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Abstract. While much research has been devoted to the sub-
ject of gaseous elemental mercury (GEM) and gaseous ox-
idized mercury (GOM) in the Arctic spring during atmo-
spheric mercury depletion events, few studies have exam-
ined the behavior of GOM in the High Arctic summer. GOM,
once deposited and incorporated into the ecosystem, can pose
a threat to human and wildlife health, though there remain
large uncertainties regarding the transformation, deposition,
and assimilation of mercury into the food web. Therefore,
to further our understanding of the dynamics of GOM in
the High Arctic during the late summer, we performed mea-
surements of GEM and GOM, along with meteorological
parameters and atmospheric constituents, and utilized mod-
eled air mass history during two summer campaigns in 2019
and 2020 at Villum Research Station (Villum) in northeast-
ern Greenland. Seven events of enhanced GOM concentra-
tions were identified and investigated in greater detail. In
general, the common factors associated with event periods at
ground level were higher levels of radiation and lower H2O
mixing ratios, accumulated precipitation, and relative humid-
ity (RH), although none were connected with cold temper-
atures. Non-event periods at ground level each displayed a
different pattern in one or more parameters when compared
to event periods. Generally, air masses during event peri-
ods for both campaigns were colder and drier, arrived from
higher altitudes, and spent more time above the mixed layer
and less time in a cloud compared to non-events, although
some events deviated from this general pattern. Non-event air
masses displayed a different pattern in one or more param-
eters when compared to event periods, although they were
generally warmer and wetter and arrived from lower alti-
tudes with little radiation. Coarse-mode aerosols were hy-

pothesized to provide the heterogenous surface for halogen
propagation during some of the events, while for others the
source is unknown. While these general patterns were ob-
served for event and non-event periods, analysis of individual
events showed more specific origins. Five of the seven events
were associated with air masses that experienced similar con-
ditions: transported from the cold, dry, and sunlit free tropo-
sphere. However, two events experienced contrasting condi-
tions, with air masses being warm and wet with surface layer
contact under little radiation. Two episodes of extremely high
levels ofNCoarse and BC, which appear to originate from flar-
ing emissions in Russia, did not contribute to enhanced GOM
levels. This work aims to provide a better understanding of
the dynamics of GOM during the High Arctic summer.

1 Introduction

Gaseous elemental mercury (Hg0 or GEM) is a ubiquitous
pollutant in the atmosphere due to its long relaxation time
(6 to 12 months; relaxation time refers to the time delay
between emission reductions and effect on ambient con-
centrations), and thus it is subject to long-range transport
from source regions to remote environments through depo-
sition and re-emission cycling (Pirrone et al., 2010; Skov
et al., 2020). The sources of mercury include anthropogenic
emissions, e.g., fossil fuel and biomass combustion and arti-
sanal small-scale gold mines, in addition to natural emissions
such as volcanoes, biomass burning, ocean and soil evasion,
and re-emission of previously deposited or legacy mercury
(AMAP, 2011). In the atmosphere, GEM is oxidized to its
divalent form (HgI), commonly known as gaseous oxidized
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mercury (GOM). GOM has a much shorter residence time
than GEM in the atmosphere owing to its higher solubility,
lower vapor pressure, and faster deposition velocity (Skov
et al., 2006). Mercury can also be present in aerosol parti-
cles, referred to as particulate-bound mercury (PHg), either
through GOM condensation or through heterogeneous reac-
tions of GEM on aerosol surfaces (Durnford and Dastoor,
2011). In the polar regions, GEM typically dominates the at-
mospheric distribution throughout the year, with smaller con-
tributions from GOM and PHg. However, during depletion
events in the spring, GOM and PHg can constitute large frac-
tions of total atmospheric mercury (Steffen et al., 2014). In
contrast to the polar regions, at the midlatitudes (especially
at locations close to anthropogenic emission point sources)
GOM and PHg can be emitted directly to the atmosphere
and represent significant fractions of the atmospheric mer-
cury burden (Muntean et al., 2018).

In locations with elevated reactive halogen concentrations
(e.g., polar environments, the marine boundary layer, vol-
canic plumes, and salt lakes) and especially bromine radi-
cals, GEM is quickly transformed into GOM (Obrist et al.,
2010; von Glasow, 2010; Angot et al., 2016; Ye et al., 2016;
Wang et al., 2019). In the Arctic, this process manifests as
atmospheric mercury depletion events (AMDEs), which oc-
cur in spring following polar sunrise and result in the rapid
depletion (on the order of hours) of GEM and conversion to
GOM (Schroeder et al., 1998; Lindberg et al., 2002; Berg
et al., 2003; Skov et al., 2004). In the early spring at Alert,
Nunavut, Canada, it has been demonstrated that GOM is con-
verted to PHg (through condensational processes due to the
cold temperatures and high aerosol surface area concentra-
tion; Freud et al., 2017), while in the late spring oxidized
mercury is mainly present as GOM (due to reduced surface
area and increased temperatures) (Steffen et al., 2014). Late
spring is also the peak of total Hg in surface snow at Alert,
Nunavut, Canada, and Utqiaġvik, Alaska, USA (formerly
Barrow), indicating that dry deposition of GOM is a ma-
jor pathway of mercury into the ecosystem (Lu et al., 2001;
Lindberg et al., 2002; Steffen et al., 2002, 2014). GEM oxi-
dation has been demonstrated to be initiated via photochem-
ical reactions with the Br radical (R1–R2) through modeling
studies (Holmes et al., 2006, 2010; Horowitz et al., 2017),
kinetic studies (Donohoue et al., 2006), theoretical studies
(Goodsite et al., 2004, 2012; Dibble et al., 2012), and obser-
vations (Skov et al., 2004; Stephens et al., 2012; Wang et al.,
2019).

Br+Hg0
↔ HgBr, (R1)

HgBr+Y → HgBrY, (R2)

where Y could be OH, O3, NO2, HO2, Br, Cl, BrO, ClO, I,
and IO (Holmes et al., 2006, 2010; Hynes et al., 2009; Dib-
ble et al., 2012; Jiao and Dibble, 2017a, b). Of which Br, I,
and OH have been postulated to be the main species for Y ,
both globally and in the Arctic (Goodsite et al., 2004, 2012),

while NO2, HO2, ClO, or BrO have been demonstrated to be
candidates for Y by Dibble et al. (2012). Recently, ozone was
proposed to be a missing oxidation pathway of HgBr (Saiz-
Lopez et al., 2020). Sources of these reactive halogen species
include emissions from sea ice, snowpack, frost flowers, re-
freezing leads, sea salt aerosol, and labile halogen reservoir
species (i.e., halocarbons and inorganic bromine) (Brooks
et al., 2006; Kaleschke et al., 2004; Peterson et al., 2018,
2019; Simpson et al., 2015). The exact chemical formulas
for GOM and PHg are currently unknown so both species
are operationally defined by their detection methods (Landis
et al., 2002; Angot et al., 2016), although the development of
improved analytical systems for their detection is currently
underway (Gustin et al., 2021). Once formed, GOM can ei-
ther bind to aerosol particles, becoming PHg, or deposit onto
the snowpack through dry and wet deposition. The major-
ity of this deposited mercury is photo-reduced and emitted
back into the atmosphere (Brooks et al., 2006; Dastoor et al.,
2008; Kamp et al., 2018). The snowpack will retain a frac-
tion of this mercury and release it with the ionic pulse during
the melt season, introducing mercury into the ecosystem (Lu
et al., 2001; Ariya et al., 2004; Durnford and Dastoor, 2011;
Douglas et al., 2017). Recently, isotope analysis has revealed
GEM uptake by vegetation and soils to be the main source of
mercury input to the terrestrial environment in Alaska (Dou-
glas and Blum, 2019; Jiskra et al., 2019), although this pro-
cess has yet to be confirmed in the High Arctic.

After deposition, GOM can be methylated through biotic
and abiotic processes to organic mercury (methylmercury
and dimethylmercury) (Macdonald and Loseto, 2010; Møller
et al., 2011). Organic mercury is an extremely powerful neu-
rotoxin that bio-accumulates in upper trophic levels and thus
poses a threat to ecosystems and human health (especially in
indigenous peoples in high latitudes and societies that rely
heavily on a seafood diet) (Park and Zheng, 2012). There-
fore, as the Arctic becomes more populated and continues
to change, it is important to understand mercury oxidation
in response to a changing climate, especially in high latitude
regions (AMAP, 2011; Durnford and Dastoor, 2011; Stern et
al., 2012).

While the majority of GOM formation and deposi-
tion occurs in the Arctic during spring, little attention
has been given to the behavior of GOM outside of
AMDEs. Steen et al. (2011) reported high amounts of GOM
(max> 120 pg m−3, mean 8± 13 pg m−3) during the sum-
mers of 2007 and 2008 at Zeppelin Mountain (79.93◦ N,
11.50◦ E, 474 m a.s.l. – meters above sea level). This study
revealed a pattern of GOM previously unknown to the Arc-
tic, with elevated GOM concentrations during the summer,
which postulates that GOM deposition occurs outside of
AMDEs in the Arctic. They concluded the presence of GOM
was of regional origin, as long-range transport of direct emis-
sions from anthropogenic sources was unlikely. Other studies
have found contrasting results regarding Arctic GOM con-
centrations during summer. During a research expedition in
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the Arctic Ocean in June–August 2004, Aspmo et al. (2006)
measured GEM, GOM, and PHg and found increases in
GEM over areas with > 70 % sea ice concentrations, which
were attributed to an enhanced reduction potential and in-
creased evasion of supersaturated dissolved mercury from
the ocean through open leads. However, they found lower
levels of GOM (< 20 pg m−3) and PHg (< 10 pg m−3) com-
pared to Steen et al. (2011). Levels of Hg in snow and melt
ponds were low (< 10 ng L−1), suggesting marginal accumu-
lation of deposited mercury throughout the summer. Con-
centrations of GEM, GOM, PHg, CO, and ozone were also
reported on a research cruise throughout the Arctic basin
from July–September 2005 (Sommar et al., 2010). They
found low levels of GOM (3.2±1.7 pg m−3) and PHg (1.0±
0.7 pg m−3), which were not correlated with GEM, sunlight,
or ozone. Steffen et al. (2014) analyzed GOM and PHg at
Alert, Nunavut, Canada, from 2002–2011, and they reported
median values during July–September of 5.3–7.36 and 1.01–
14.78 pg m−3 for PHg and GOM, respectively. The source
of GOM during this study was unclear. While these latter
studies found relatively low levels of GOM, the presence of
GOM at all indicates that mercury oxidation and deposition
are occurring outside of AMDEs in the Arctic.

With only limited measurements of GOM performed in
the High Arctic summertime, there are many questions still
unanswered. The dynamics of GOM in the Arctic are ex-
tremely complex; uncertainties in its spatiotemporal variabil-
ity, annual cycle, and formation mechanisms emphasize the
need for further examination. The Arctic region is undergo-
ing rapid changes due to anthropogenic climate change and
the dynamics of mercury oxidation are poorly resolved, es-
pecially in summer. Understanding these dynamics can offer
insight into the general chemistry during Arctic summer and
atmospheric mercury will respond to future changes in the
Arctic climate. It is also important to understand the changes
in mercury concentrations in the Arctic to assess the effects
of abatement strategies of the Minamata Convention (UNEP,
2013) globally. This will aid in understanding what the ef-
fects of decreasing anthropogenic mercury emissions and
global climate change will be on the recycling of mercury
between different environmental matrixes and how it is ulti-
mately sequestered.

