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Abstract. Mercury is ubiquitous in the atmosphere, and at-
mospheric transport is an important source for this element
in the Arctic. Measurements of gaseous elemental mercury
(GEM) have been carried out at Villum Research Station
(Villum) at Station Nord, situated in northern Greenland. The
measurements cover the period 1999–2017, with a gap in the
data for the period 2003–2008 (for a total of 11 years). The
measurements were compared with model results from the
Danish Eulerian Hemispheric Model (DEHM) that describes
the contribution from direct anthropogenic transport, marine
emissions and general background concentration. The per-
centage of time spent over different surfaces was calculated
by back-trajectory analysis, and the reaction kinetics were
determined by a comparison with ozone.

The GEM measurements were analysed for trends, both
seasonal and annual. The only significant trends found were
negative ones for the winter and autumn months. Comparison
of the measurements to simulations using the Danish Eule-
rian Hemispheric Model (DEHM) indicated that direct trans-
port of anthropogenic emissions of mercury accounts for be-
tween 14 % and 17 % of the measured mercury. Analysis of
the kinetics of the observed atmospheric mercury depletion
events (AMDEs) confirms the results of a previous study at
Villum of the competing reactions of GEM and ozone with
Br, which suggests that the lifetime of GEM is about a month.
However, a GEM lifetime of 12 months gave the best agree-
ment between the model and measurements. The chemical

lifetime is shorter, and thus, the apparent lifetime appears
to be the result of deposition followed by reduction and re-
emission; for this reason, the term “relaxation time” is pre-
ferred to “lifetime” for GEM. The relaxation time for GEM
causes a delay between emission reductions and the effect on
actual concentrations.

No significant annual trend was found for the measured
concentrations of GEM over the measurement period, de-
spite emission reductions. This is interesting, and together
with low direct transport of GEM to Villum as found by the
DEHM model, it shows that the dynamics of GEM are very
complex. Therefore, in the coming years, intensive measure-
ment networks are needed to describe the global distribution
of mercury in the environment as the use of models to predict
future levels will still be highly uncertain. The situation is
increasingly complex due to global changes that most likely
will change the transport patterns of mercury, not only in the
atmosphere but also between matrixes.

1 Introduction

The effects of long-range atmospheric transport of anthro-
pogenic pollutants into the Arctic are well documented; con-
taminants are affecting the Arctic by the contamination of
food chains and by altering the radiation budget, thus con-
tributing to climate change (UNEP, 2013; AMAP/UNEP
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2013; Heidam et al., 2004; Breider et al., 2017). There are
still only a few local sources of pollutants in the Arctic, and
long-range transport, mainly from mid-latitudes, represents
the main source.

Mercury (Hg) is one of the first substances that has been
identified as a pollutant in the food web worldwide, causing
adverse effects on human health and wildlife. The Minamata
Convention, aiming to reduce the exposure of human beings
and the environment to mercury, was signed in 2013 (UNEP,
2013), and it entered into force in 2017.

The sources of mercury in the environment can be di-
vided into terrestrial emissions (including geogenic, biomass
burning and re-emissions from soils and vegetation), anthro-
pogenic and oceanic emissions accounting for 2.1, 2.5 and
3.4 ktonnes of the emissions, respectively (Outridge et al.,
2018). This is in good agreement with other estimates. The
global anthropogenic emissions of mercury were estimated
as being 2.5 ktonnes in 2010 (UNEP, 2013; AMAP/UNEP,
2013), and including the large uncertainty of these numbers,
they are not significantly different. According to an esti-
mate by (Pirrone et al., 2010) natural sources and re-emission
processes (hereafter referred to as background sources), ac-
counted for 5207 Mg yr−1 in 2005, while the amount of new
anthropogenic inputs is 2320 Mg yr−1, also close to the lat-
est emission estimate (Outridge et al., 2018). According to
recent assessments (Pacyna et al., 2010; Pirrone et al., 2010;
AMAP/UNEP, 2013; Muntean et al., 2014), the main anthro-
pogenic sources of atmospheric mercury are coal combustion
and artisanal as well as small gold mining, with relevant con-
tributions from non-ferrous metal smelting and iron and steel
production, along with several other industrial/residential
sources such as waste incineration. The main background
source is evasion from ocean surfaces, accounting for about
half of the sum of the natural and re-emission contributions
(Pirrone et al., 2010). Re-emission of deposited atmospheric
mercury of anthropogenic origin gives a major contribution
to the re-emission budget; for example, it has been found
that the accumulation of mercury inputs from anthropogenic
sources to oceans have led to an increase in the mercury con-
centration in surface waters of about a factor of 3 (Lamborg
et al., 2014). Mercury is transported by rivers, sea currents
and in the troposphere. Mercury in the air is mainly found in
the gas phase, where the major part is gaseous elemental mer-
cury (GEM), covering more than 90 %, while a minor part is
oxidised mercury and particle-bound mercury. The share of
oxidised mercury in the overall global emissions of mercury
has been estimated to be around 25 %, based on speciation
factors from the Arctic Monitoring and Assessment Program
(Muntean et al., 2018). The atmospheric lifetime of GEM
has earlier been estimated to be in the range of about 1 year
(Steffen et al., 2008), while those of oxidised forms of mer-
cury are shorter. Theoretical and laboratory studies showed
that the lifetime of GEM towards bromine-initiated oxida-
tion is much shorter than 1 year (Balabanov et al., 2005;
Dibble et al., 2012; Donohoue et al., 2005, 2006; Goodsite

