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• Annual mean TGM trends were negative
for 8 of the 10 sites.

• Sub-Arctic sites generally showed greatest
TGM decreases.

• High Arctic smallest overall TGM trend
but increased from 1995–2018 to
2008–2018.

• High-arctic Hg speciation suggests
changes to the gas-particle separation af-
fecting deposition.
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 The Arctic region forms a unique environment with specific physical, chemical, and biological processes affectingmer-
cury (Hg) cycles and limited anthropogenic Hg sources. However, historic global emissions and long range atmo-
spheric transport has led to elevated Hg in Arctic wildlife and waterways. Continuous atmospheric Hg
measurements, spanning 20 years, and increased monitoring sites has allowed a more comprehensive understanding
of how Arctic atmospheric mercury is changing over time. Time-series trend analysis of TGM (Total Gaseous Mercury)
in air was performed from 10 circumpolar air monitoring stations, comprising of high-Arctic, and sub-Arctic sites.
GOM (gaseous oxidised mercury) and PHg (particulate bound mercury) measurements were also available at 2
high-Arctic sites. Seasonal mean TGM for sub-Arctic sites were lowest during fall ranging from 1.1 ng m−3 Hyytiälä
to 1.3 ng m−3, Little Fox Lake. Mean TGM concentrations at high-Arctic sites showed the greatest variability, with
highest daily means in spring ranging between 4.2 ng m−3 at Amderma and 2.4 ng m−3 at Zeppelin, largely driven
by local chemistry. Annual TGM trend analysis was negative for 8 of the 10 sites. High-Arctic seasonal TGM trends
saw smallest decline during summer. Fall trends ranged from−0.8% to−2.6%yr−1. Across the sub-Arctic sites spring
showed the largest significant decreases, ranging between−7.7% to−0.36% yr−1, while fall generally had no signif-
icant trends. High-Arctic speciation of GOM and PHg at Alert and Zeppelin showed that the timing and composition of
atmospheric mercury deposition events are shifting. Alert GOM trends are increasing throughout the year, while PHg
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trends decreased or not significant. Zeppelin saw the opposite, moving towards increasing PHg and decreasing GOM.
Atmospheric mercury trends over the last 20 years indicate that Hg concentrations are decreasing across the Arctic,
though not uniformly. This is potentially driven by environmental change, such as plant productivity and sea ice dy-
namics.
1. Introduction

Atmospheric mercury (Hg) is a hazardous toxin that exists on a global
scale due to its unique chemistry and atmospheric processes. Mercury has
a long atmospheric lifetime that allows it to be transported vast distances,
such as to the remote environments of the Arctic (Driscoll et al., 2013;
Sprovieri et al., 2010; Schroeder et al., 1998; Cobbett et al., 2007). Polar re-
gions form unique environments with specific physical, chemical, and bio-
logical processes affecting pollutant cycles including that of Hg (Douglas
et al., 2012). Atmospheric transport, riverine discharge, thawing perma-
frost, coastal erosion, atmospheric deposition and oceanic circulation
form the key sources of Hg to the Arctic environment (Fisher et al., 2013;
Zhang et al., 2015; DiMento et al., 2019; AMAP, 2011). Once deposited
to a surface Hg can enter waterways, where it undergoes methylation and
becomes a hazardous neurotoxin (Sunderland et al., 2009; Obrist et al.,
2018; Selin et al., 2010). Deposited Hg may become available for methyla-
tion and subsequent bioaccumulation/biomagnification in food webs or it
may be re-emitted to the atmosphere. Long-term monitoring of atmo-
spheric Hg in the Arctic is crucial for assessing the sensitivity of the atmo-
spheric input to changes in global mercury emissions, atmospheric
circulation, and deposition (wet and dry) (Cole et al., 2013) and an impor-
tant element in the assessment of the effectiveness of international regula-
tory efforts aiming to reduce Hg emissions and their effects, such as the
global Minamata Convention on Mercury and Heavy Metals Protocol to
the UNECE Convention on Long-Range Transboundary Air Pollution
(CLRTAP).