Here we report measurements of GEM and GOM, outside
of AMDEs, during the late summer of 2019 and GEM, GOM,
and PHg in the late summer of 2020 at Villum Research Sta-
tion (Villum). We investigate the levels of GOM in connec-
tion with meteorological parameters, ozone, aerosol particle
physical properties, and air mass history and examine ex-
isting interconnections and dependencies. In the following
section, we describe the measurement site, analytical instru-
mentation, and analysis methods. We will then examine the
results of the two campaigns in relation to meteorological pa-
rameters, atmospheric constituents, and air mass history. We
then discuss the factors influencing event vs. non-event pe-
riods as well as individual events. We conclude with a sum-

mary and consider the implications for mercury oxidation in
a future climate.

2 Methods and instrumentation

2.1 Measurement sites

Measurements were performed at Flyger’s hut (81◦36′ N,
16◦40′W), which is part of Villum (81.6◦ N 16.67◦W,
24 m a.s.l.) located on the Danish military base Station Nord
in northeastern Greenland. Villum and Flyger’s hut are both
located approx. 2 km to the south of Station Nord, are sepa-
rated by approx. 200 m distance, and are both upwind> 95 %
of the time from local pollution sources at the military base.
All times are reported as UTC.

2.2 Atmospheric mercury measurements

In 2019, atmospheric measurements of GEM and GOM at
Flyger’s hut started on 16 August and ended on 1 Septem-
ber. In 2020, measurements of GEM, GOM, and PHg started
on 17 July and ended on 4 August. GEM was analyzed
on a 5 min time resolution by a Tekran 2537A vapor-phase
analyzer at a flow rate of 1 L min−1. This technique is
based on the pre-concentration of GEM on dual gold car-
tridges followed by thermal desorption in a stream of ar-
gon gas and detection by cold vapor atomic fluorescence
spectroscopy (CVAFS) at a wavelength of 253.7 nm. Skov
et al. (2004) determined a detection limit of 0.1 ng m−3 and a
reproducibility of 20 % at a 95 % confidence interval (CI) and
above 0.5 ng m−3. The instrument was manually calibrated
with injections of a known amount of mercury before and af-
ter the campaigns and auto-calibrated in the field every 25 h
by an internal permeation source.

GOM and PHg were collected using a Tekran 1130
and 1135 speciation unit, respectively, upstream of the GEM
analyzer, at a flow rate of 10 L min−1. GOM was sampled
onto potassium chloride (KCl) coated denuders. After sam-
ple collection, the denuders were flushed in a stream of zero
air supplied from the 1130 pump module, then heated to
500 ◦C during which GOM was thermally decomposed to
GEM and detected by the Tekran 2537A analyzer. Denud-
ers were exchanged weekly. PHg was sampled onto quartz
filters, thermally released in a stream of zero air at 800 ◦C,
and pyrolyzed on quartz chips also at 800 ◦C (for details
about denuder and quartz filter performance and coating pro-
cedure, see Landis et al., 2002). The cutoff size for PHg was
< 2.5 µm. For the 2019 campaign, the sampling time4 was
80 min, while for the 2020 campaign the sampling time was
60 min. Due to technical issues during the 2019 campaign,
measurements of PHg were not available. The limit of detec-
tion (LOD) for both GOM and PHg was calculated as 3 times
the standard deviation (SD) of blanks values for the flush cy-
cles, excluding the first measurement in a flush cycle as the
heated sampling line still contains ambient air. The LODs for
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the 2019 and 2020 campaigns were 0.180 and 0.684 pg m−3,
respectively. With the KCl denuders being prone to unequal
collection efficiencies for different GOM species and arti-
facts (Gustin et al., 2015) and the internal signal integra-
tion routine biassing the concentrations low (Slemr et al.,
2016; Ambrose, 2017), the GEM and GOM concentrations
are likely a lower limit (Huang and Gustin, 2015; Huang et
al., 2017; Marusczak et al., 2017).

2.3 Ancillary measurements

Meteorological parameters including wind speed, wind di-
rection, air temperature, relative humidity, radiation, and
snow depth were measured at Villum on a time resolu-
tion of 5 min. Ground-level H2O mixing ratios were cal-
culated using ambient temperature, relative humidity (RH),
and pressure (Bolton, 1980; Weiss-Penzias et al., 2015).
Ozone (O3) was measured at Villum using a photometric
O3 analyzer (API M400) at 1 Hz, averaged to a 30 min arith-
metic mean. The detection limit was 1 ppbv (parts per billion
by volume), with an uncertainty of 3 % for measured con-
centrations above 10 ppbv and 6 % below, respectively, on a
95 % CI (Nguyen et al., 2016). All measurements used in
this study were averaged (median) to correspond temporally
to GOM and PHg sampling intervals.

2.4 Particle number size distribution and black carbon

Particle number size distributions (PNSDs) from 0.3 to
10 µm were measured using an optical particle sizer (OPS,
TSI 3330) on a 10 min time resolution. This size range is
representative of coarse-mode particles and a fraction of
accumulation-mode particles. The entire particle size spec-
trum was integrated to give the coarse-mode particle number
concentration (NCoarse). The OPS was located at Villum, and
the data were vigorously quality controlled for abnormal in-
strument diagnostic parameters (RH, flow rate, and temper-
ature) and the influence of local pollution (i.e., vehicles and
activities from Station Nord).

Black carbon (BC) concentrations were measured using
a MAGEE AE33 aethalometer (Drinovec et al., 2015) at a
1 min time resolution. The instrument is an absorption pho-
tometer that continuously collects aerosol particles onto a
filter and measures light absorption from the resulting fil-
ter spot containing the aerosol particles. The AE33 auto-
matically corrects for filter-loading effects by measuring ab-
sorption on a reference filter and operates at seven wave-
lengths: λ= 370, 470, 520, 590, 660, 880, and 950 nm. By
using a standard BC mass absorption cross section (MAC)
of 7.77 m2 g−1 at 880 nm, these absorption coefficients are
converted to equivalent black carbon (eBC) mass concentra-
tions. It has been found that the aethalometer overestimates
BC concentrations at Arctic sites compared to co-located ab-
sorption photometers (Backman et al., 2017). To account for
this, an Arctic harmonization factor was used, adapted from

Backman et al. (2017) to suit the newer aethalometer model.
This has been widely used for Arctic datasets (Schmeisser et
al., 2018; Zanatta et al., 2018; Schacht et al., 2019). Substan-
tial uncertainties may arise from cross-sensitivity to scatter-
ing in the instrument, especially for Arctic aerosols, which
are typically highly scattering. This uncertainty is estimated
to be around 15 % at Villum using typical values of single-
scattering albedo (SSA) and previously determined uncer-
tainty studies (Weingartner et al., 2003; Drinovec et al.,
2015).

2.5 Air mass history analysis

Air mass history was interrogated by use of the HYSPLIT
trajectory model (Draxler and Hess, 1998; Rolph et al.,
2017). Air mass back-trajectories of 240 h length were cal-
culated arriving at 50 m a.g.l. (above ground level) for every
hour during the two campaigns. The trajectory starting height
of 50 m was selected as a compromise between capturing air
masses that are representative of our sampling site and avoid-
ing trajectories intercepting the surface, which can produce
unrepresentative trajectories (Stohl, 1998); trajectories were
also initialized at 20 m, which produced similar trajectory
paths but often intercepted the surface. For the 2019 cam-
paign, the mixed layer varied from 25 to 554 m, with a
median±median absolute deviation (m.a.d.) of 74± 131 m
and a bimodal diurnal profile with minima at night and
peaks at 5:00 and 15:00 UTC of ∼ 80 and ∼ 85 m. For the
2020 campaign, the mixed layer varied from 25 to 204 m,
with a median±median absolute deviation (m.a.d.) of 34±
21 m and a bimodal diurnal profile with minima at night and
peaks at 13:00 and 18:00 UTC of ∼ 40 and ∼ 50 m. The tra-
jectory length of 240 h was selected to capture the lifetime of
GOM in the atmosphere and assess the geographical extent
of air masses. Global Data Assimilation System (GDAS) me-
teorological data on a 1◦ spatial resolution, employing mod-
eled vertical velocity, were used as input for the model. The
HYSPLIT model output included meteorological variables
along the trajectory path including relative humidity, pre-
cipitation, mixed-layer height, and H2O mixing ratio. Pre-
cipitation along each trajectory was integrated to calculate
the amount of accumulated precipitation. These parameters,
along with active fire data, were utilized to inspect the geo-
physical history of air masses arriving at Villum during the
campaign periods (Greene et al., 2017; Greene, 2020). Active
fire data were provided by NASA’s Fire Information for Re-
source Management System (FIRMS), Moderate Resolution
Imaging Spectroradiometer (MODIS), and Visible Infrared
Imaging Radiometer Suite (VIIRS) (Schroeder et al., 2014).
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Figure 1. Overview of mercury, meteorological parameters, ozone, and aerosol properties (BC and NCoarse) measured during the 2019 cam-
paign, including (a) GEM (ng m−3) in black on the left axis and GOM (pg m−3) in red on the right axis, (b) radiation (W m−2) shaded in
yellow on the left axis and ozone (ppbv) in black on the right axis, (c) H2O mixing ratio (g kg−1) at ground level in blue on the left axis and
accumulated precipitation (mm) in red on the right axis, (d) BC (ng m−3) in blue on the left axis and NCoarse (cm−3) in black on the right
axis, and (d) temperature (◦C) in green on the left axis and relative humidity (%) in blue on the right axis. The areas shaded in blue indicate
Events 1a, 1b, and 2.

3 Results

3.1 Atmospheric mercury and ground-level
meteorological parameters

From the two campaigns, seven events of enhanced GOM
concentrations were observed: three during the 2019 cam-
paign and four during the 2020 campaign. These events were
identified by enhancements of GOM over background lev-
els, meteorological conditions, and air mass classification.
Results from the 2019 campaign, describing the time series
of atmospheric mercury concentrations, ground-level mete-
orological parameters (radiation, H2O mixing ratio, temper-
ature, and RH), accumulated precipitation along the trajec-
tory length, ozone, and aerosol properties (BC concentra-
tion and NCoarse) are presented in Fig. 1. Wind direction,
wind speed, and snow depth are displayed in Fig. S1 in the
Supplement. During the 2019 campaign, there were three
distinct GOM enhancement events: Event 1a from 20 Au-
gust at 17:45 UTC to 26 August at 05:00 UTC, Event 1b
from 26 August at 09:00 UTC to 27 August at 00:10 UTC,
and Event 2 from 29 August at 20:10 UTC to 1 September
at 18:20 UTC.