et al., 2004, 2012; Jiao and Dibble, 2017). Applying the lat-
est kinetic data, Horowitch et al. (2017) found a lifetime in
the atmosphere of GEM, with respect to removal by oxida-
tion, of 2.7 months using the GEOS–CHEM model coupled
to an ocean general circulation model (MITgcm). Including
photoreduction, the lifetime of total gaseous mercury (TGM)
was found to be 5.2 months, close to the value of 6.1 months
in Holmes et al. (2010), by applying a much higher Br con-
centration and, consequently, also a faster photoreduction to
reach a similar result. The deposition rate depends on the
chemical processes that transform GEM into the less volatile
HgII species; these processes are only partially understood
(Angot et al., 2016). Chemical conversion of GEM to HgII

seems to be particularly important in the Arctic area, where
ozone and mercury chemistry have been found to be cou-
pled during events where both are observed at ground level to
be depleted from the air. There is strong evidence that these
depletion episodes are caused by the photochemical forma-
tion of bromine atoms (Skov et al., 2004, 2006; Goodsite et
al., 2004, 2012; Kamp et al., 2018), and recently, direct ev-
idence was found for bromine-initiated AMDEs and ozone-
depletion episodes (ODEs) (Wang et al., 2019).

The geographical distribution of the emissions has
changed in the last few decades, where Asian countries have
gained importance compared to emissions in Europe, North
America and Japan. Today, China accounts for about 40 %
of the global Hg emissions (Muntean et al., 2014; Streets
et al., 2019, 2017, 2018). In North America, Europe and on
the North Atlantic, there is a decline in the GEM concentra-
tion of between −1.5 % yr−1 and −2.2 % yr−1 (Zhang et al.,
2016). In the Arctic, the decline is zero at Svalbard (Berg et
al., 2013) and −0.9 % at Alert (Cole et al., 2013).

The aim of the present article is to present and discuss the
long time series of GEM measurements at Villum Research
Station (Villum) at Station Nord in northern Greenland, with
a focus on observed interannual and seasonal trends, and the
likely explanations for these in terms of sources, transport
patterns and dynamics.

2 Experimental section

2.1 Measurements

Villum at Station Nord in North Greenland is the second-
most northerly, permanently open station in the Arctic, pre-
ceded only by Alert, Canada. The station has all the logistic
requirements and infrastructure that are necessary for being a
major international platform for scientific studies focused on
the Arctic cryosphere, nature and interaction with humans.
It is located in the furthermost northeastern corner of Green-
land on the north–south oriented peninsula of Princess Inge-
borg Halvø (81◦36′ N, 16◦40′W), whose northern end is a
20× 15 km2 Arctic lowland plain (see Fig. 1). Villum is an
important logistic site for many scientific research activities
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Figure 1. The position of Villum Research Station at Station Nord
in northern Greenland. The blue area represents the Greenland Na-
tional Park.

Figure 2. Map of Villum Research Station with its buildings (blue)
relative to the Station Nord military outpost. Flyger’s hut and the
Air Observatory are located about 2 km outside main base of Station
Nord. Until 2014, all measurements were performed at Flyger’s hut;
thereafter, they were moved to the Air Observatory.

in the Greenland National Park in northern Greenland (see
http://www.villumresearchstation.dk, last access: 4 Novem-
ber 2020). Ozone and GEM were measured at Flyger’s hut
from 1996 to 1999, respectively, and until 2014 when the
measurements were moved to the newly built Air Observa-
tory (Fig. 2), where they continue to this day.