Themajority of Hg in the atmosphere is in the formof Gaseous Elemental
Mercury (GEM), accounting for between 90 and 99% of all Hg, where it
is estimated to be present for between 5 and 15 months (Horowitz et al.,
2017; Goodsite et al., 2004, 2012; Skov et al., 2020; Saiz-Lopez et al.,
2018; Selin, 2009). The other forms of Hg commonly found in the
atmosphere are Gaseous Oxidised Mercury (GOM, also commonly called
Reactive Gaseous Mercury, RGM) and Particulate-Bound Mercury (PHg,
also commonly called PBM, HgP or PM). These species of Hg have a high
deposition velocity causing them to be deposited close to production or
emission sites, usually within hours (Brooks et al., 2006; Lindberg et al.,
2002; Poissant et al., 2004; Landis et al., 2004). Atmospheric wet and
dry deposition are an important pathway for Hg to the Arctic surface from
the atmosphere, with deposition processes being altered by the unique
Arctic conditions. Dry deposition is the air to surface flux of Hg in the
absence of precipitation. All three phases of Hg (GEM, GOM, PHg) are able
to undergo dry deposition (Lindberg et al., 2007; Brooks et al., 2006).
However, GEM is the dominant form accounting for approximately 70% of
all deposited Hg in the Arctic (Obrist et al., 2017). Dry deposition occurs
all year round in polar regions, dominating during polar night in the high-
Arctic, while summer Hg deposition enhancement has been observed across
the tundra due to increased vegetation uptake (Obrist et al., 2017; Zhang
et al., 2009). Wet deposition of Hg is defined as the air-to-surface flux
in precipitation (occurring as rain, snow, fog or ice) which primarily
scavenges GOM and PHg from the atmosphere. Wet deposition of GOM
and PHg is estimated to contribute a small proportion of Hg to polar environ-
ments, accounting for approximately 5% of all deposited Hg (Obrist et al.,
2017).

Mercury deposited to the Arctic surfaces can either undergo photore-
duction, and be emitted back to the atmosphere (Kamp et al., 2018),
enter aquatic ecosystem, be deposited directly to ocean surfaces, or trans-
ferred to long-term terrestrial surfaces. Mercury enters aquatic ecosystems
primarily during snow melt and is estimated to deliver between 44 and
50 Mg yr−1 (Dastoor and Durnford, 2013; Sonke et al., 2018), while Hg
2

deposited directly to ocean surfaces delivers an estimated 6.5 Mg yr−1

(AMAP, 2021). Long-termHg stores within the Arctic region primarily con-
sist of tundra soils and permafrost, with global stores estimated to be 143
Gg (Obrist et al., 2017). Cycling of Hg is expected to be sensitive to the
rapid changes taking place in the region in recent decades (Macdonald
et al., 2005; Stern et al., 2012; Schuster et al., 2018; Chetelat et al.,
2022). Despite a predicted global decrease in anthropogenic emissions
of Hg, an increase in GEM evasion is also predicted due to higher tem-
peratures, permafrost thawing and lower sea ice cover, with further en-
hancement caused by increased net photochemical GOM reduction
within the Arctic substrates which in turn creates a larger surface pool
of Hg for evasion (Obrist et al., 2011; O'Driscoll et al., 2006; DiMento
et al., 2019).

During spring in polar regions, chemical reactions involving reactive
halogens cause the rapid oxidation of GEM to GOM and PHg compounds
within the boundary layer to be rapidly deposited to the snowpack during
episodes known as atmospheric mercury depletion events (AMDE)
(Schroeder et al., 1998; Lu et al., 2001; Ariya et al., 2004; Lindberg et al.,
2002; Steffen et al., 2003; Goodsite et al., 2004, 2012; Skov et al., 2006).
GEM is photochemically oxidised, mainly by bromine atoms, to inorganic
mercury compounds in the gaseous form (GOM) and results in a concurrent
depletion of GEM and increase in oxidised mercury species (Wang et al.,
2019). AMDE's commonly occur in coastal and marine Arctic environ-
ments, initiated by cold temperatures, a stable inversion layer, sunlight,
and increased photochemical production of bromine species from the
snowpack (Dommergue et al., 2010; Nguyen et al., 2009; Yang et al.,
2008, 2020). The presence of sea salt in sea ice, snow and frost flowers pro-
vides large sources of these reactive halogen species in the high-Arctic
(Moore et al., 2014; Toyota et al., 2014; Wang et al., 2019). Reactive bro-
mine atoms and therefore AMDE's have also been observed in sub-Arctic in-
land regions, though to a lesser extent (Agnan et al., 2018). A substantial
fraction of Hg deposited to snow (up to 90% in some estimates) during
AMDE's can undergo rapid photoreduction and re-emission back to the
atmosphere (Poulain et al., 2007; Brooks et al., 2006; Steffen et al.,
2015). Estimates of the percent of AMDE-sourced Hg remaining in the
snowpack a week after deposition range from 5 to 60% with higher re-
tention reported predominantly from coastal locations (Douglas and
Blum, 2019).

