation on five
replicates.

2.4.

ments contain both the stratospheric and the tropospheric contribution. Since the stratospheric BrO field is
relatively constant, enhanced BrO columns can be used as
an indicator for increased boundary layer BrO concentrations. Here, we use maps of the BrO distribution retrieved
from data obtained by the SCIAMACHY instrument on
ENVISAT which are available at http://www.iup.uni-bremen.
de/doas/. BrO was measured at the Ny-Ålesund village with
max-DOAS observation (see Wittrock et al., 2004; Wittrock,
2006).

2.5.3.

Frost flowers

Potential Frost Flower (PFF) coverage maps were provided by
the University of Bremen (Germany). These maps were
generated by a one dimensional thermodynamic model
(initialized by satellite observations) which combines frost
flower growth parameterization with sea ice heat equilibrium
equations (see Kaleschke et al., 2004).

2.5.4.

Back trajectories

The back trajectories of air masses arriving at the Ny-Ålesund
site were obtained via NOAA ARL (National Oceanic and
Atmospheric Air Resources Laboratory). These back trajectories were generated with the Real-time Environmental
Applications and Display system (READY) and compiled by
the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) model, which uses the atmospheric pressure
recorded at the wind origin point and meteorological model
data.

3.

Results

3.1.

Mercury and ozone

GEM snow to air fluxes

A flux chamber coupled to a Tekran 2537A analyzer unit
with a 10 min time resolution was used to measure GEM
fluxes between the snow pack and ambient air at NyÅlesund. The chamber principle is based on the measurement of the difference between GEM concentrations inside
and outside the chamber. Fluxes were calculated using
the following equation: F = (Ca–Ci) ⁎ (Q / A) where F is the flux
in ng/m2/h, Ca is the GEM outlet concentration in ng/m3,
Ci is the GEM inlet concentration in ng/m3, Q is the flushing flow rate in m3/h (~ 1.5 L/min) and A is the area of the
chamber, which is ~ 0.348 m2 (see Fain et al., 2007 for more
details).

2.5.

Other available parameters

2.5.1.

Meteorological data

Zeppelin station is part of the GAW (Global Atmospheric
Watch) program directed by WMO (World Meteorological
Organization), therefore meteorological measurements are
carried out continuously on this site. Parameters such as
irradiation, wind speed and direction, as well as temperature
were provided for the study period.

2.5.2.

169

BrO

Atmospheric BrO columns can be determined from satellite
measurements (e.g. Richter et al., 1998). These measure-

Fig. 2a and b shows the evolution of GEM and ozone
concentrations from April 18 to May 6, 2005. An AMDE was
recorded with a fast decrease in GEM and ozone. During the
period from April 18 to April 24 (before 10:00), GEM and ozone
concentrations were between 1.5 and 1.9 ng/m3 and between
80 and 100 ppbv, respectively. From April 24 at 10:00, ozone
concentrations dropped to reach very low levels (around
5 ppbv) in less than 12 h. During the same time period,
GEM concentrations decreased from ~1.66 ng/m3 (at 10:00)
to ~0.25 ng/m3 (at 22:00). GEM and ozone concentrations
remained low until April 26 at midnight, then increased slowly
only to decrease again until April 27, 4:00. The depletion event
lasted ~3.5 days.

3.2.
Particulate mercury (PM) and reactive gaseous mercury
(RGM)
Fig. 2c and d shows the atmospheric PM and RGM
concentrations at Ny-Ålesund from April 18 to May 6.
Before the start of the GEM depletion, concentrations
for both PM and RGM were below the detection limit of
the apparatus (~ 2 pg/m3 for RGM and ~ 3–5 pg/m3 for PM).
PM peaked on April 25, with a concentration of about
~ 50 pg/m3, while RGM peaked on April 27 with a concentration of about ~ 30 pg/m3. PM concentrations decreased first
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Fig. 2 – (a) Ambient GEM concentrations (ng/m3), (b) Ozone concentrations (ppbv), (c) particulate mercury (PM) (pg/m3),
(d) reactive gaseous mercury (RGM) (pg/m3), (e) GEM flux from the snow to the atmosphere (ng/m²/h), for April 18 to May 6, 2005
at Ny-Ålesund, Spitsbergen, Norway.

and reached background levels on April 27. RGM decreased
more slowly and background levels were reached on
April 29.

3.3.

BrO at Ny-Ålesund

Fig. 3 shows the BrO concentration profile recorded from
April 20 to April 30, 2005. Background levels were about
2 pptv before April 24 and increased suddenly to 12 pptv from
April 24 to April 27. Background levels were reached after
April 27.