During the first days of Event 1a (21 and 22 August), GEM
increased slightly from ∼ 1.6 to ∼ 1.7 ng m−3, and then on
the night of 22 August GEM suddenly dropped followed by
a slow decrease until the afternoon of 24 August when it
precipitously decreased, reaching a minimum of 1.1 ng m−3

on the morning of 25 August. GEM then quickly increased
back to consistent levels of ∼ 1.5 ng m−3 for the remainder
of the measurement campaign, including Event 1b and 2. For
Event 1, GOM gradually increased from zero on the after-
noon of 20 August to the night of 24 August, with the highest
value (9.81 pg m−3) on 25 August. On the night of 25 Au-
gust and into the morning of 26 August, GOM quickly de-
creased from ∼ 8 pg m−3 to zero, corresponding to a concur-
rent increase in RH and H2O mixing ratio and a concurrent
decrease in temperature. As RH then decreased for Event 1b
throughout the day of 26 August, GOM once again increased
to levels comparable to those observed on the previous day.
A back-trajectory analysis on 26 August revealed that be-
fore arrival at Villum air masses traversed the Arctic Ocean,
Greenland, then the North Atlantic while experiencing low
altitudes 50 h before arrival (Fig. S2). From 27 August to the
evening of 29 August, GOM is undetectable, before averag-
ing (median±m.a.d.) 1.65± 0.62 pg m−3 for Event 2.
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Figure 2. Overview of mercury, meteorological parameters, ozone, and aerosol properties (BC and NCoarse) measured during the 2020
campaign, including (a) GEM (ng m−3) in black on the left axis, GOM (pg m−3) in red and PHg (pg m−3) in blue on the right axis,
(b) radiation (W m−2) shaded in yellow on the left axis and ozone (ppbv) in black on the right axis, (c) H2O mixing ratio (g kg−1) at ground
level in blue on the left axis and accumulated precipitation (mm) in red on the right axis, (d) BC (ng m−3) in blue on the left axis and
NCoarse (cm−3) in black on the right axis, and (d) temperature (◦C) in green on the left axis and relative humidity (%) in blue on the right
axis. The areas shaded in blue indicate Events 3, 4, 5a, and 5b. The axis scale for (d) is truncated to show the fine structure of BC andNCoarse
during event periods; for the full scale see Fig. 7.

Concerning the meteorological parameters for Events 1a,
1b, and 2, the wind direction was mainly from the south-
west (Fig. S1), with variable wind speed (3.43± 2.02 m s−1,
Table S1 in the Supplement). The relative humidity was
low (< 90 % RH), averaging 67.83± 8.53 % RH for the
2019 event periods, with Events 1a and 1b experiencing sim-
ilar levels (∼ 63± 5 %, Table S1) and Event 2 higher RHs
(76.91±7.82 %. During non-event periods, RH was consider-
ably higher (95.70±1.82 %). The temperature was routinely
above freezing, with increased temperature during event pe-
riods vs. non-event periods, 1.68±1.23 vs.−0.09±0.43 ◦C,
respectively. The skies were clear, with peak solar radiation
above 200 W m−2 during event periods. Comparable to RH,
H2O mixing ratios and accumulated precipitation were no-
ticeably higher during non-event periods than event peri-
ods, with Event 2 experiencing higher values than Events 1a
and 1b and the lowest levels of GOM (Table S1). On 23, 24,
30, and 31 August, GOM experienced a reduction in con-
centration, while accumulated precipitation simultaneously
increased. A similar relationship between the H2O mixing
ratios and GOM levels is observed during the first part of
Event 1a (21 and 22 August) and the aforementioned pattern
during the transition of Event 1a to 1b.

Results from the 2020 campaign, describing the time se-
ries of atmospheric mercury concentrations, ground-level
meteorological parameters (radiation, H2O mixing ratio,
temperature, and RH), accumulated precipitation along the
trajectory length, ozone, and aerosol properties (BC concen-
tration and NCoarse), are presented in Fig. 2. Wind direc-
tion, wind speed, and snow depth are displayed in Fig. S3.
During the 2020 campaign, four distinct GOM enhancement
events are observed: Event 3 from 22 July at 16:35 UTC to
23 July at 13:15 UTC, Event 4 from 24 July at 11:55 UTC to
26 July at 13:15 UTC, Event 5a from 30 July at 17:00 UTC
to 1 August at 13:40 UTC, and Event 5b from 1 August
at 13:40 UTC to 4 August at 09:00 UTC The 2020 cam-
paign experienced higher GEM and GOM concentrations
compared to the 2019 campaign. For example, GEM in-
creased from ∼ 1.7 ng m−3 on 17 July to ∼ 2.8 ng m−3 on
19 July, only to dip to ∼ 1.7 ng m−3 on 21 July before
increasing to ∼ 2.4 ng m−3. These elevated concentrations
could be the result of oceanic evasion through open leads and
fissures in the consolidated pack ice (Aspmo et al., 2006; Di-
Mento et al., 2019), as air masses experienced extensive sur-
face contact with sea ice on 19–21 July (Fig. S4a–c). Satel-
lite images, which show fractured sea ice surrounding Vil-
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lum, are available at http://ocean.dmi.dk/arctic/nord.uk.php
(last access: 16 July 2021). For Event 3, GEM and GOM
averaged 1.71± 0.13 ng m−3 and 35.13± 13.98 pg m−3, re-
spectively (Table S1). At the beginning of Event 3, GEM
dropped from ∼ 2 to ∼ 1.5 ng m−3, while GOM increased
from∼ 6 to∼ 62 pg m−3. For Event 4, GEM and GOM aver-
aged 1.79±0.09 ng m−3 and 8.78±2.38 pg m−3, respectively
(Table S1). During Event 4, GOM peaked at ∼ 14 pg m−3

on 24 July at 13:55 UTC and 25 July at 18:35 UTC, while
GEM decreased from ∼ 1.9 to ∼ 1.4 ng m−3 before return-
ing to levels of ∼ 1.9 ng m−3 by the end of Event 4, this
decrease in GEM during Event 4 is part of an overall de-
creasing pattern of GEM during the preceding and subse-
quent days (Fig. 2). For Event 5a, GEM was constant, aver-
aging 1.54± 0.02 ng m−3, with GOM increasing throughout
the event while averaging 9.10± 2.43 pg m−3. For Event 5b,
GEM displayed a slight decreasing pattern with an average
of 1.51± 0.05 ng m−3, GOM decreased from ∼ 14 pg m−3

on 1 August to ∼ 5 pg m−3 on 2 August, before increasing
until August 4 where GOM began to decrease. For Events 3,
4, and 5, PHg displayed no visible pattern and was constantly
near or below LOD.

Meteorological parameters during the 2020 campaign are
displayed in Figs. 2 and S3 and summarized in Table S1.
Event 3 experienced decreasing temperatures (from∼ 5 to∼
1 ◦C) and increasing RH (∼ 77 % to ∼ 92 %), while Event 4
displayed an opposite pattern of increasing temperatures (∼
5 to ∼ 7, maximum 12 ◦C) and similar levels of RH at the
beginning (∼ 77 }) and end (∼ 79 %) of the event with a
minimum of ∼ 52 % in the middle. A similar relationship
is observed for H2O mixing ratios, with low values during
Event 3 (3.83± 0.04 g kg−1) and elevated values for Event 4
(4.61±0.23 g kg−1). Accumulated precipitation was slightly
higher for Event 3 vs. 4, 10.90± 4.10 and 8.90± 1.90 mm,
respectively, although Event 4 experienced a higher maxi-
mum (∼ 31 mm) on 25 July. For Events 3 and 4, the wind
direction was mainly from the east with low and stable wind
speeds (Fig. S3 and Table S1). Radiation during the start of
Event 3 was low (∼ 125 W m−2) but increased as the event
progressed. For Event 5a, the temperature exhibited high val-
ues (10.81±1.27 ◦C) and a diurnal pattern with maxima dur-
ing the afternoon, low (< 67 %) and decreasing RH (min-
imum ∼ 42 %), and wind consistently from the southwest
with high wind speeds (9.30± 1.05 m s−1, max 11.5 m s−1,
Fig. S3 and Table S1). During the beginning of Event 5a,
the H2O mixing ratio was high (∼ 5 g kg−1) compared to the
end of the event (∼ 3.5 g kg−1), and accumulated precipita-
tion peaked at the beginning of the event (47.4 mm) and aver-
aged 12.95± 3.4 mm. For Event 5b, the temperature contin-
ued to be elevated with a diurnal pattern, while RH displayed
a decreasing pattern till the end of the event; similar patterns
were observed for the H2O mixing ratios and accumulated
precipitation (Fig. 2). During all four events, snow cover was
near zero (Fig. S3) and radiation was high, with peak val-

ues> 375 W m−2 (except during the beginning of Event 3
and end of Event 4, Fig. 2).

3.2 Air mass history

Contour plots for different meteorological parameters (tem-
perature, relative humidity, radiation, H2O mixing ratio, and
precipitation) and altitude for each hourly trajectory for the
2019 and 2020 campaigns are displayed in Figs. 3 and 4, re-
spectively. Mixed-layer height for each step of each hourly
trajectory for the 2019 and 2020 campaigns is shown in
Fig. S5.

During Event 1a, after ∼ 120 h trajectory temperatures
were warmer with lower RH values, while H2O mixing ratios
were increased after ∼ 80 h. Radiation was intense before
80 h for the entirety of Event 1a, after this time air masses
experienced variable radiation, especially on 21, 22, 24, and
25 August. Air masses during Event 1a were consistently el-
evated with the highest altitudes on 24–26 August. Precipita-
tion was low except for several episodes, which is reflected
in the accumulated precipitation (Fig. 1). Event 1b experi-
enced lower temperatures after 80 h despite lower RH be-
fore this time, and radiation was intense and H2O mixing ra-
tios were low throughout the trajectory length for the entire
event. For the first half of Event 2, air masses were slightly
warmer and wetter, with lower radiation and decreased alti-
tudes when compared to the second half of this event. Dur-
ing Event 3, temperatures were consistently warm except for
a period of colder temperatures around ∼ 60 h backward. A
similar observation is made for RH, with high values after
∼ 50 h, although the H2O mixing ratios were elevated after
∼ 70 h. Radiation was intense before ∼ 60 h and low after
that time. Event 4 experienced similar conditions to Event 3,
although at later times throughout the air mass history. Inter-
estingly, Event 5a and 5b experienced similar levels of GOM
(Fig. 2), although Event 5a experienced higher temperatures
as well as higher RH and H2O mixing ratios with trajectories
arriving from lower altitudes and being exposed to less radi-
ation. Presuming that an RH greater than 95 % signifies air
masses were within a cloud (Schmeissner et al., 2011; Freud
et al., 2017), the time spent in cloud could be calculated for
each event. Air masses during Events 1a, 1b, and 2 spent
22.67 %, 11.67 %, and 14.28 % of the time in cloud, respec-
tively, and 19.15 % combined. For Events 3, 4, 5a, and 5b,
air masses spent 52.58 %, 38.32 %, 20.37 %, and 14.68 % of
the time in cloud, and 27.37 % combined. For the 2019 cam-
paign, event air masses spent less time in a cloud compared
to non-event air masses (29.61 %) both when comparing indi-
vidual events and combined event periods. For the 2020 cam-
paign, the same general pattern is observed when comparing
combined event periods, although Events 3 and 4 spent more
time in a cloud compared to non-event air masses (32.59 %,
Table S2).