Global atmospheric Hg trends over the last 10–20 years have not shown
spatially or temporally uniform decreases, despite decreasing anthropo-
genic emissions in most parts of the world. Mace Head, Ireland, the longest
background monitoring site has seen a decrease of−1.69% yr−1 between
1996 and 2013 (Weigelt et al., 2015), while Cape Point in the Southern
Hemisphere has observed a decrease in Hg concentration of −0.17%
yr−1 between 1994 and 2004, and a switch to increasing Hg of 2.6%
yr−1 from 2007 to 2015 (Martin et al., 2017). Further, anthropogenic emis-
sions are still on the rise despite reductions inNorth America (−4.6%yr−1)
and Europe (−3.5% yr−1) from 2000 to 2015 (Streets et al., 2019). Global
anthropogenic emissions have increased by 1.1% yr−1 between 2000 and
2015 (Streets et al., 2017). This increase is largely driven by increases
across Asia, Central America and east Africa. East Asian emissions have
started to decline over recent year but remain the largest emitters (Streets
et al., 2019). Arctic atmospheric Hg trends have been estimated to be de-
creasing at a slower rate that other parts of the world. Previous trend anal-
ysis estimated a decrease of −0.6% yr−1 from 1995 to 2007 (Cole and
Steffen, 2010; Cole et al., 2013). This decrease is largely driven by reduced
emissions across North America and Europe. The slower decreasing trend is
thought to be influenced by continued high emissions from Asia. The num-
ber of air masses arriving at the Arctic originate from Asia is predicted to be
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between 30 and 35% (Durnford and Dastoor, 2011). Decreases in sea ice
extent causes greater Hg ocean evasion, and is thought to be further
slowing atmospheric Hg reductions in the Arctic (Ma et al., 2011; Cole
et al., 2013).

As global anthropogenic Hg emissions continue to change, and as the
Arctic continues to undergo dynamic and dramatic environmental
changes, the continuous monitoring of atmospheric Hg is necessary to
provide information about long-term changes in the transport, chemis-
try, and deposition of atmospheric Hg in the Arctic environment. Expan-
sion of monitoring sites across the Arctic over the last 20 years has led to
an increase in spatial and temporal measurements of atmospheric mer-
cury. Comparison of these Arctic sites, collected as part of the Arctic
Monitoring and Assessment Programme's (AMAP) 2021 Mercury report,
will allow for an extensive evaluation of the observed trends over the
past 20 years. This can provide insight not only into trends that may
be related to changing emissions, but also into trends that may be due
to the influence of other changes that the Arctic is undergoing, including
those directly and indirectly associated with climate warming. In-
creased spatial coverage also allows for a greater understanding of
how the differences in atmospheric processes and anthropogenic inputs
between the inland and coastal Arctic sites affect seasonal concentra-
tions and trends.
Fig. 1.Map of atmospheric mercury measurement sites for all sites
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2. Methods

2.1. Site overview

Continuous atmospheric Hg observations were available from 10 long-
term Arctic mercury monitoring stations across the circumpolar Arctic re-
gion, with temporal coverage varying from 5 years to 23 years (Fig. 1).
These include four high-Arctic background air monitoring stations (Alert,
Canada; Villum Research Station (Station Nord), Greenland; Zeppelin
Mountain Research Station (Ny-Ålesund, Svalbard), Norway and
Amderma, Russia), four sub-Arctic sites and two boreal sites above 60° N,
listed in Table 1. High-Arctic sites are defined here by their position
above 50°N latitude, while sub-Arctic sites are defined by their location be-
tween 60°N and 50°N. The two southern Finnish sites of Hyytiälä and
Virolahti are located within the northern boreal region, however given
their location above 60°N, they are both classified as sub-Arctic in the con-
text of this report.