3.4.

Mercury in snow

Fig. 4 shows HgR and HgT concentrations in surface snow
samples from April 18 to May 14, 2005. From April 18 to April
25, HgR concentrations ranged from 4 to 40 ng/L and from 5 to
45 ng/L for HgT. On April 26, HgR concentrations ranged from
30 to 60 ng/L and HgT reached concentrations between 25 and
90 ng/L. From April 27 to April 29, HgR concentrations dropped
from 75 to ~ 15 ng/L and never exceeded this value for the
remainder of the campaign. For HgT, concentrations stayed
high from May 4 to May 14. Regardless of the period,

171

S CIE N CE OF T H E TOT AL E N V I RO N ME N T 3 9 7 ( 2 00 8 ) 1 6 7–1 77

Fig. 3 – BrO concentrations recorded with max-DOAS at Ny-Ålesund from April 20 to April 30, 2005.

concentrations for both HgT and HgR were generally higher in
the evening than early in the morning (see Table 1).

3.5.

Snow to air exchange of gaseous elemental mercury

Fig. 2e shows snow to air GEM fluxes from April 18 to May 14,
2005. From April 18 to April 26 and from May 1 to May 14, fluxes
never exceeded ~5 ng/m²/h. For April 26, 27 and 28, GEM fluxes
increased by a two fold factor (~10 ng/m²/h) and from April 29
and April 30, fluxes increased by factor of 7 (~35 ng/m²/h).
Daily maximum fluxes were recorded near 12:00 and reached
their minimum at night near 2:00.

4.

Discussion

4.1.

AMDE geographical and chemical origin

The ozone and GEM profiles and the air mass back trajectories
show that there were three different periods during the AMDE:
the beginning, the central period and the end, corresponding
to three different air mass origins. Fig. 5 summarizes these

changes in air mass origin and GEM and ozone patterns.
Fig. 6a, b and c (April 21 to 23) shows that in Ny-Ålesund, BrO
levels where low, corresponding to a period with no ozone and
Hg depletion (see Fig. 2a and b).

4.1.1.

AMDE beginning period

In order to understand whether this AMDE had a local or nonlocal origin, O3 apparent destruction rate (ΔO3/Δt) was
calculated during the event and compared to a theoretical
rate obtained using a combined BrO–ClO mechanism for ozone
destruction, as described in Tuckermann et al. (1997). For
these authors, apparent destruction rates of ~ 4.5 ppb/h or
more can only be attributed to advection of air masses already
depleted in O3. Lower apparent destruction rates imply a
stronger influence of chemistry, but during the AMDE in NyÅlesund, both phenomena occurred.
The decrease in O3 and GEM concentrations in April 24
could be explained by an arrival of already strongly depleted
air masses for these chemical species. The O3 destruction rate
(ΔO3/Δt) was ~7.7 ppb/h (Fig. 2b), which is clearly higher than
4.5 ppb/h, a value that characterizes AMDEs caused by already
depleted air masses (Tuckermann et al., 1997). Furthermore,
for April 24 and 25, SCIAMACHY data shows that the air was
strongly concentrated in BrO between the northeast of
Greenland and the northwest coast of Svalbard (see Figs. 3

Table 1 – HgR and HgT concentrations in surface snow
samples in the morning and the evening (ND = Not
determined)
Date
(Month/
Day/Year)

Fig. 4 – HgR and HgT concentrations (ng/L) in surface snow
samples from Ny-Ålesund from April 18 to May 12, 2005. Grey
lines correspond to HgR and black lines to HgT.

04/17/05
04/18/05
04/22/05
04/23/05
04/24/05
04/25/05
05/04/05
05/05/05
05/07/05
05/10/05
05/11/05

Morning
concentrations
(ng/L)

Evening
concentrations
(ng/L)

HgR

HgT

HgR

HgT

18.2
9.2
3.9
40.6
13.7
12.5
1.9
1.4
10.5
2.5
2.2

31.5
27.9
5.6
44.8
16.5
14.8
9.3
12.3
23.1
13.6
18.6

30.5
21.9
45.3
28.9
7.3
37.5
14.6
6.2
14.5
15.5
19.6

ND
ND
ND
ND
42.9
ND
58.9
22.6
46.2
41.6
59.9
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Fig. 5 – Temporal trends of GEM and ozone as well as back trajectories (over 120 h) of the air masses arriving at Ny-Ålesund from
April 24 to April 27, 2005.

and 6d and e). However, back trajectories arriving at 8:00
(before the onset of the AMDE) and at 16:00 (when the AMDE
has started) differed in their direction (north coast of Greenland and the North Pole, respectively) and altitude (less
elevated for the second, indicating a possible enrichment by
active bromine compounds originating from the emission of
the open sea). The depletion observed here could then be the
result of transport of already depleted air masses.