Geospatially, the GOM enhancement events show differ-
ent source regions. Figure 5a–g show hourly air mass back-
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Figure 3. Contour plots of trajectory-derived meteorological parameters, i.e., (a) temperature, (b) relative humidity, (c) solar radiation,
(d) altitude, (e) H2O mixing ratio, and (f) precipitation, along each trajectory for the 2019 campaign. Event periods are outlined in red.
The x axis displays arrival time at Villum, the y axis displays hours backward in time for each trajectory, and the color bar represents the
meteorological parameter.

Figure 4. Contour plots of trajectory-derived meteorological parameters, i.e., (a) temperature, (b) relative humidity, (c) solar radiation,
(d) altitude, (e) H2O mixing ratio, and (f) precipitation, along each trajectory for the 2020 campaign. Event periods are outlined in red.
The x axis displays arrival time at Villum, the y axis displays hours backward in time for each trajectory, and the color bar represents the
meteorological parameter.

Atmos. Chem. Phys., 21, 13287–13309, 2021 https://doi.org/10.5194/acp-21-13287-2021



J. B. Pernov et al.: Dynamics of gaseous oxidized mercury at Villum Research Station 13295

Figure 5. Map of air mass back-trajectories during Events 1–5 in (a) through (g). Panels (a–c) show individual hourly trajectories that are
colored-coded by the arrival date at Villum. as indicated by the color bar (the date format is HH dd-MMM), active fires during each event
are in black, active fires intersecting trajectories within 1◦ latitude and longitude and within 1 h are in red (active fires from the previous
10 d before the start of an event were included to reflect the trajectory length). The position of Villum is marked by the green star. Panels
(d–g) display boxplots of the altitude for each event binned in increments of 10 h.

trajectories, combined with active fire data, for each event. To
capture the presence of fires in relation to the length of each
trajectory, active fires from the previous 10 d before the start
of each event and up to the end of each event are marked in
black and active fires intersecting trajectories within 2◦ lat-
itude and longitude and within 2 h are marked in red. The
bottom parts of Fig. 5a–g display the distribution of trajec-
tory altitudes binned in 10 h increments. Biomass burning
(one of the possible causes of active fires) can emit aerosols
covering a large size range and varying chemical composi-
tion (Reid et al., 2005); therefore, active fires were included
to analyze their effect on the air mass history during event
periods. For Event 1, air masses circulated over the Barents
Sea, Kara Sea, and the central Arctic Ocean at the begin-
ning of the event before transitioning to the East Siberian
Sea. During the latter part of Event 1a, trajectories experi-
enced continental influence from Eurasia before shifting to
the Canadian Arctic Archipelago and finally arriving from
the Greenland Sea. Trajectories in Event 1a were influenced
by active fires during each circulation pattern, except for
the latter part when air masses passed over the Greenland
Sea before arrival, corresponding to reduced GOM concen-
trations (Fig. 1). Trajectory altitudes during Event 1a were
consistently above 1000 m after 120 h; they experienced a
minimum median altitude at 80–90 h and descended from
∼ 1000 m approx. 50–60 h before arrival. The distributions
of trajectory altitudes during Event 1a were diverse, with

each bin experiencing surface level contact and reaching the
middle free troposphere (Fig. 5a). For Event 1b, air masses
were mainly confined to the Arctic Ocean and central Green-
land, with a few trajectories passing over the Canadian Arctic
Archipelago and the Greenland Sea. Median trajectories al-
titudes spent considerable time above 2000 m after 80 h, fol-
lowed by a quick descent to low altitudes for the last 50 h be-
fore arrival at Villum. Event 2 showed a major contribution
of air masses from the central Arctic Ocean, North America,
and the Canadian Arctic Archipelago, with smaller contribu-
tions from the northern Atlantic just south of Svalbard. There
is some influence of active fires from Eurasia, North Amer-
ica, and the Canadian Arctic Archipelago during this event,
although these are infrequent and at different stages of trans-
port (Fig. 5c). Analogous to Event 1a, median trajectory al-
titudes during Event 2 were consistently elevated after 120 h
and resided in the surface layer and the middle of the free tro-
posphere. Event 2 experienced a minimum median altitude
at 80–90 h and started a descent from ∼ 1500 m approx. 40–
50 h backward. Events 3 showed air masses originating from
the Barents Sea and the Arctic Ocean with little influence of
active fires. Trajectory altitudes for Event 3 experienced sur-
face layer contact after 200 h backward, and thereafter started
an ascent in the free troposphere from 70–190 h backward,
which was followed by a steep descent from 1500 m at ap-
prox. 60–70 before arrival. Event 4 showed a similar spatial
extent to Event 3 but with air masses located closer to Vil-
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lum. Median trajectory altitudes for Event 4 resided at ele-
vated altitudes with surface layer contact only after 200 h and
then started their descent from 1600 m approx. 120 before
arrival. For Event 5a, air masses consistently arrived from
northern Scandinavia with extensive influence from active
fires. Trajectory altitudes were considerably lower (varying
around 1000 m) and experienced surface layer contact after
100 h, after which they started their descent closer to Villum
(20–30 h backward). For Event 5b, air masses shifted to cir-
culating mainly over the Greenland ice sheet, although a few
trajectories from the northern Atlantic and parts of northern
Scandinavia also contributed. Trajectory altitudes showed the
highest elevations compared to the other events (Table S2 and
Fig. 5g), experienced altitudes around 1600 m after 200 h,
starting around 190 h backward trajectories ascended from
∼ 2000 m until approx. 90–100 backward where trajectories
started to descend from∼ 3500 m. Other than Events 3 and 4,
the geospatial origins of air masses during GOM enhance-
ment events were quite diverse. Events 3 and 4 were only
separated by a couple of hours, and therefore similar air mass
origin is expected for the two events, although interestingly
Events 5a and 5b showed quite different air mass origins but
were temporally consecutive. Each event displayed a gradual
descent from elevated altitudes before reaching Villum, ex-
cept for Event 1b which experienced a steep descent around
50 h backward followed by extensive surface layer contact.

3.3 Ozone

Ozone mixing ratios for the 2019 campaign are displayed
in Fig. 1b. Due to technical difficulties, ozone measure-
ments started on 18 August during the 2019 campaign.
From 18 August to the beginning of Event 1a, ozone was
slightly decreasing with values of ∼ 30 ppbv. For Event 1a,
ozone increased concurrently with GOM, reaching max val-
ues of 45.50 ppbv and 9.81 ng m−3, respectively, on 25 Au-
gust (Fig. 1), while GEM exhibits a minimum on 25 August
at 1.14 ng m−3. The peak ozone level is abnormally high for
the late summer (median±m.a.d. ozone mixing ratio for Au-
gust 2010–2019 is 24.64± 3.14 ppb). Ozone decreased from
this maximum to 35.30 ppbv at the end of Event 1a. For
Event 1b, ozone returned to high levels observed at the peak
of Event 1a (∼ 40 ppbv). Ozone steadily decreased from the
end of Event 1a to the beginning of Event 2. For Event 2,
ozone steadily increased from ∼ 29 to ∼ 36 ppbv. For the
2020 campaign, a similar relationship between ozone and
GOM is observed (Fig. 2b). Background levels during July
(median±m.a.d. ozone mixing ratio for July 2010–2019)
is 23.92± 2.88 ppb. During Event 3, ozone is increasing si-
multaneously with GOM while GEM is decreasing; for this
event, ozone averaged 26.69± 0.79 ppb. While this value is
not considered elevated for the season, it is elevated over the
preceding and subsequent days around Event 3. For Event 4,
ozone averaged 25.30±1.63 ppb and is at background levels
for much of the event. On 25 July, ozone peaked at ∼ 34 ppb

before returning to background levels. For Event 5a and 5b,
ozone experienced similar levels (Table S1) and followed
a similar pattern as GOM, increasing during Event 5a, fol-
lowed by a dip on 2 August, and increasing for the remainder
of Event 5b.

3.4 Particle number and black carbon

During the non-event periods of the 2019 campaign, the
coarse-mode particle number concentration (NCoarse) and
black carbon (BC) are both low, 0.46±0.34 cm−3 and 1.22±
1.06 ng m−3, respectively. For Event 1a, NCoarse and BC are
both elevated (3.92±2.82 cm−3 and 7.30±4.94 ng m−3, re-
spectively) and increase concurrently with GOM, reaching
a maximum concentration of ∼ 11 cm−3 and ∼ 26 ng m−3,
respectively, on 25 August (Fig. 1d). Between Event 1a
and 1b, NCoarse and BC showed a reduction in concentration,
consistent with other parameters during this time (Fig. 1).
For Event 1b, NCoarse and BC were elevated and relatively
constant, 7.19±0.95 cm−3 and 16.44±1.32 ng m−3, respec-
tively. For Event 2, NCoarse and BC returned to low values,
although at a higher level compared to non-event periods,
1.99±0.13 cm−3 and 3.80±0.59 ng m−3, respectively. This
pattern is comparable to the behavior of ozone (Sect. 3.4,
Fig. 1b). For the 2020 campaign, a different scenario is ob-
served between NCoarse, BC, and GOM (Fig. 2a and d). For
Events 3 and 4, there is a slight enhancement of NCoarse and
BC levels when compared to the preceding non-event peri-
ods (Fig. 2d). For Event 5a and 5b, both NCoarse and BC are
decreasing and low (Fig. 2d and Table S1).

During the 2020 campaign, there are two episodes, the first
from 26 July at 17:15 UTC to 27 July at 03:35 UTC and the
second from 27 July at 19:05 UTC to 28 July at 09:05 UTC,
where NCoarse and BC are significantly elevated, reaching up
to ∼ 33 cm−3 and ∼ 100 ng m−3, respectively, compared to
the rest of the campaign (Fig. 7b). These two episodes are
observed during non-event periods (Fig. 7b). GOM during
these episodes is low, i.e., 2.95± 0.78 pg m−3 for the first
episode and 2.20±1.09 pg m−3 for the second episode. These
episodes are likely transported over a long range, as they
are too gradual and long to be identified as local pollution
from activities at Station Nord. Another indicator that these
episodes were of non-local origin is that ozone remained at
constant levels throughout both episodes. If these episodes
were of local pollution, then we would expect ozone to de-
crease as it is titrated by local NOx emissions. Figure 6a–c
show the time series of GOM,NCoarse, and BC on a full-scale
axis and air mass back-trajectories for the first and second
episodes, combined with active fire data from the previous
10 d to the end of the episode.
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Figure 6. Time series demonstrating the full scale of NCoarse and BC, along with GOM concentrations shown in (a). The event periods are
shaded in blue while the two episodes are shaded in red. Map of air mass back-trajectories during (b) the first episode and (c) the second
episode of elevated NCoarse and BC concentrations. The top panels in (b) and (c) show individual hourly trajectories are colored-coded by
the arrival date at Villum as indicated by the color bar (the date format is HH dd-MMM): active fires during each event are in black, and
active fires intersecting trajectories within 2◦ latitude and longitude and within 2 h are in red (active fires from the previous 10 d before the
start of an event were included to reflect the trajectory length). The position of Villum is marked by the green star. The bottom panel displays
boxplots of the altitude for each event binned in increments of 10 h.