Since 1999, GEM has been measured by a Tekran 2537
mercury analyser. In the first few years, funding was only
available for 6 months per year of observations, and thus, the
data coverage over the entire year is limited to spring, sum-

mer and early autumn, except for the very first year. There
are no measurements available for the years 2003–2008 as
the research station was closed. Several generations of the
instrument have been used (A, B and X versions), but we es-
timate that the uncertainty of measuring GEM has remained
unchanged over the years as they are all calibrated towards
the same standard, based on the vapour pressure of Hg0, us-
ing a Tekran 2505 calibration unit. The principle of the in-
struments is as follows: a measured volume of sample air
is drawn through a gold trap that quantitatively retains ele-
mental mercury. The collected mercury is desorbed thermally
from the gold trap and is transferred by argon into the de-
tection chamber, where the amount of mercury is detected
by cold vapour atomic fluorescence spectroscopy. The de-
tection limit is 0.1 ng m−3, and the reproducibility for con-
centrations above 0.5 ng m−3 is within 20 %, based on par-
allel measurements with two Tekran 2537A mercury analy-
sers (at a 95 % confidence interval), using the principles de-
scribed in the ISO/IEC Guide 98-3:2008 on the uncertainty
of measurement (GUM, 1995). The calibration of the instru-
ment is checked every 25 h by adding known quantities of
elemental mercury to the detection system from an internal
permeation source. The sample air was either taken through
a sample tube heated to 50 ◦C or by drawing sample air from
a 20 cm diameter stainless steel sample tube. The flow rate
in the stainless steel tube was > 1 m3 min−1. Comparison of
measurements from the two different sample lines did not re-
veal any difference within the uncertainty of the instruments.
Prior to entering the instrument, air passes a soda lime trap
to avoid the passivation of the gold traps.

Ozone has been measured since 1996. Though different
instruments have been applied, the measurement uncertainty
is unchanged, as the basic principle in all instruments is the
absorption of UV light at 254 nm. The stability of the instru-
ments is ensured by the addition of known concentrations of
ozone from an internal ozone generator traceable to a pri-
mary standard. The uncertainty at a 95 % confidence level is
< 7 % for concentrations above 20 and 1.4 parts per billion
by volume (ppbv) for concentrations below 20 ppbv.

The calculation of interannual trends was performed by
applying the non-parametric Mann–Kendall test and Sen’s
slope calculation, using the programme developed by Salmi
et al. (2002).

2.2 Model calculations

We have applied the Danish Eulerian Hemispheric Model
(DEHM) to calculate the concentrations and direct contribu-
tions from different source areas to the concentration levels
in the air at Villum as a function of a prescribed chemical
lifetime of Hg0 and the meteorological variability in the at-
mospheric transport from source areas.

DEHM is a 3D, offline, large-scale, Eulerian, atmospheric
chemistry transport model (CTM) developed to study the
long-range transport of air pollution in the Northern Hemi-
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sphere, with a focus on the Arctic or Europe. The model
domain used in previous studies covers most of the North-
ern Hemisphere, discretised on a polar stereographic projec-
tion, and includes a two-way nesting procedure with several
nests with higher resolution over Europe, Northern Europe
and Denmark or the Arctic (Frohn et al., 2002; Brandt et al.,
2012).

DEHM was originally developed in the early 1990s to
study the atmospheric transport of sulfur and sulfate into the
Arctic (Christensen, 1997; Heidam et al., 1999, 2004), and it
has been used to study the transport of mercury to the Arctic
(Christensen et al., 2004; Skov et al., 2004).

The model system has been set up with one model domain
with 150× 150 grid points. The domain covers the Northern
Hemisphere, with a grid resolution on 150 km at 60◦ N. The
vertical grid is defined using the σ coordinate system, with
29 vertical layers extending up to a height of 100 hPa.

The DEHM model is driven by meteorological data from
the Advanced Research Weather Research and Forecasting
model version 3.6 (WRF–ARW; Skamarock et al., 2008).
This WRF model simulation was driven by global me-
teorological ERA-Interim data, which are a global atmo-
spheric reanalysis data set from the European Centre for
Medium-Range Weather Forecasts (ECMWF), starting from
1979 and being continuously updated in real time. These
data have been inserted into the WRF model every 6 h.
The WRF model has been run in a climate mode set-up,
e.g.continuously updating sea surface temperature and deep
soil temperature (both from the ERA-Interim).

The global historical AMAP Hg emissions inventories for
1990–2010 have been used as the anthropogenic emissions
(AMAP/UNEP, 2013) for the model run with variable emis-
sions. The 1990 emissions have been used for the model
calculations for the period 1990–1992, 1995 emissions for
the years 1993–1997, 2000 emissions for 1998–2002, 2005
emissions for 2003–2007 and, finally, the 2010 emissions for
2008–2017. The emissions for 2005 were used for the model
run with constant emissions.