4.1.2.

AMDE central period

During two days (from April 25 at 0:00 to April 27 at 0:00), O3
and GEM concentrations remained generally very low with
some periodic increases (the morning of April 25 and April 26

at night). The back trajectories demonstrate that air masses
arriving at the measurement site during these 2 days had the
same geographical origin (northeast of Greenland). They
bordered the north coast of Greenland before crossing over
the Greenland Sea and arriving at Svalbard. Yet during some
periods, some air masses flew over the Queen Elizabeth
Islands and Ellesmere Island while others came from the
Arctic Glacial Ocean. These air masses arrived at Ny-Ålesund
with low GEM concentrations because they had previously
flown over areas with high BrO concentrations, thus enabling
GEM oxidation (see Fig. 6e and f). The low GEM and O3
concentrations could therefore be explained by regional or
large scale transport of already depleted air masses.
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173

Fig. 6 – Daily maps of the spatial distribution of BrO as derived from SCIAMACHY measurements for April 21 to 26, 2005. In
places where several measurements were taken on the same day, the largest value is shown. The blue circle indicates the
location of Ny-Ålesund. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

4.1.3.

AMDE end period

During April 27 at night, GEM and O3 concentrations began to
increase again. Air masses associated with the end of the
AMDE originated from the North Pole (see Fig. 5).

4.1.4.

Chemical mechanisms involved in the AMDE

The AMDE observed in this study was probably the result of
already depleted air masses. According to Rankin et al. (2002)
and Kaleschke et al. (2004), it is well known that frost flowers are
a source of Br− anions and play a key role in bromine radical
formation via Br2 formation and its subsequent photolysis.
These active bromine radicals contribute to ozone and mercury
depletions. Thus BrO could be formed in areas covered by frost
flowers (notably by the reaction between Br radical and O3).
When comparing the BrO maps in Fig. 6 to the Potential Frost
Flower (PFF) formation maps (Fig. 7), the fact that air masses
recorded at Ny-Ålesund during the AMDE have high BrO
concentrations because they flew over zones covered by frost
flowers (Fig. 3) becomes evident. However the frost flowers were
probably not the only bromine source for the AMDE. Two
snowfall events were also observed during the AMDE (April 24 in
the morning and from April 25 in the evening to April 26 at midday). As previously postulated by Ariya et al. (2004), Gauchard
et al. (2005) and Glasow and Crutzen (oral communication), ice
clouds at the origin of the snow fall could be involved in active

bromine production. Ice crystals, especially dendrites, formed in
these clouds are good surfaces for heterogeneous reactions that
allow sea salt aerosols containing Br− ions to produce active
bromine species. It is therefore likely that frost flowers and ice
clouds were the sources of BrO and active radical formation that
led to both ozone and GEM depletion.
RGM and PM concentrations remained relatively low
throughout the period of study (maximum values were
~50 pg/m3 for PM and ~33 pg/m3 for RGM). Higher levels were
reported for this site in 2003 (~200 pg/m3 for RGM and PM;
Aspmo et al., 2005; Gauchard et al., 2005), but our 2005 Hg
measurements are in good agreement with the values recorded
by Berg et al. (2003) at Zeppelin (maximum concentrations were
~ 47 pg/m3 for PM and ~ 12 pg/m3 for RGM). These low
concentrations suggest that deposition of RGM and PM occurred
during air mass travel, thus supporting the hypothesis that the
air mass was already depleted when it arrived at Ny-Ålesund.

4.2.
Snow to air interactions for Hg: what more have we
learned?
4.2.1. Diurnal cycle of Hg production and oxidized species
deposition
Surface snow Hg concentrations measured during this field
campaign showed very original results. HgT concentrations in
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Fig. 7 – Daily maps of Potential Frost Flowers (PFF) presented in chronological order from April 20 to April 28. Frost Flowers are
located in the red zones while blue zones represent areas not covered by Frost Flowers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