4 Discussion

4.1 Factors influencing event vs. non-event periods

For Events 1a, 1b, 2, 4, and 5, the ground-level meteorolog-
ical parameters mainly associated with GOM enhancement
are higher levels of radiation, lower RH, H2O mixing ratios,

and accumulated precipitation when compared to non-event
periods (Table S1). For Event 3, radiation was low at the be-
ginning of the event and temperature and RH displayed an
opposite pattern relative to the rest of the events, although
H2O mixing ratios and accumulated precipitation were both
low. For the non-event periods in 2019, radiation and tem-
perature were lower while H2O mixing ratios, accumulated
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Figure 7. Correlation analysis of GOM with (a, b) H2O mixing ratio, (c, d) accumulated precipitation, (e, f) ozone, (g, h) BC, and
(i, j) NCoarse for the 2019 and 2020 campaigns, respectively. The Spearman rank correlation coefficient (rho – ρ), the p value, and the
number of observations are listed for each event in each panel.

precipitation, and the RH were higher. For the 2020 cam-
paign, non-event periods were more diverse although each
displayed a dissimilar pattern in one or more parameters
when compared to event periods. For example, at the begin-
ning of the 2020 campaign and during the non-event period
between Event 3 and 4 both H2O mixing ratios and accu-
mulated precipitation were low and radiation was also low,
while the RH was high (Fig. 2). For the non-event period
between Event 4 and 5a, radiation was sufficiently high but
H2O mixing ratios and accumulated precipitation were also
exceptionally high, while the temperature and RH fluctuated
throughout this period (Fig. 2).

The factors influencing event periods at ground level are
high levels of radiation, low H2O mixing ratios, accumulated
precipitation, and RH. Higher levels of solar radiation en-
able the photolysis of reactive halogen species, and lower
RH and H2O mixing ratios inhibit the partitioning of GOM
into the liquid phase (Laurier, 2003; Soerensen et al., 2010;
Brooks et al., 2011; Steen et al., 2011). Interestingly, none
of the events were linked to cold temperatures, which has
been previously demonstrated to be associated with mercury
oxidation through observations in the Arctic (Cole and Stef-
fen, 2010; Ariya et al., 2015; Steffen et al., 2015), theoret-
ical studies (Shepler et al., 2007), and modeling (Toyota et
al., 2014). The stability of the HgBr intermediate is highly

temperature dependent (Goodsite et al., 2004, 2012; Dono-
houe et al., 2006; Dibble et al., 2012). Lower temperatures
aid in the formation of GOM from HgBr; for example, Skov
et al. (2004) and Christensen et al. (2004) modeled a surface
temperature below −4 ◦C for mercury depletion to occur in
the Arctic, while Brooks et al. (2011) observed a tempera-
ture threshold of −15 ◦C for mercury oxidation to occur at
Summit Station atop the Greenland ice sheet. It should be
noted that Brooks et al. (2011) detected oxidized mercury at
temperatures above this threshold but not above 0 ◦C. Tara-
sick and Bottenheim (2002) analyzed ozonesonde records,
and observed surface temperatures below −20 ◦C were re-
quired for the occurrence of ozone-depletion events. Further-
more, Halfacre et al. (2019) and Burd et al. (2017) demon-
strated that a frozen heterogeneous surface is required for the
propagation of halogen explosion events. The temperature at
Villum ranged from −1.2 to 5.6 ◦C and from 2.4 to 13.5 ◦C
during the 2019 and 2020 event periods, respectively. Dur-
ing AMDEs, ozone and GEM are positively correlated due
to mutual reaction with halogen species and are both ex-
tremely depleted due to strong halogen explosion events in
the boundary layer (Schroeder et al., 1998; Lindberg et al.,
2002; Berg et al., 2003; Skov et al., 2004; Brooks et al.,
2006; Simpson et al., 2015). However, during event periods
ozone was consistently elevated over not only non-event pe-
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riods but also background levels and displayed positive cor-
relations with GOM during all events (Sect. 3.4, Table S1,
and Fig. 7). While ozone mixing ratios were high during
GOM enhancement events, they are an order of magnitude
below levels reported in the upper troposphere–lower strato-
sphere (Talbot et al., 2007), and given the slow rate reac-
tion coefficient (Pal and Ariya, 2004), ozone is an improba-
ble first oxidant of mercury during these campaigns (Calvert
and Lindberg, 2005), although ozone has recently been iden-
tified as a second oxidant of HgI (Saiz-Lopez et al., 2020).
While ozone might be acting as a second oxidant of HgI, any
depletions of ozone during GEM oxidation, either through
reaction with the HgI intermediate or with halogen species,
is likely masked by the elevated levels of ozone in the free
troposphere. Therefore, the high ground-level temperatures,
the increased ozone mixing ratios, and the positive correla-
tions observed between ozone and GOM during all events
cast doubt on the local in situ production of GOM in the
boundary layer.

The differences in air mass history between the event and
non-event periods may offer insight into the origin of GOM,
given the doubt associated with in situ oxidation at the sur-
face. In general, air masses during event periods were colder,
drier, arrived from higher altitudes, and spent more time
above the mixed layer and less time in a cloud (Table S2).
However, there are notable exceptions to this pattern: Event 3
experienced high RH values and spent over half of the 240 h
in a cloud, and Event 5a experienced high temperatures and
elevated H2O mixing ratios. Analogous to the ground-level
meteorological parameters, the air mass history during non-
event periods was missing one or more of these conditions
compared to event periods. For example, during all non-event
periods, air mass arrived from altitudes comparable to event
periods but often experienced decreased radiation and high
RH and H2O mixing ratios, especially closer to Villum. The
overall pattern of the air mass history for event periods ap-
pears to be cold and dry air masses arriving from above the
mixed layer, being at higher altitudes, and there being little
time spent in a cloud. The temperature and altitude param-
eters are interconnected because with increasing altitude the
temperature will decrease as the air becomes less dense. This
suggests the cold, dry, high altitudes of the free troposphere
are facilitating the formation of GOM. Colder temperatures
in the free troposphere are likely facilitating the formation
of GOM by increasing the stability of the HgI intermedi-
ate, while low RHs, H2O mixing ratios, and less time spent
within a cloud limit uptake of GOM into the aqueous phase.
Additionally, given the low surface resistance of GOM over
snowpack (Skov et al., 2006, estimated a surface resistance
of GOM close to zero), the occurrence of dry (and possibly
wet) deposition will increase when air masses come in close
contact with the surface layer (i.e., below the mixed layer),
resulting in decreased concentrations.
NCoarse was enhanced during event periods vs. non-event

periods and for every individual event except for 5b (Ta-

ble S2). Coarse-mode particles and aerosol optical depth
have been shown to be connected to the recycling of bromine
during spring in the free troposphere leading to a prolonged
lifetime of BrO (Peterson et al., 2017; Bognar et al., 2020),
through the recycling of halogens on aerosol surfaces. This
suggests coarse-mode particles could be providing a surface
for the propagation of halogen plumes aloft, as demonstrated
by Peterson et al. (2017) and Simpson et al. (2017). These
observations suggest coarse-mode particles may be provid-
ing a heterogenous surface for the propagation of halogen
species required for the formation of GOM, and this process
is facilitated in the cold, dry, and sunlit environment of the
free troposphere.

Previous studies have demonstrated the influence of the
free troposphere on mercury concentrations within the
boundary layer. In the Northern Hemisphere, the free tro-
posphere has been established as a source of GOM through
modeling studies (Gratz et al., 2015; Shah and Jaeglé, 2017)
and observations from both aircraft campaigns (Talbot et al.,
2007; Gratz et al., 2015) and high-altitude sites (Swartzen-
druber et al., 2006; Faïn et al., 2009; Weiss-Penzias et al.,
2015; Fu et al., 2016). Faïn et al. (2009) reported similar ob-
servations of the free troposphere acting as a source of ox-
idized mercury at a high-elevation site (3220 m a.s.l.) in the
Rocky Mountains, USA. They also observed that the pres-
ence of GOM was dependent on RH. They hypothesized that
the build-up of GOM in the free troposphere was governed
exclusively by the existence of low RH, possibly due to the
lack of scavenging by particles at low RH levels. Modeling
studies have also shown the free troposphere to be a source
of GOM. Using the GEOS-Chem global chemical transport
model, Holmes et al. (2006, 2010) identified bromine to be
the dominant oxidant of GEM globally, with most of the
oxidation occurring in the middle and upper troposphere.
Shah and Jaeglé (2017) arrived at a similar conclusion us-
ing GEOS-Chem that much of the mercury oxidation by
bromine occurs in the middle and upper troposphere. Weiss-
Penzias et al. (2015) compared the GEOS-Chem model out-
put from two different mercury oxidation schemes (a stan-
dard run using bromine and an alternative run using OH–O3)
with observations of mercury speciation (GEM and reactive
mercury, which is a combination of GOM and PHg) from
five high-elevation sites. In both the model output and ob-
servations, they observed RM was negatively correlated with
GEM and H2O mixing ratios and positively correlated with
ozone. They hypothesized RM was formed in the free tro-
pospheric air from the photo-oxidation of GEM. These stud-
ies show the free troposphere to be a source of GOM glob-
ally; however, there are a limited number of field studies on
GOM in the High Arctic summer and none, to the authors’
knowledge, on the influence of the free troposphere on GOM
levels. These observations from other locations around the
globe add credence to our hypothesis, as they all observed
similar conditions during high levels of GOM as we did dur-
ing event periods. Similar chemical processes are likely the
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cause of the observations in this study; however, the Arctic
atmosphere is largely separated from the mid-latitudes dur-
ing summer on account of contraction of the polar dome, so
there may be some differences in the dynamics, although this
is unlikely (Holmes et al., 2010).

4.2 Factors influencing individual events

The general pattern associated with event vs. non-event pe-
riods showed the cold, dry, sunlit free troposphere to be the
likely origin of the GOM enhancement, although individual
events did not always fit this description. Individual events
displayed unique features that can offer insight into the spe-
cific origins of GOM in the Arctic summer.

Event 1a followed the general pattern for ground-level me-
teorological parameters and air mass history of dry, warm,
and sunlit conditions at ground level (Fig. 1) and cold, dry,
sunlit air masses arriving from elevated altitudes (Figs. 3
and 5), along with elevated NCoarse and ozone. GOM dur-
ing Event 1a was moderately negatively correlated with the
H2O mixing ratio and significant at the 95 % confidence
level (CL) using the Spearman rank correlation (Fig. 7a), al-
though no correlation was found for accumulated precipita-
tion (Fig. 7b). GOM during Event 1a was also strongly posi-
tively correlated with ozone, NCoarse, and BC at the 95 % CL
(Fig. 7e, g, and i), indicating biomass burning could be a po-
tential factor influencing this event. While active fires might
not be directly producing GOM (Friedli et al., 2003), they
can explain elevated levels of NCoarse, BC, and ozone (An-
dreae, 2019). Indeed, trajectories during Event 1a experi-
enced extensive intersection with active fires, especially dur-
ing the first half of the event, under a range of altitudes during
transport (Fig. 5a). This range of altitudes could allow for in-
jected active fire emissions to be entrained into the event air
mass. Coarse-mode particles emitted from active fires could
provide a heterogenous surface for halogen recycling. Al-
though there were no intersections with trajectories and ac-
tive fires during the second half of this event, coarse-mode
particles could arise from other sources (e.g., sea salt aerosol)
or result from interactions occurring beyond the length of
the trajectories. Thus, while Event 1a exhibited the general
pattern for GOM formation in the cold, dry, and sunlit free
troposphere, emissions of coarse-mode aerosols from active
fires likely influenced this event.