Continuous measurements presented here are form the start of each
sites continuous record to the end of 2018. Mercury air monitoring at
Amderma, Russia has been conducted from 2001 to 2009 and between
late-2015 and early-2017, but 2015 and 2017 data were not included in
the trend analyses due to the data gap between 2009 and 2015. Similarly,
and corresponding measurement years included in this study.



Table 1
Arcticmonitoring sites information, including country, location,measurement type,
number of measurement years, start and end year.

Country Location Measurement Years
(n)

First
year

Last
year

Coastal high-Arctic
Canada Alert TGM 24 1995 Current

GEM/GOM/PHg 17 2002 Current
Greenland/Denmark Villum Research

Station
TGM (GEM) 11 2008 Current

Norway Zeppelin
(Svalbard)

TGM (GEM) 18 2001 Current
GOM/PHg 12 2007 Current

Russia Amderma TGM 9 2001 2009

Continental sub-Arctic
Canada Little Fox Lake TGM 12 2007 Current
Finland Hyytiälä TGM 11 2009 Current
Finland Pallas TGM 11 2008 Current

Manual TGM 23 1996 Current
United States Denali National

Park
TGM 5 2014 Current

Coastal sub-Arctic
Norway Andøya TGM (GEM) 9 2010 Current
Finland Virolahti TGM 11 2008 Current
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data for Villum for the period of 2001 and mid-2002 were excluded from
trend analysis because of the large data gap between these earlier times
and the continuousmonitoring that started in 2008. TGMhas also been col-
lected manually during 24 h periods with a frequency of 1 to 2 samples per
week at Pallas since 1996. Two of the coastal high-Arctic sites, Alert and
Zeppelin, have long-term GOM and PHg mercury measurements covering
the periods 2002-present and 2007-present, respectively. Airmonitoring lo-
cations are shown in Fig. 1.

2.2. Mercury measurements

2.2.1. Total Gaseous Mercury/Gaseous Elemental Mercury
Mercury measurements at all sites were made using Tekran 2537

(2537a, 2537b and 2537x) automated mercury analyzers that have been
described in detail elsewhere (Schroeder et al., 1999). In brief, ambient
air was drawn from a 0.2 μm Polytetrafluoroethylene (PTFE) filter through
a 50 °C heated sample line by a pump at a flow rate of 1 to 1.5 lpm. Samples
are collected at continuous 5 to 15 min intervals via gold trap amalgam-
ation, then thermally desorbed in mercury free air and analyzed using
Cold Vapour Atomic Fluorescence Spectrometry (CVAFS). Automated cali-
bration of the analyzer was at a frequency between 23 and 71 h using the
internal mercury permeation source, which was verified typically annually.
The available air monitoring data is reported as hourly-averaged data;
these were aggregated to daily mean concentrations prior to statistical
analysis. Data were only considered acceptable for statistical trend anal-
ysis when there was 75% daily coverage, to avoid bias caused by diurnal
variations.

At Villum, Zeppelin and Andøya a soda-lime trap is installed before the
instrument filter and changed at weekly to bi-weekly intervals (Skov et al.,
2020; Berg et al., 2013). The trap is primarily intended to prevent passiv-
ation of the gold traps. The inclusion of the soda-lime trap is also assumed
to remove GOM from the sample line before it can enter the 2537 system
(Steffen et al., 2002). Debate still exists surrounding the effectiveness of
GOM removal via the use of Teflon filters. Given that only 3 sites employ
the soda-lime traps and all sites utilise Teflon inlet filters, there is potential
for some GOM to make it through the filters and be measured by the ana-
lyzer. Therefore, we have decided to refer to all measurements made
using the Tekran 2537 as Total Gaseous Mercury (TGM). As GEM forms
such a high proportion of TGM, it is assumed this will have little bearing
on the overall trend calculations.

Samples collected with manual traps at Pallas, Finland are collected by
pumping a measured volume of air through gold coated quartz trap inte-
grated over a 24 h period and at a frequency of 1 to 2 per week. The traps
4

are then analyzed at the Swedish Environmental Research (IVL) laboratory
using CVAFS (Brosset and Iverfeldt, 1989; Iverfeldt, 1991).