Emissions of mercury from biomass burning were based
on CO emissions obtained from the Global Fire Emissions
Database version 3 (van der Werf et al., 2006), where a fixed
Hg0 /CO ratio of 8×10−7 kg Hg0 (kg CO)−1 was applied.
Emissions from oceans are based on calculated fluxes from
the GEOS-Chem model (Soerensen et al., 2010).

The system has been set up with 11 different GEM trac-
ers which represent eight different anthropogenic source ar-
eas (Russia, Eastern Europe, Western Europe, China, North
America, the rest of Asia, Africa and South America) and
biomass burning, ocean sources and the prescribed bound-
ary conditions on 1.5 ng m−3 for the entire period. The latter
is introduced because of the long lifetime of Hg0, and it ac-
counts for the transport across the Equator with the exchange
velocity between the two hemispheres of about 1 year. The
boundary condition concentration of 1.5 ng m−3 represents
the typical global background concentrations, which account

for all emissions in both hemispheres, and are close to the
concentrations at Equator as given in Selin et al. (2008). The
boundary conditions were kept constant during the period
covered by the model.

There have been 2× 3 different model runs covering the
period from 1990 to 2017, with two main emission set-ups,
which are with either constant anthropogenic missions (us-
ing the emissions in 2005 for all years) or the variable emis-
sions for 1990–2010. Each emission set-up is run with a sim-
ple fixed first-order reaction lifetime for Hg0 of 1 month,
6 months and 1 year, respectively. The model does not in-
clude Arctic mercury depletion in the runs presented here;
it focuses only on the direct long-range transported mercury
contribution to the GEM concentration at Villum. For each
model run the contributions of the 11 different tracers are es-
timated in order to investigate this contribution as a function
of the fixed first-order reaction lifetime for Hg0 and changing
meteorology and changing emissions.

2.3 Trajectory model

In order to investigate the influence of different surfaces
on the GEM concentration, 120 h back trajectories for air
masses arriving at 100 m altitude at Villum were calculated
with an hourly resolution using the British Atmospheric Data
Centre (BADC) trajectory service. For each of the trajecto-
ries, the time spent over different surfaces was calculated us-
ing a polar stereographic map of the Northern Hemisphere,
where each of the 1024× 1024 24 km grid cells were clas-
sified as land, sea, snow or sea ice, and thus, the percent-
age of the total transport time spent over these four types
of surfaces could be calculated. The snow and ice coverage
values were generated by the National Oceanic and Atmo-
spheric Administration (NOAA) and National Environmen-
tal Satellite, Data, and Information Service (NESDIS) Inter-
active Multisensor Snow and Ice Mapping System (IMS) de-
veloped by the interactive processing branch of the Satellite
Services Division. Concerning the sea ice coverage, a similar
calculation was performed using daily stereographic maps of
sea ice concentration with a resolution of 12.5 km, also avail-
able from NOAA/NESDIS. This calculation allowed the es-
tablishment of the percentage of time in which the air mass of
the back trajectory was passing over sea ice, as done earlier
in studies of atmospheric particle dynamics (Dall’Osto et al.,
2018). Combining these calculations for the periods during
which GEM measurements were carried out at Villum, the
percentages of the 120 h duration of the trajectory, where the
air masses passed over land, sea, snow and sea ice surfaces
could be established.

3 Results and discussion

The measurements of GEM and ozone from 1996 to 2017
are shown in Fig. 3. A seasonal pattern is observed for each
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year (see Fig. 4). In January and February, the level of ozone
and GEM is rather stable. After the polar sunrise, the con-
centration starts to fluctuate strongly, and ozone and GEM
are depleted quickly (within 2 to 10 h). Figure 5 shows the
variations in the yearly average GEM concentration and the
average for the winter season between 1999 and 2018, where
only periods with more than 50 % data coverage have been
included. The annual averages show a negative trend; how-
ever, it is not significant at a 90 % confidence level. The au-
tumn (September, October and November – SON) and the
winter months both show negative trends that are significant
at a 90 % confidence level. The trends, in a percentage of
the average GEM concentrations during these periods, are
−1.7 % yr−1 for the winter period and −1.4 % yr−1 for au-
tumn. The annual trend also remains insignificant when ex-
cluding the years 1999 and 2000 or the extreme value in
2017. The lack of a significant annual trend seems to be
explained by the high variability in the concentrations dur-
ing the spring period and the fact that the GEM concentra-
tion during the summer period show no evidence of a de-
creasing trend. This result is similar to the result obtained at
Zeppelin station on Svalbard, Norway, for the period 2000
to 2008 (Berg et al., 2013) and, as previously mentioned,
at Alert, Canada, where a negative trend of −0.009 ng m−3