surface snow samples were systematically higher in the
evening than in the morning (see Table 1). The average HgT
concentration for mornings was ~23.5 ng/L (σ = 12.8 ng/L; n = 6)
and ~45.4 ng/L (σ = 13.6 ng/L; n = 6) for evenings. Steffen et al.
(2005) and Lahoutifard et al. (2005) reported diurnal variations
in GEM concentrations above the snow pack that were
correlated to snow to air fluxes of Hg and solar irradiation.
This GEM diurnal cycle, with a maximum concentration at
mid-day and a minimum at night, has also been observed in
the present study. This GEM cycle could be attributed to the
direct photoreduction of mercury complexes found in the
surface snow (Lalonde et al., 2002; Dommergue et al., 2003).
Sommar et al. (2004) have shown that in the atmosphere of
Ny-Ålesund in the spring, BrO concentrations had the same
pattern as GEM concentrations during the day with a maximum at mid-day. Furthermore, the same RGM diurnal pattern
was observed in Barrow by Brooks et al. (2006), with a
maximum at mid-day in the air at the snow surface. GEM
maximum at mid-day is linked to re-emission from the snow
while RGM production seems to be linked with GEM oxidation
by Br/BrO radicals. So why do we observe a decrease in Hg

concentrations in the surface snow during the night? Two
concurrent processes occurred in the first centimeters above
the snow: GEM oxidation and RGM deposition. GEM was
oxidized by bromine radicals (Br and BrO) and the oxidation
maximum occurred at mid-day when bromine radical concentrations were at a maximum, which led to peak RGM levels.
This RGM, formed in the first centimeters above the snow, was
immediately deposited onto the snow surface where it could
then be reemitted back to the atmosphere via reduction
processes. During the day, the chemical reaction that formed
RGM and redeposited it onto the snow was probably faster
than re-emission, leading to a net increase in Hg concentrations in the surface snow. Once irradiation decreased during
the afternoon, production of active bromine radicals
decreased, which led to a decrease in RGM formation and
thus a reduction in RGM deposition onto the snow. Even if the
re-emission flux was higher during the day (see Fig. 2d) with a
maximum at mid-day, the surface snow still accumulated
Hg as observed in Table 1. During the night, re-emission
decreased to lower fluxes of about ~0.5–1.0 ng/m²/h. The GEM
flux from the snow to the atmosphere contributed to reducing
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Hg concentrations in the surface snow at night. This reduction
is enhanced since RGM production and deposition are strongly
reduced during the night. During the day, the “chemical
engine” is shifted towards the formation of oxidized species of
Hg and their deposition, thus increasing Hg concentrations in
the surface snow.

4.2.2.

Hg deposition onto snow

Before the depletion, Average HgT concentration in the snow
was about ~25.3 ng/L (σ = 13.1 ng/L; n = 7) with a maximum of
~ 40 ng/L (see Fig. 4). During the depletion, average HgT
concentration reached ~44.1 ng/L (σ = 19.0 ng/L; n = 6) and
reached levels of up to ~90 ng/L. After the depletion, the
average concentration for HgT was 28.4 ng/L (σ = 18.5 ng/L;
n = 15). It seems that the AMDE led to enhanced deposition of
Hg onto snow surfaces. A 1.7 fold increase was recorded,
which is low in comparison to what has previously been
observed at other Arctic sites (Lu et al., 2001; Lindberg et al.,
2002). In Ny-Ålesund, recent studies have shown lower Hg
deposition increases during AMDEs (Berg et al., 2003; Ferrari
et al., 2005) with the exception of a study by Sommar et al.
(2004) who recorded concentrations of up to ~90 ng/L. A
similar level of HgT in the snow was recorded during the
depletion event in this study, but just after a snow fall during
the night of April 25 and the morning of April 26. It is possible
that the oxidized mercury species formed in the atmosphere
were trapped by the snow flakes and were deposited on the
snow surface. The flakes formed in the clouds before the
precipitation could also have been enriched in Hg since the air
masses at the origin of the precipitation crossed through
depleted air masses enriched in oxidized Hg species (Figs. 5–7).
In our case, the increase in Hg in snow surface samples was
the result of a strongly Hg enriched snow fall but not the result
of dry RGM and PM deposition (Lindberg and Stratton, 1998).