On the morning of 26 August, GOM concentrations
dropped to zero, which marked the end of Event 1a and the
beginning of Event 1b. Event 1b experienced similar condi-
tions at ground level, although the air masses were colder,
drier, and from higher altitudes with increased radiation (Ta-
ble S2 and Fig. 3). During Event 1b, GOM displayed a
moderately negative correlation with H2O mixing ratios, al-
though this was only significant at the 90 % CL and was not
correlated with accumulated precipitation (Fig. 7a and c).
GOM during Event 1b was strongly positively correlated
with ozone at the 95 % CL and displayed moderate correla-

tions withNCoarse and BC however they were not statistically
significant (Fig. 7e, g, and i). Air masses during this event
were confined to the Arctic, exhibited no intersection with
active fires, and experienced extensive surface layer contact
50 h before arrival; however, this event showed similar levels
of GOM when compared to Event 1a. Even though air masses
experienced surface layer contact 50 h backward, they were
extremely dry and previously resided aloft under cold tem-
peratures (Fig. 3). These conditions are conducive for the
formation of GOM and inhibit its removal. The source of
coarse-mode particles could be emissions from active fires
on timescales greater than 240 h, given the strong correla-
tion with ozone and the moderate yet insignificant correla-
tions with NCoarse and BC (Fig. 7g and i), or possibly other
sources such as sea salt. GOM during Event 1b appears to
be formed in the cold, dry, sunlit free troposphere, with an
unknown source of coarse-mode aerosols.

Event 2 displayed the overall pattern of warm, dry, sunlit
conditions at ground level accompanied by cold, dry, sunlit
conditions in the free troposphere, similar to Event 1a and 1b,
although Event 2 exhibited increased accumulated precip-
itation and H2O mixing ratios relative to the other events
in 2019 (Fig. 1c). GOM during Event 2 showed a weak corre-
lation with H2O mixing ratios and accumulated precipitation,
with only the former being significant at the 95 % CL (Fig. 7a
and c). NCoarse and BC showed no enhancement and were
constant, while ozone started low and increased throughout
the event. GOM during Event 2 was weakly positively corre-
lated with ozone, NCoarse, and BC, and none of these showed
a significant correlation at the 95 % CL (Fig. 7e, g, and i).
Air masses at the beginning of Event 2 originated from the
Greenland Sea and then transitioned to a circulation pattern
starting near Eurasia before traversing over North America
(Fig. 5), and the intersection with active fires was present al-
beit infrequent. If active fires were influencing GOM concen-
trations during this event, their signature is likely masked by
the increased levels of accumulated precipitation and H2O
mixing ratios, which is also likely responsible for the de-
creased levels of GOM, NCoarse, and BC during Event 2 rel-
ative to 1a and 1b (Table S2), as well as weak correlations.
Therefore, the observed levels during Event 2 are likely the
result of GOM formation in the cold, dry, sunlit free tropo-
sphere, and the source of coarse-mode particles was possi-
bly active fires, with the decreased levels of GOM, NCoarse,
and BC being due to wet removal.

Event 3 showed the largest observed levels of GOM but
showed no obvious features indicating the cause. Radia-
tion, RH, and temperature displayed the opposite pattern for
GOM formation, with low levels of radiation, high and in-
creasing values of RH, and decreasing temperatures during
the beginning of the event. H2O mixing ratio and accumu-
lated precipitation both showed low values compared to non-
event periods (Fig. 2b), with GOM showing and a moderate
correlation with H2O mixing ratios and no correlation with
accumulated precipitation (Fig. 7b and c). Ozone showed
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an enhancement during this event but was low compared
to other events and did not show a correlation with GOM
(Fig. 7f). NCoarse and BC both displayed enhancements dur-
ing this event and were both strongly correlated with GOM
(Fig. 7h and j). Air masses originated from the Arctic Ocean
and the Barents Sea, with only one active fire intersecting
trajectories in western Russia (Fig. 5d). The air mass history
of this event exhibited the highest temperatures and RHs, the
lowest altitudes, the most time spent above the mixed layer,
and the most time within a cloud (Table S2). However, this
event did experience cold, dry, and sunlit conditions several
hours before arrival (Fig. 4) and a steep descent before ar-
rival (Fig. 5d). The free troposphere has been shown to be a
source of aerosol particles to the boundary layer in the Arc-
tic through entrainment and cloud-mediated transport (Igel et
al., 2017). It is possible that the extended time that this event
spent within a cloud resulted in the cloud-mediated trans-
port of free troposphere constituents to the surface layer (Igel
et al., 2017), although possible aqueous-phase oxidation of
Hg0 cannot be ruled out (Lin and Pehkonen, 1998; Lyman
et al., 2020). Activated and interstitial aerosol particles and
GOM could also have undergone evaporation in the warm
surface layer temperatures (Fig. 2). This event experienced
favorable conditions for GOM formation (cold, dry, and sun-
lit air masses from aloft) shortly before arrival, followed by
a quick descent into the surface layer, and these conditions
could create a situation where GOM formation is favored and
the removal is inhibited, resulting in the high levels. This is
however a hypothesis that requires further research.

Event 4 occurred approx. 1 d after Event 3, experienced
a similar geographical origin and similar levels of ozone,
accumulated precipitation, NCoarse, and BC; however, the
ground-level meteorological parameters showed differences
in the amount of radiation, H2O mixing ratios, temperatures,
and RHs (Figs. 2 and 5, Table S1). The temperature and RH
during Event 4 displayed the general pattern observed for
GOM formation that contrasted with the pattern of temper-
ature and RH during Event 3. While the H2O mixing ra-
tios at ground level were higher during Event 4 compared
to Event 3, they showed no correlation with GOM (Fig. 7b).
GOM and ozone during Event 4 showed a weak and insignif-
icant correlation (95 % CL) and showed a moderate signif-
icant negative correlation with BC and none with NCoarse
(Fig. 7f, h, and j). The air mass history showed Event 4 ex-
perienced lower temperatures, RHs, H2O mixing ratios, and
time spent within a cloud, as well as higher radiation and al-
titudes, but a similar amount of time above the mixed layer
compared to Event 3 (Table S2). Event 4 did not show as
steep of a descent as Event 3 (Fig. 5d and e). The amount
of time spent within a cloud could indicate cloud-mediated
transport to the surface layer, and the slower rate of descent,
coupled with the increased H2O mixing ratios at ground
level, could lead to increased removal of GOM before be-
ing observed at Villum. Event 3 and 4 showed similarities
that could indicate cloud-mediated transport from the free

troposphere to the surface layer; however, there exist dis-
similarities that suggest that Event 4 could be the result of
entrainment of GOM formed in the cold, dry, sunlit free tro-
posphere. It appears that the increased H2O mixing ratios at
ground level during Event 4 is the reason for the decreased
levels of GOM compared to Event 3. A definitive conclusion
for the origin of this event is currently unavailable.

Event 5a exhibited high radiation, H2O mixing ratios,
ozone, and temperature, along with low accumulated precip-
itation, RH, NCoarse, and BC at ground level (Fig. 2). GOM
during this event was strongly negatively and significantly
correlated with H2O mixing ratios but displayed no correla-
tion with accumulated precipitation at the 95 % CL (Fig. 7b
and d). This event showed a strong positive correlation be-
tween GOM and ozone and moderately negative, albeit sig-
nificant, correlations with NCoarse and BC (Fig. 7f, h, and j).
Air masses for this event arrived consistently from north-
ern Scandinavia after low-level transport with high temper-
atures, RHs, and H2O mixing ratios and being exposed to
less radiation (Fig. 4). Air masses circulated in the vicinity
of active fires in northern Scandinavia before being trans-
ported to Villum (Fig. 5f). These conditions are opposite to
the pattern identified for GOM formation, the cause of the
observed GOM levels could therefore be the extensive in-
teractions between trajectories and active fires, although the
influence of anthropogenic pollution cannot be ruled out. Air
masses were however warm, wet, and traveled at low alti-
tudes under little radiation, and therefore it is reasonable to
expect this air mass to be depleted in NCoarse and BC as well
as GOM, given the high values of hydrological-related pa-
rameters. Ozone was elevated and strongly correlated with
GOM during Event 5a (Figs. 2 and 7). Ozone could origi-
nate from both anthropogenic and natural sources, and ozone
is only slightly water soluble, leading to less efficient wet
removal (Sander, 2015). GOM observed during Event 5a ap-
pears to be the result of emissions either from active fires or
anthropogenic sources in northern Scandinavia.

Air masses shifted from circulating northern Scandinavia
to the Greenlandic continent on August 1, which coincided
with the start of Event 5b. This event is a good example of
the observed pattern of GOM formation: warm, dry, sunlit
conditions at ground level and cold, dry, sunlit air masses
from the free troposphere (Figs. 2 and 4). GOM during this
event exhibited no correlation with H2O mixing ratio, accu-
mulated precipitation, or BC while being strongly correlated
with ozone and moderately positively correlated withNCoarse
(Fig. 7). Enhancements of GOM, which exhibited a positive
correlation with ozone, have also been observed during sub-
sidence events in Antarctica (Brooks et al., 2008; Pfaffhu-
ber et al., 2012). However, concentrations of NCoarse and
BC were extremely low, which is expected of upper tropo-
spheric air masses above the polar dome, which is extremely
pristine (Schulz et al., 2019). With the low concentration
ofNCoarse, there does not appear to be a heterogenous surface
for halogen propagation, although this could be due to par-

https://doi.org/10.5194/acp-21-13287-2021 Atmos. Chem. Phys., 21, 13287–13309, 2021



13302 J. B. Pernov et al.: Dynamics of gaseous oxidized mercury at Villum Research Station

ticles smaller than 0.3 µm facilitating halogen propagation.
Another source of reactive halogen species is the photoly-
sis of halocarbons (Yang et al., 2005; Simpson et al., 2015).
However, Gratz et al. (2015) found this source to be too slow
to explain mercury oxidation in the upper troposphere. The
origins of GOM during Event 5b appear to be the result of
formation in the cold, dry, sunlit free troposphere over the
Greenland ice sheet from an unknown source of halogens.

It is interesting to note the vast differences in air mass his-
tory for Events 5a and 5b even though both events observed
similar levels of GEM, GOM, ozone, and NCoarse (Fig. 2).
The main differences between these events lie in the H2O
mixing ratios and RH (both at ground level and during trans-
port), the temperature during transport, and the altitude (Ta-
bles S1 and S2). The median BC concentration for Event 5a
was over double that of 5b, although was low compared to
other events influenced by active fires, i.e., Events 1a and 1b
(Table S1). During Event 5a, air masses were warmer, wetter,
and traveled at lower altitudes compared to Event 5b; these
conditions could lead to the removal of GOM, NCoarse, and
BC through deposition and uptake into the aqueous phase.
It is an intriguing observation that air masses that originated
from the European continent and were subject to increased
hydrological parameters during transport (Event 5a) have a
similar composition of GOM, ozone, NCoarse, and BC to air
masses that originated over Greenland (Event 5b). Currently,
the explanation for these observations is unknown, and fur-
ther research is required to fully resolve the interactions of
anthropogenic and natural emissions, transport-related pro-
cesses, and removal mechanisms that are responsible for
these observations.