(−0.58 % yr−1) is seen for the period between 1995 and 2008
(Steffen et al., 2015). A study of GEM in firn snow from the
Greenlandic inland ice, at about 3 km altitude, Dommergue
et al. (2016), showed that there is a positive trend or no trend
during the period of 2000–2010, though the authors pointed
out that nothing can conclusively be said about the concen-
tration trends based on their results. The behaviour of the
trends may, in principle, be explained by changes in the emis-
sions in the source regions, in transport patterns, in deposi-
tion, re-emission and atmospheric chemistry. The seasonal
differences in the trends must be explained by a different in-
fluence of these factors during the different seasons. Finally,
it has been suggested that decreasing GEM concentrations
in the Northern Hemisphere over the last 20 years may be
partially explained by increased uptake by vegetation due to
increased net primary productivity (Jiskra et al., 2018). Our
data set does not permit an evaluation of this hypothesis.

3.1 Changes in atmospheric chemistry

The strongest concentration trend is found during the win-
ter, when photochemically driven chemistry obviously does
not take place in the area, but where long-range transport
from mid-latitudes is at its maximum. The main influence of
Arctic atmospheric chemistry on GEM concentrations is ex-
pected to be in the spring and summer period, when the fate
of GEM is believed to depend on the presence of seasonal sea
ice and the presence of air temperatures below−4 ◦C (Chris-
tensen et al., 2004). Figure 6 shows a conceptual descrip-
tion of mercury removal in the Arctic. A regression analysis
of the number of hours with depletion events (defined here

Figure 3. Time series of the concentration of GEM and the mixing
ratio of ozone at Villum Research Station.

Figure 4. Monthly averages of GEM for the years 1999 to 2002 and
2008 to 2018 at Villum Research Station. The spread in monthly
mean value is shown as ± 1 SD.

as GEM< 0.5 ng m−3) did not show any significant change
over the years 2000–2017. The ozone data obtained during
the period 1999–2017 also showed no significant trend for
the concentrations in spring or summer. The ozone observa-
tions will be the subject of a separate publication.

The data until 2002 were used to investigate the reaction
kinetics of ozone and GEM with a third reactant. Log–log
plots of ozone against GEM gave a straight line, as seen
earlier (Schroeder et al., 1998; Berg et al., 2003; Steffen et
al., 2008; Skov et al., 2004). A reaction rate for Br with
Hg0 was calculated, which fitted well with a reaction rate
determined by theoretical chemistry (Goodsite et al., 2004,
2012; Skov et al., 2004). We conducted the same analysis on
the data from 2007 onwards. GEM was averaged to a time
resolution of 0.5 h. The new analysis confirmed the previ-
ous result, though the data points were more scattered, and
thus, the resulting slope had a higher uncertainty, mostly due
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Figure 5. Yearly (orange) and winter season (December, January
and February – DJF; blue) average values of measured GEM con-
centrations at Villum, with trend lines.

to smaller difference between the initial GEM concentration
and the final concentration. An important point regarding the
parameterisation of GEM depletion is that bromine-induced
atmospheric mercury depletion events (AMDEs) were often
observed under stagnant wind conditions and not only dur-
ing situations with strong wind that may cause bromine re-
lease as proposed earlier (see Yang et al., 2020). Recently,
the bromine-induced oxidation of Hg0 has been proven di-
rectly in a study, where Br, BrO, O3, GEM and gaseous oxi-
dised mercury (GOM) were measured simultaneously during
AMDE and ODE, using a multiphase box model to study the
complex set of processes (Wang et al., 2019).

The seasonally averaged concentration has a maximum
in the summer (June, July and August – JJA) and a mini-
mum in the spring (March, April and May – MAM). In or-
der to test the hypothesis that the spring minimum is related
to the occurrence of the combined mercury and ozone de-
pletion events, an indicator of the duration and frequency of
such depletion episodes was created. The number of mea-
sured hourly GEM concentrations below 50 % of the aver-
age value in a previous event-free period was compared, as a
percentage, to the total number of available hourly measure-
ments during the period of interest. For the MAM period,
this percentage of AMDE hours was found to be strongly
correlated with the average GEM concentrations in the same
period (Fig. 7). Thus, there is evidence for a strong impact of
AMDE on GEM concentrations in the spring period. The fre-
quency of AMDE in spring and GEM concentration in sum-
mer showed a poor negative correlation. If the deposited Hg
during AMDE should be released again during snowmelt, a
positive correlation would have been expected, but this was
not observed. In fact, the analyses indicate that AMDE is
a net sink for mercury, which is in agreement with direct
flux measurements (Brooks et al., 2006). Interestingly, An-
got et al. (2016) found a positive feedback between AMDE