the flux profile was correlated to solar irradiation with
maximum flux at mid-day. From April 26, 2005 to April 29,
2005, GEM flux increased to reach maximum numbers close to
10 ng/m²/h. From April 29 to May 1, 2005, the fluxes peaked to
~35 ng/m²/h. After May 2, 2005, GEM fluxes stayed below 4 ng/
m²/h. The higher flux periods (e.g. from April 26, 2005 to May 1,
2005) corresponded to the AMDE in addition to the period
following the event, when wind speed was low. We also
observed two patterns for RGM and PM throughout the period
of April 26 to April 30. PM peaked to ~50 pg/m3 on April 26
while RGM peaked to ~30 pg/m3 on April 28. It is likely that the
nature of the Hg deposited during the AMDE had an effect on
the PM and RGM deposition profiles. The three day maximum
flux of ~10 ng/m²/h corresponded to the period where RGM
and PM concentrations were maximum. It seems that the
deposition of RGM and PM from the atmosphere led to an
increase in GEM flux from the snow to the atmosphere as a
result of direct or photoinitiated reduction (Dommergue et al.,
2003; Ferrari et al., 2005; Aspmo et al., 2006; Kirk et al., 2006).
But the two day high fluxes (up to 35 ng/m²/h) corresponded to
low PM and RGM concentration periods. This period was
characterized by an increase in snow temperature (see Fig. 8a).
Dommergue et al. (2003) showed that the snow pack, when it is
close to melting, emits more GEM than when temperatures are
lower. The higher emission fluxes recorded in the present
study could therefore be the result of this increase in snow
temperature, which leads to a metamorphism of snow and an
increase in the water layer around snow grains, consequently
augmenting GEM production in the snow (Ferrari et al., 2005).
The decrease in wind speed contributed to increasing the
recorded flux. Finally we can estimate that 80% of the
deposited Hg during the depletion was reemitted back to the
atmosphere in the days following the event.

4.2.4.
4.2.3.

Fate of deposited Hg

What is the fate of Hg once deposited onto the snow pack?
According to the results from our study, we observe four
different periods for snow to air Hg fluxes. From April 14, 2005
to April 25, 2005, the emission flux stayed below 4 ng/m²/h and
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Evolution of Hg content in surface snow

Both HgT and HgR concentrations were measured in the snow.
We consider the concentration of stable Hg as the difference
between HgT and HgR concentrations. Fig. 8 shows the ratio
between the stable concentration vs. HgT concentration as a
function of snow temperature. The ratio stayed low when the

Fig. 8 – Fraction of stable Hg vs. HgT as a function of snow temperature (°C).
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snow temperature was low, but increased with snow temperature, especially when the snow was close to melting. Two
hypotheses can be given to explain such profile. First, the
reactive Hg complexes can be sorbed onto particles or aerosols
when the snow morphology changes as the temperature
increases. In the liquid layers around crystal grains, mercury
can bind strongly to particle surfaces (Landis et al., 2002)
leading to stabilized mercury complexes which are not
measured as HgR with our technique. The second explanation
could be linked to microbial activity in the liquid layer around
snow grains when the temperature increases. Polar bacteria,
and especially those from the Ny-Ålesund snow pack (see
Amato et al., 2006 for details), were shown to interact strongly
with mercury at concentrations close to those measured
during this campaign (Hennebelle et al., 2006). Finally, as snow
temperature increases, bacteria can grow and divide rapidly.
This growth period could also be a period where strains (e.g.
bacteria, fungi, yeast) generate exopolysaccharides (EPS)
(Krembs, 2006) that are known to interact with heavy metals
to form compounds (Loaëc et al., 1998), which cannot be
measured as HgR with our technique.

5.

Summary and conclusion

A field campaign was held in Ny-Ålesund, Svalbard (Norway)
in order gain insights on Atmospheric Mercury Depletion
Events (AMDE) in the Arctic. An AMDE, which lasted over
3 days and led to a net increase (2 fold) in Hg deposition onto
snow surfaces, was observed. The origin of this AMDE seems
to be linked to the transport of already depleted air masses as
shown by both SCIAMACHY BrO data and Potential Frost
Flowers (P.F.F.) maps. The increase in Hg deposition appears to
be linked directly to a snow fall event, which leads us to the
hypothesis that in-cloud atmospheric oxidation of GEM is an
important deposition process for oxidized mercury. In this
study, we also demonstrated that both oxidation and reduction processes occurred at the snow surface interface, leading
to mercury deposition and GEM emission. This has been
demonstrated by the diurnal cycle in Hg concentrations in the
surface snow samples. The fraction of HgR mercury in snow
seems to decrease strongly as spring progresses. This may
possibly be related to changes in snow characteristics,
especially as the snow becomes more and more wet. In the
liquid space around snow grains, HgR can interact with organic
matter, thus generating a more stable mercury form which is
not analyzed as HgR. If this process, which requires more
investigation, is verified, it could have an important environmental impact. Since the stabilized mercury form may have a
longer lifetime in snow and melted water, then the likelihood
of it being introduced into polar systems increases, thereby
contributing to environmental mercury contamination.
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