There were two episodes of enhanced NCoarse and BC, as
presented in Sect. 3.5 and shown in Fig. 6, which appear
to be the result of active fire emissions. These two events
were interrupted by large amounts of accumulated precip-
itation on 27 August (Fig. 2). The air mass history during
these two episodes shows warm and wet low-altitude trajec-
tories with little radiation (Fig. 3); these conditions are un-
conducive towards GOM formation as indicated by the low
levels of GOM; however, they show greatly enhanced con-
centrations of NCoarse and BC. Figure 6b and c show the
geographical extent and intersection of air masses with ac-
tive fires during the two episodes, respectively. The first few
hours of the first episode show trajectories arriving from the
central Arctic Ocean, which could arise from emissions in
western Russia on longer timescales than 240 h; however,
the reason is unknown at this time. The trajectories for both
episodes intersect active fires in northern Scandinavia and
Russia, and this region of Russia has been shown to emit
large amounts of BC through flaring (Huang et al., 2015;
Böttcher et al., 2021). It should be noted that the term ac-
tive fires represents a thermal anomaly detected by MODIS
and VIIRS and cannot distinguish between vegetation fires
and fires due to flaring (Schroeder et al., 2014). The low-
level transport, under wet conditions, will likely result in the

removal of a fraction of the emissions from these active fires.
However, fresh BC emissions are very hydrophobic (Dusek
et al., 2006), and might not be removed as efficiently dur-
ing transport. Event 5a experienced air mass arriving from
northern Scandinavia having circulated over several active
fires, although no large increase in BC was observed (Figs. 2
and 5). The large increase in NCoarse and BC during these
two episodes is therefore likely due to the flaring activities in
Russia, while the observed GOM in Event 5a could possibly
be due to vegetation fires, although this cannot be confirmed
in this study and anthropogenic sources remain a possibility.

5 Conclusion

While the behavior of GEM and GOM during the spring in
the High Arctic has received much attention, the dynam-
ics of GOM in the late summer and autumn have seldom
been investigated. Therefore, we conducted measurements of
GEM, GOM, PHg (only in 2020), meteorological parame-
ters, ozone, and aerosol particle physical properties at Vil-
lum Research Station in northeastern Greenland during the
High Arctic summer in 2019 and 2020. The general pat-
tern observed for events of GOM enhancement appears to
be cold, dry, sunlit air masses from the free troposphere, as
opposed to the low levels of GOM connected with warm
and wet air masses with little radiation observed during non-
event periods. Coarse-mode aerosols provided a heteroge-
nous surface for halogen propagation during certain events,
while the source of halogens during other events remains un-
known. Analysis of individual events displayed unique ori-
gins. GOM observed during Events 1a, 1b, and 2 were likely
formed in the cold, dry, sunlit free troposphere with contri-
butions of coarse-mode particles from active fires and possi-
bly other sources. Decreased concentrations of GOM during
Event 2 were likely due to wet removal. GOM observed dur-
ing Events 3 and 4 appears to have formed in the cold, dry,
sunlit free troposphere from an unknown source of halogens,
and other processes are likely contributing to this; therefore,
specific origins of these events cannot be ascertained. The
observed GOM during Event 5a was likely the result of emis-
sions from either active fires or anthropogenic activities in
northern Scandinavia. The origins of GOM during Event 5b
appear to be the result of formation in the cold, dry, sunlit
free troposphere over the Greenland ice sheet from an un-
known source of halogens. Two episodes of flaring emis-
sions from Russia were observed that did not contribute to
enhanced GOM levels.

These measurements and analyses provide insight into the
behavior of GOM during summer at a High Arctic station
and highlight the complex relationships between GOM for-
mation, removal mechanisms, atmospheric constituents, and
meteorological parameters during transport. The behavior of
mercury in a changing Arctic climate is still an area with
many knowledge gaps, and this work seeks to bridge those
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gaps, although further research (especially long-term, mer-
cury speciation measurements) is needed.

With changing conditions in the Arctic (i.e., rising temper-
atures, melting sea ice, longer melt seasons), there is large
uncertainty regarding the oxidation and deposition of mer-
cury in response to these changes (Stern et al., 2012). For ex-
ample, with the Arctic becoming warmer (Jiang et al., 2020)
and therefore wetter, the feedback mechanisms on mercury
oxidation remain an important scientific question. Warming
temperatures will decrease the stability of the HgI interme-
diate and increase atmospheric water vapor, which will fa-
vor increased uptake of oxidized mercury into the aqueous
phase and its removal by wet deposition. Forest fires are ex-
pected to increase in the future (Flannigan et al., 2009; Kelly
et al., 2013), which could lead to an increase in coarse-mode
particles. The magnitude of these effects and their conse-
quences for GOM levels in the High Arctic is still an open
question. Given the positive correlation between GOM and
coarse-mode particles and their role in halogen activation,
changes in the size distribution and chemical composition
of aerosol particles could have implications for mercury ox-
idation. Recent trends in declining sea ice (Stroeve et al.,
2012) could increase the sea salt and total aerosol burden,
thus potentially increasing mercury oxidation and deposition
via increased halogen recycling and particulate mercury de-
position. Declining sea ice could also increase GEM evasion
from the Arctic Ocean, shifting the Arctic Ocean from a sink
to a source (Ariya et al., 2004; Dastoor and Durnford, 2014).
Future studies addressing the contribution of the free tropo-
sphere to boundary layer GOM concentrations and flux mea-
surements of dry and wet deposition of GOM in the summer
will help answer these questions. The presented work aims
to bridge some of the knowledge gaps in mercury processing
although further research is needed to advance our under-
standing of how the behavior of atmospheric mercury will
respond in a changing climate. Specifically, we recommend
long-term measurements of mercury speciation at more High
Arctic stations to obtain more information on the seasonality,
trends, and geospatial distribution of atmospheric mercury
species.

Data availability. All data used in this publication are available to
the community and can be accessed by request to the corresponding
author Jakob Boyd Pernov (jbp@envs.au.dk).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-21-13287-2021-supplement.

Author contributions. JBP, BJ, and HSK designed the study.
JBP and BJ performed the mercury and aerosol sizing measure-
ments. DCT and AM performed the black carbon measurements.
JBP performed all data analysis and air mass history analysis.

HSK led the project. JBP wrote the manuscript with comments from
all co-authors.

Competing interests. The authors declare that they have no conflict
of interest.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Special issue statement. This article is part of the special issue “Re-
search results from the 14th International Conference on Mercury
as a Global Pollutant (ICMGP 2019), MercOx project, and iGOSP
and iCUPE projects of ERA-PLANET in support of the Minamata
Convention on Mercury (ACP/AMT inter-journal SI)”. It is not as-
sociated with a conference.

Acknowledgements. Thanks to the Royal Danish Air Force, Arc-
tic Command, and the staff at Station Nord for providing logistic
support to the project. Christel Christoffersen and Keld Mortensen
are gratefully acknowledged for their technical support. We thank
NOAA for use of the HYSPLIT model. We acknowledge the use
of data from the NASA FIRMS application (https://firms.modaps.
eosdis.nasa.gov/, 1 August 2021).

Financial support. This study was funded by the Danish Envi-
ronmental Protection Agency (DANCEA funds for Environmental
Support to the Arctic Region project; grant no. 2019-7975) and by
the European ERA-PLANET projects of iGOSP and iCUPE (con-
sortium agreement no. 689443 for both projects). The Villum Foun-
dation is gratefully acknowledged for financing Villum Research
Station.

Review statement. This paper was edited by Ralf Ebinghaus and
reviewed by four anonymous referees.

References

AMAP: AMAP Assessment 2011: Mercury in the Arctic, Arctic
Monitoring and Assessment Programme (AMAP), Oslo, Nor-
way, xiv+ 193 pp., 2011.

Ambrose, J. L.: Improved methods for signal process-
ing in measurements of mercury by Tekran® 2537A
and 2537B instruments, Atmos. Meas. Tech., 10, 5063–5073,
https://doi.org/10.5194/amt-10-5063-2017, 2017.

Andreae, M. O.: Emission of trace gases and aerosols from biomass
burning – an updated assessment, Atmos. Chem. Phys., 19,
8523–8546, https://doi.org/10.5194/acp-19-8523-2019, 2019.

Angot, H., Dastoor, A., De Simone, F., Gårdfeldt, K., Gencar-
elli, C. N., Hedgecock, I. M., Langer, S., Magand, O., Mas-
tromonaco, M. N., Nordstrøm, C., Pfaffhuber, K. A., Pirrone,

https://doi.org/10.5194/acp-21-13287-2021 Atmos. Chem. Phys., 21, 13287–13309, 2021

https://doi.org/10.5194/acp-21-13287-2021-supplement
https://firms.modaps.eosdis.nasa.gov/
https://firms.modaps.eosdis.nasa.gov/
https://doi.org/10.5194/amt-10-5063-2017
https://doi.org/10.5194/acp-19-8523-2019


13304 J. B. Pernov et al.: Dynamics of gaseous oxidized mercury at Villum Research Station

N., Ryjkov, A., Selin, N. E., Skov, H., Song, S., Sprovieri, F.,
Steffen, A., Toyota, K., Travnikov, O., Yang, X., and Dommer-
gue, A.: Chemical cycling and deposition of atmospheric mer-
cury in polar regions: review of recent measurements and com-
parison with models, Atmos. Chem. Phys., 16, 10735–10763,
https://doi.org/10.5194/acp-16-10735-2016, 2016.

Ariya, P. A., Dastroor, A. P., Amyot, M., Schroeder, W. H., Barrie,
L., Anlauf, K., Raofie, F., Ryzhkov, A., Davignon, D., Lalonde,
J., and Steffen, A.: The Arctic: a sink for mercury, Tellus B, 56,
397–403, https://doi.org/10.3402/tellusb.v56i5.16458, 2004.

Ariya, P. A., Amyot, M., Dastoor, A., Deeds, D., Feinberg, A.,
Kos, G., Poulain, A., Ryjkov, A., Semeniuk, K., Subir, M.,
and Toyota, K.: Mercury physicochemical and biogeochemical
transformation in the atmosphere and at atmospheric interfaces:
a review and future directions, Chem. Rev., 115, 3760–3802,
https://doi.org/10.1021/cr500667e, 2015.

Arnold, S. R., Emmons, L. K., Monks, S. A., Law, K. S., Rid-
ley, D. A., Turquety, S., Tilmes, S., Thomas, J. L., Bouarar,
I., Flemming, J., Huijnen, V., Mao, J., Duncan, B. N., Steen-
rod, S., Yoshida, Y., Langner, J., and Long, Y.: Biomass burn-
ing influence on high-latitude tropospheric ozone and reac-
tive nitrogen in summer 2008: a multi-model analysis based
on POLMIP simulations, Atmos. Chem. Phys., 15, 6047–6068,
https://doi.org/10.5194/acp-15-6047-2015, 2015.