in spring and the concentration of GEM in summer at Alert
that was attributed to the re-emission of mercury. Contrary to
this result, even the annual mean value at Villum had a nega-
tive correlation with AMDE hours. Though this correlation is
weak, it is an indication that AMDEs affect the GEM concen-
tration level at Villum and represent a net sink. From studies
of mercury isotopes at Utqiaġvik on the north coast of Alaska
(Douglas et al., 2019) and Toolik research station in central
Alaska (Jiskra et al., 2019), it was found that most mercury in
meltwater was from the deposition of GEM, and that a large
majority of deposited oxidised mercury during AMDE was
reduced and reemitted. Further studies are needed to deter-
mine if these results are also valid for more northern Arctic
locations such as Alert, Villum or Zeppelin.

It has been determined that outflows from rivers are a
main source of Hg in the Arctic Ocean (e.g. Outridge et al.,
2008; Fischer et al., 2012). The present study indicates that
there is an atmospheric input as well. The significance of
this source depends on its chemical form. Previously, atmo-
spheric deposited mercury has been identified to be bioavail-
able (Moller et al., 2011) and, thus, might still be dominant
for the mercury found in the Arctic food web.

3.2 Decrease in the emissions in the source regions

Recent studies show that mercury emissions from Europe
and North America have been decreasing since 1990, while
emissions in Asia have been increasing (AMAP/UNEP,
2013; Muntean et al., 2014). Russian emissions, considered
as a separate entity, have been decreasing as well. Concentra-
tion data from cruises on the North Atlantic show a declining
trend since 1990, with a steep decrease in the surface sea-
water Hg0 concentration, between the years of 1998–2000
and 2008–2010, of −5.7 % yr−1. It has been found that the
corresponding decrease in mercury emissions from the sea
can explain the decreasing trend observed over the North At-
lantic and adjacent areas (Soerensen et al., 2012). Chen et al.
(2015) found that the decline in atmospheric concentrations
at northern mid-latitudes was significant for the period 2000–
2009 but much weaker in the Arctic. They explained this by
the fact that declining sea ice cover and increasing temper-
atures caused a tendency towards higher emissions from the
sea that (partially) compensates for the forcing by decreas-
ing surface water Hg0 concentrations in the North Atlantic.
The observed seasonality, with significant declining tenden-
cies in the atmospheric GEM concentration in winter (De-
cember, January and February – DJF) and (weaker) in au-
tumn (SON) but not in spring (MAM) or summer (JJA), may
be explained as suggested by Chen et al. (2015). The high-
est yearly average concentration of GEM was found in 2013;
thereafter, there has been a continuous decrease which may
be the effect of emission reductions that now is also evident
in the high Arctic.

The DEHM model, using variable anthropogenic emis-
sions, as described above, shows a slightly decreasing con-
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Figure 6. The mercury cycle in the Arctic atmosphere, where gaseous elemental mercury (Hg0) is converted to gaseous oxidised mercury
(GOM) that is quickly either deposited or converted into total particulate mercury (TPM). The chemical composition of GOM is unknown,
and HgBr2 is one suggestion among many.

Figure 7. Frequency of depletion episodes versus average GEM
concentration in March, April and May (MAM). Unit: ng m−3.

centration trend of −0.7 % yr−1 (see Fig. 8). However, this
direct anthropogenic input, assuming an atmospheric lifetime
of GEM of 12 months, only accounts for between 14 % and
17 % of the observed GEM concentrations (Fig. 9). Including
the impact of sea emissions and of the boundary conditions,
and assuming a GEM atmospheric lifetime of 12 months,
the model predicts an annual average GEM concentration of
1.40–1.43 ng m−3, i.e. in agreement with the measured av-
erage in the period of 1.46 ng m−3 , although the measured
data covers a larger range of values (1.2–1.8 ng m−3). When
applying longer or shorter GEM lifetimes, the model results
deviate more from the measured concentrations. This indi-
cates that the best relaxation time of GEM in the Northern
Hemisphere is 12 months. The chemical lifetime of GEM in
the atmosphere is most likely shorter, according to theoret-
ical and experimental evidence (e.g. Goodsite et al., 2004,
2012; Ariya et al., 2008, Donohoue et al., 2005, 2006; Dib-
ble et al., 2012). Therefore, the deposition of HgII species

appears to be followed by the reduction and re-emission of
Hg0 (e.g. Brooks et al., 2006; Kamp et al., 2018; Soerensen
et al., 2012; Steen et al., 2009; Cobbett et al., 2007). Thus,
the relaxation time seems to be a more appropriate name than
lifetime for GEM. This is supported by a study on the pho-
toreduction of HgII in cloud droplets, which was found to be
much slower than the one used in models, leading to the con-
clusion that deposition and re-emission are involved in the
dynamics of atmospheric mercury (Saiz-Lopez et al., 2018).
The sea emissions were found to account for 20 %–21 % of
the GEM concentration at Villum, and the boundary condi-
tions of 1.5 ng m−3 explained 62 %–65 %, while emissions
from wildfires contributed 1 % during the years of the mea-
surements when still assuming a GEM atmospheric lifetime
of 12 months.

In the calculations with DEHM, it was found that emis-
sions from China had larger relative importance during the
summer than in the winter season; however, this difference
was only significant when applying relatively short (less than
1 year) atmospheric lifetimes of GEM. The calculations for
Villum were performed for the year 2001. This result agrees
with Chen et al. (2015), who found that East Asia is the main
source for mercury deposition in the Arctic. A similar re-
sult is also reported by AMAP/UNEP (2013). Durnford et
al. (2010), applying the global/regional atmospheric heavy
metals model (GRAHM), investigated the contribution of
different source regions to total mercury and GEM concen-
trations at several Arctic monitoring stations during different
seasons of the year. They found that for the yearly concen-
tration averages and their variability at the Arctic stations,
including Villum, Asian emissions were the most important,
accounting for more than the sum of the contributions from
Europe, Russia and North America. This result is in agree-
ment with the present study but in contrast with several stud-
ies addressing the origin of shorter lived pollutants, such as
black carbon and sulfate, that point to the northerly part of
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Figure 8. Model calculations with variable emissions of the source apportionment of the direct anthropogenic contribution to the annual
average GEM concentrations at Villum. The DEHM model was used for 2 years (1990 and 1991) to spin up the model. Source regions:
Russia – Russia; EEU – eastern Europe; WEu – western Europe; China – China; Africa – Africa; SAm – South America. Unit: ng m−3.

Figure 9. Model calculations with variable emissions of the source apportionment of annual average GEM at Villum. The DEHM model
was used for 2 years (1990 and 1991) to spin up the model. In the model, re-emissions from the ocean and contributions from boundary
conditions at the Equator are included. Source regions: Russia – Russia; EEU – eastern Europe; WEu – western Europe; China – China;
Africa – Africa; SAm – South America; Bound – boundary condition; Ocean – ocean; Fire – wildfire. Unit: ng m−3.
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Eurasia as the main source regions (Nguyen et al., 2013;
Freud et al., 2017). Particularly in the case of Station Nord
(now named Villum Research Station), Nguyen et al. (2013)
found evidence of a strong influence of the direct transport of
particles from Siberia, including results from previous work
(Heidam et al., 2004). Heidam et al. (2004) identified Russia
as the main contributor to sulfate concentrations, followed by
Eastern and Western Europe, while Asian contributions ap-
peared to be of minor importance. The explanation for this
difference between modelling results regarding mercury and
more short-lived air pollutants is likely to be the large dif-
ference in atmospheric lifetimes (relaxation time for GEM).
The above discussion highlights the importance of assessing
the chemistry of GEM and determining the fate of the result-
ing reaction products, especially the photoreduction of HgII

compounds in marine waters.

3.3 Changing transport patterns

Results obtained by applying the DEHM model to simu-
late GEM concentrations at Villum indicate that changes in
the direct atmospheric transport from source areas to Villum
cannot explain the observed trend. We have found that the
simulated yearly and seasonal GEM values show very lit-
tle variability and no significant trend over the years 2000–
2015 when the emission sources are kept constant at the 2005
level, while the meteorology is varying and treated as de-
scribed above. That is opposite to the results of Dastoor et
al. (2015) for a model run with constant emissions. The main
reason for this is probably that processes, such as chemistry
and surface exchanges in Dastoor et al. (2015), are more de-
pendent on the atmosphere and surface conditions than the
simple set-up in the present version of DEHM. There is better
agreement between our results and Dastoor et al. (2015) for
the model set-up with variable emissions. We see a decrease
of 0.08 ng m−3 between 1992 and 2005 for Villum, while
Dastoor et al. (2015) found approximately 0.1 ng m−3. The
study by Hirdman et al. (2010) of long-term trends of sul-
fate and black carbon (BC) in the Arctic also concludes that
changes in atmospheric transport can only explain a small
fraction (0.3 %–7.2 %) of the observed trends.