Aspmo, K., Temme, C., Berg, T., Ferrari, C., Gauchard, P.
A., Fain, X., and Wibetoe, G.: Mercury in the atmosphere,
snow and melt water ponds in the North Atlantic Ocean dur-
ing Arctic summer, Environ. Sci. Technol., 40, 4083–4089,
https://doi.org/10.1021/es052117z, 2006.

Atkinson, H. M., Hughes, C., Shaw, M. J., Roscoe, H. K.,
Carpenter, L. J., and Liss, P. S.: Halocarbons associated
with Arctic sea ice, Deep-Sea Res. Pt. I, 92, 162–175,
https://doi.org/10.1016/j.dsr.2014.05.012, 2014.

Backman, J., Schmeisser, L., Virkkula, A., Ogren, J. A., Asmi, E.,
Starkweather, S., Sharma, S., Eleftheriadis, K., Uttal, T., Jeffer-
son, A., Bergin, M., Makshtas, A., Tunved, P., and Fiebig, M.:
On Aethalometer measurement uncertainties and an instrument
correction factor for the Arctic, Atmos. Meas. Tech., 10, 5039–
5062, https://doi.org/10.5194/amt-10-5039-2017, 2017.

Berg, T., Sekkesæter, S., Steinnes, E., Valdal, A.-K., and Wi-
betoe, G.: Springtime depletion of mercury in the European Arc-
tic as observed at Svalbard, Sci. Total Environ., 304, 43–51,
https://doi.org/10.1016/S0048-9697(02)00555-7, 2003.

Bognar, K., Zhao, X., Strong, K., Chang, R. Y.-W., Frieß, U., Hayes,
P. L., McClure-Begley, A., Morris, S., Tremblay, S., and Vicente-
Luis, A.: Measurements of Tropospheric Bromine Monox-
ide Over Four Halogen Activation Seasons in the Canadian
High Arctic, J. Geophys. Res.-Atmos., 125, e2020JD033015,
https://doi.org/10.1029/2020jd033015, 2020.

Bolton, D.: The Computation of Equivalent Po-
tential Temperature, Mon. Weather Rev.,
108, 1046–1053, https://doi.org/10.1175/1520-
0493(1980)108<1046:Tcoept>2.0.Co;2, 1980.

Böttcher, K., Paunu, V.-V., Kupiainen, K., Zhizhin, M., Matveev,
A., Savolahti, M., Klimont, Z., Väätäinen, S., Lamberg, H., and
Karvosenoja, N.: Black carbon emissions from flaring in Rus-
sia in the period 2012–2017, Atmos. Environ., 254, 118390,
https://doi.org/10.1016/j.atmosenv.2021.118390, 2021.

Brooks, I. M., Tjernström, M., Persson, P. O. G., Shupe, M.
D., Atkinson, R. A., Canut, G., Birch, C. E., Mauritsen, T.,
Sedlar, J., and Brooks, B. J.: The Turbulent Structure of the
Arctic Summer Boundary Layer During The Arctic Summer
Cloud-Ocean Study, J. Geophys. Res.-Atmos., 122, 9685–9704,
https://doi.org/10.1002/2017JD027234, 2017.

Brooks, S., Arimoto, R., Lindberg, S., and Southworth, G.:
Antarctic polar plateau snow surface conversion of deposited
oxidized mercury to gaseous elemental mercury with frac-
tional long-term burial, Atmos. Environ., 42, 2877–2884,
https://doi.org/10.1016/j.atmosenv.2007.05.029, 2008.

Brooks, S., Moore, C., Lew, D., Lefer, B., Huey, G., and Tanner,
D.: Temperature and sunlight controls of mercury oxidation and
deposition atop the Greenland ice sheet, Atmos. Chem. Phys., 11,
8295–8306, https://doi.org/10.5194/acp-11-8295-2011, 2011.

Brooks, S. B., Saiz-Lopez, A., Skov, H., Lindberg, S. E., Plane, J.
M. C., and Goodsite, M. E.: The mass balance of mercury in the
springtime arctic environment, Geophys. Res. Lett., 33, L13812,
https://doi.org/10.1029/2005gl025525, 2006.

Browse, J., Carslaw, K. S., Arnold, S. R., Pringle, K., and
Boucher, O.: The scavenging processes controlling the sea-
sonal cycle in Arctic sulphate and black carbon aerosol, At-
mos. Chem. Phys., 12, 6775–6798, https://doi.org/10.5194/acp-
12-6775-2012, 2012.

Burd, J. A., Peterson, P. K., Nghiem, S. V., Perovich, D. K., and
Simpson, W. R.: Snowmelt onset hinders bromine monoxide het-
erogeneous recycling in the Arctic, J. Geophys. Res.-Atmos.,
122, 8297–8309, https://doi.org/10.1002/2017jd026906, 2017.

Calvert, J. G. and Lindberg, S. E.: Mechanisms of mercury removal
by O3 and OH in the atmosphere, Atmos. Environ., 39, 3355–
3367, https://doi.org/10.1016/j.atmosenv.2005.01.055, 2005.

Cavalieri, D. J., Parkinson, C. L., Gloersen, P., and Zwally,
H. J.: Sea Ice Concentrations from Nimbus-7 SMMR and
DMSP SSM/I-SSMIS Passive Microwave Data, Version 1,
https://doi.org/10.5067/8GQ8LZQVL0VL, 1996.

Christensen, J. H., Brandt, J., Frohn, L. M., and Skov, H.:
Modelling of Mercury in the Arctic with the Danish Eule-
rian Hemispheric Model, Atmos. Chem. Phys., 4, 2251–2257,
https://doi.org/10.5194/acp-4-2251-2004, 2004.

Cole, A. S. and Steffen, A.: Trends in long-term gaseous mercury
observations in the Arctic and effects of temperature and other
atmospheric conditions, Atmos. Chem. Phys., 10, 4661–4672,
https://doi.org/10.5194/acp-10-4661-2010, 2010.

Comiso, J. C.: Large Decadal Decline of the Arctic Multiyear Ice
Cover, J. Climate, 25, 1176–1193, https://doi.org/10.1175/jcli-d-
11-00113.1, 2012.

Croft, B., Martin, R. V., Leaitch, W. R., Tunved, P., Breider, T. J.,
D’Andrea, S. D., and Pierce, J. R.: Processes controlling the an-
nual cycle of Arctic aerosol number and size distributions, At-
mos. Chem. Phys., 16, 3665–3682, https://doi.org/10.5194/acp-
16-3665-2016, 2016.

Dastoor, A. P. and Durnford, D. A.: Arctic Ocean: Is It a Sink or
a Source of Atmospheric Mercury?, Environ. Sci. Technol., 48,
1707–1717, https://doi.org/10.1021/es404473e, 2014.

Dastoor, A. P., Davignon, D., Theys, N., Van Roozendael, M.,
Steffen, A., and Ariya, P. A.: Modeling Dynamic Exchange of
Gaseous Elemental Mercury at Polar Sunrise, Environ. Sci. Tech-
nol., 42, 5183–5188, https://doi.org/10.1021/es800291w, 2008.

Atmos. Chem. Phys., 21, 13287–13309, 2021 https://doi.org/10.5194/acp-21-13287-2021

https://doi.org/10.5194/acp-16-10735-2016
https://doi.org/10.3402/tellusb.v56i5.16458
https://doi.org/10.1021/cr500667e
https://doi.org/10.5194/acp-15-6047-2015
https://doi.org/10.1021/es052117z
https://doi.org/10.1016/j.dsr.2014.05.012
https://doi.org/10.5194/amt-10-5039-2017
https://doi.org/10.1016/S0048-9697(02)00555-7
https://doi.org/10.1029/2020jd033015
https://doi.org/10.1175/1520-0493(1980)108<1046:Tcoept>2.0.Co;2
https://doi.org/10.1175/1520-0493(1980)108<1046:Tcoept>2.0.Co;2
https://doi.org/10.1016/j.atmosenv.2021.118390
https://doi.org/10.1002/2017JD027234
https://doi.org/10.1016/j.atmosenv.2007.05.029
https://doi.org/10.5194/acp-11-8295-2011
https://doi.org/10.1029/2005gl025525
https://doi.org/10.5194/acp-12-6775-2012
https://doi.org/10.5194/acp-12-6775-2012
https://doi.org/10.1002/2017jd026906
https://doi.org/10.1016/j.atmosenv.2005.01.055
https://doi.org/10.5067/8GQ8LZQVL0VL
https://doi.org/10.5194/acp-4-2251-2004
https://doi.org/10.5194/acp-10-4661-2010
https://doi.org/10.1175/jcli-d-11-00113.1
https://doi.org/10.1175/jcli-d-11-00113.1
https://doi.org/10.5194/acp-16-3665-2016
https://doi.org/10.5194/acp-16-3665-2016
https://doi.org/10.1021/es404473e
https://doi.org/10.1021/es800291w


J. B. Pernov et al.: Dynamics of gaseous oxidized mercury at Villum Research Station 13305

Dibb, J. E., Arsenault, M., Peterson, M. C., and Honrath, R. E.:
Fast nitrogen oxide photochemistry in Summit, Greenland snow,
Atmos. Environ., 36, 2501–2511, https://doi.org/10.1016/s1352-
2310(02)00130-9, 2002.

Dibble, T. S., Zelie, M. J., and Mao, H.: Thermodynamics of re-
actions of ClHg and BrHg radicals with atmospherically abun-
dant free radicals, Atmos. Chem. Phys., 12, 10271–10279,
https://doi.org/10.5194/acp-12-10271-2012, 2012.

DiMento, B. P., Mason, R. P., Brooks, S., and Moore, C.:
The impact of sea ice on the air-sea exchange of mer-
cury in the Arctic Ocean, Deep-Sea Res. Pt. I, 144, 28–38,
https://doi.org/10.1016/j.dsr.2018.12.001, 2019.

Donohoue, D. L., Bauer, D., Cossairt, B., and Hynes, A. J.: Temper-
ature and Pressure Dependent Rate Coefficients for the Reaction
of Hg with Br and the Reaction of Br with Br: A Pulsed Laser
Photolysis-Pulsed Laser Induced Fluorescence Study, J. Phys.
Chem. A, 110, 6623–6632, https://doi.org/10.1021/jp054688j,
2006.

Douglas, T. A. and Blum, J. D.: Mercury Isotopes Reveal At-
mospheric Gaseous Mercury Deposition Directly to the Arc-
tic Coastal Snowpack, Environ. Sci. Technol. Lett., 6, 235–242,
https://doi.org/10.1021/acs.estlett.9b00131, 2019.

Douglas, T. A., Sturm, M., Blum, J. D., Polashenski, C., Stuefer, S.,
Hiemstra, C., Steffen, A., Filhol, S., and Prevost, R.: A Pulse of
Mercury and Major Ions in Snowmelt Runoff from a Small Arc-
tic Alaska Watershed, Environ. Sci. Technol., 51, 11145–11155,
https://doi.org/10.1021/acs.est.7b03683, 2017.

Draxler, R. R. and Hess, G. D.: An overview of the HYSPLIT_4
modelling system for trajectories, dispersion and deposition,
Aust. Meteorol. Mag., 47, 295–308, 1998.
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