In an earlier paper on particle formation in the Arctic at-
mosphere, important results were obtained that correlated the
time that air masses spent over different surfaces and mea-
sured concentrations (Dall’Osto et al., 2018). We did the
same calculations for the GEM data. The correlations be-
tween the time that air masses passed over different sur-
faces and the measured GEM concentrations at Villum are
shown in Table 1. Relatively strong negative correlations
(R2> 0.3) were found only with land and sea areas in the
autumn. Performing a two-tailed t test, it was found that the
only significant correlation at a 90 % confidence was the anti-
correlation in the autumn with land (R2

= 0.44), while the
anti-correlation with the sea area was significant only at an
85 % confidence level (R2

= 0.32). Different types of sur-

faces may influence deposition and emission rates for mer-
cury, and they may have an influence on atmospheric chem-
istry, for example by releasing reactive bromine compounds.
However, the correlations may also not be due to a relation-
ship caused by the impact of the surfaces within the 120 h
time span of the trajectories but rather by the longer term
histories of the air masses. As the percentage of time passed
over land by the air masses in the autumn months (SON) is
very short (1 %–4 % of the 120 h), it seems most likely that
the correlation observed is not due to a direct influence of
land. It can thus be concluded from the results shown in Ta-
ble 1 that no statistically significant impact of surfaces on
GEM concentrations within the range of the 120 h back tra-
jectories could be observed.

4 Conclusion

In this paper, we present measurements of GEM concen-
trations in the air at Villum Research Station from 1999 to
2017, with a break in the data set from July 2002 to 2007.
The large fraction of GEM assigned to background contri-
bution and from sea emissions makes it difficult to assess a
trend from the otherwise predicted emission reduction in the
source areas for direct anthropogenic emissions of mercury.
A decreasing trend in the concentration of GEM was found
during autumn and winter at a 90 % confidence level, but it
was counteracted by a weak increase during summer and a
high variability during spring. Therefore, there was not any
significant trend in the yearly average concentrations at the
90 % confidence level.

Simulations of the concentrations at Villum, using the
DEHM model with a fixed emission inventory, show no sig-
nificant trends, and thus, it is concluded that the observed
trends are not caused by changes in atmospheric transport
patterns. The measurement area is known to be strongly in-
fluenced by long-range transport of pollutants in the winter
and spring periods, and the only viable explanation of the ob-
served trend in the winter appears to be decreasing emissions
in the source regions. However, according to the DEHM sim-
ulations, the transport of direct anthropogenic emissions only
accounted for between 14 % and 17 % of the GEM con-
centration and might be counteracted by the hemispheric
background on 1.5 ng m−3 that accounts for 62 %–65 % and
was kept constant in the model. The boundary conditions
represent contributions from indirect transport from sources
in the Northern Hemisphere and transport from sources in
the Southern Hemisphere. Sea emissions account for 20 %–
21 %. The emissions from the North Atlantic are likely to be
decreasing due to the lower mercury concentrations in the
water, but a decreasing extent of the sea ice cover around
Greenland may counteract this effect.

The seasonal variation confirms the effect of AMDE, lead-
ing to generally lower concentrations during spring; in fact,
a strong anti-correlation between the average GEM concen-
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Table 1. The correlation of the time that air masses spent over different surfaces, and the GEM concentration shown for the different seasons
(DJF – December, January and February; MAM – March, April and May; JJA – June, July and August; SON – September, October and
November.). Values for both R and R2 are shown.

R2 DJF MAM JJA SON R DJF MAM JJA SON

Sea ice 0.28 0.01 0.00 0.24 Sea ice −0.53 0.11 0.04 0.49
Snow 0.17 0.00 0.06 0.03 Snow 0.41 −0.04 −0.25 −0.17
Land 0.03 0.02 0.02 0.44 Land −0.17 0.17 0.12 −0.66
Sea 0.22 0.03 0.14 0.32 Sea 0.47 −0.17 0.37 −0.56

trations during springtime and the number of hours with
AMDE conditions was observed. The analyses indicated that
AMDEs are a net sink for mercury in the atmosphere, and
that it affects the yearly average concentration.

Simulations with the DEHM model showed the best agree-
ment with observations applying an atmospheric lifetime for
GEM of 12 months; however, it was found that the apparent
lifetime is likely to be the result of a shorter chemical lifetime
with respect to oxidation followed by deposition, reduction
and re-emission. Thus, “atmospheric relaxation time” seems
to be a more appropriate term than “lifetime” for GEM.

The lack of a trend in the measured concentrations of
GEM, despite emission reductions, is striking, but together
with low direct transport of GEM to Villum as found by the
DEHM model, it shows that the dynamics of GEM are very
complex. Therefore, in the coming years, intensive measure-
ment networks are strongly needed to describe the global dis-
tribution of mercury in the environment because the use of
models to predict future levels will still be highly uncertain.
The situation is increasingly complex due to global change
that most likely will change the transport patterns of mer-
cury, not only in the atmosphere but also between matrixes.
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