2.2.2. Speciated mercury
Speciated mercury measurements at Alert and Zeppelin were collected

using Tekran Mercury 1130, 1135 and 2537 speciation unit with an elutri-
ator inlet to remove particulate matter >2.5 μm. GOM samples are opera-
tionally defined as mercury which sticks to a KCl coated annular denuder.
GOM is measured by pumping sample air through a KCl-coated quartz
denuder at a rate of 10 lpm. Sample air then passes through a 0.1 μmquartz
particulate filter trap to the 1135 units where PHg is collected. Gaseous
Elemental Mercury is not collected in either the particulate filter or the
denuder and is sub-sampled from the larger flow by the Tekran 2537 ana-
lyzer. GOMand PHg concentrations can be very low and as such air samples
collect on the traps for 1 to 2 h. After the collection period, GOM and PHg
are sequentially thermally desorbed, pyrolyzed to GEM in zero air and ana-
lyzed by the 2537 unit over a 1 h period. Research has suggested that some
instrument bias exists where high humidity and ozone can cause a low bias
in the measured GOM (Gustin et al., 2013; Lyman et al., 2010; Lyman et al.,
2016). However, the conditions under which the experiments from this
paper took place are not present in the high-Arctic where humidity is signif-
icantly lower and ozone is near zero during the elevated GOM/PHg collec-
tion period. There is currently no evidence to suggest that high-Arctic
conditions show any effect on denuder performance. Reported data for
the GOM and PHg monitoring programs at Alert and Zeppelin varied (be-
tween 2 and 3 h intervals) and there was a slight difference between the
two data sets in the way GOM and PHg concentrations were calculated in
the reported data. Due to the high GOM concentrations from springtime
AMDE's, high values can be observed in the flush cycles and are not in-
cluded in the zero subtraction from GOM and PHg in the RDMQ process
(Steffen et al., 2013). Therefore, concentrations from Alert were re-
calculated from the raw data to match the zero subtraction method used
in Zeppelin data. GOM and PHg daily mean concentrations were accepted
for trend analyses if they met the 75% daily maximum coverage require-
ment to account for diurnal variability.

2.3. Mann-Kendall trend analysis

Due to the large size of the individual datasets, continuous measure-
ments for both TGM and speciated Hgwere first averaged at daily intervals
prior to any further analysis. Therefore, all concentrations are reported as
daily mean concentrations. All further statistical and trend analysis was
then preformed using these daily mean concentrations. Trend analysis
was preformed using the Mann-Kendall test for trend and the related
Sen's slope calculation analysis (Gilbert, 1987). Trends were calculated
for annual and seasonal changes in TGM concentrations using daily mean
Hg data, and for annual and monthly changes in GOM and PHg concentra-
tions at Alert and Zeppelin. TheMann-Kendall test determines the presence
of a trend by first separating each season (or month) into its own dataset,
each daily mean TGM (or GOM, or PHg) value within the separated dataset
is then treated as a replicate value. The trend is confirmed or rejected by the
Mann-Kendall test. Slopes are then determined using Sen's nonparametric
estimator of slope (Cole and Steffen, 2010; Cole et al., 2013). This method
has been used to assess temporal trends with atmosphericmercury data sets
such as those from the Arctic, sub-Arctic and temperate sites (Berg et al.,
2013; Cole and Steffen, 2010; Cole et al., 2013; Gay et al., 2013; Weiss-
Penzias et al., 2016). The extension of the non-parametric Mann-Kendall
method is recommended for use on data that is not normally distributed,
and which may have data gaps; both these conditions are present in these
datasets.

Data is presented here as the median change in TGM concentrations
(in ng m−3) as a percentage of that sites season's mean concentration.
Trends were considered statistically significant from zero only if the
upper and lower 95% confidence intervals of the Sen slope were either
both above zero or both below zero. A significant positive trend is indicated
if both the median trend and the 95% confidence intervals are above the
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zero line, while a significant negative trend is indicatedwhenmedian trend
and 95% confidence interval is below zero. Data analyses were performed
for both entire time series at each site and for overlapping time series
from the decadal period 2008–2018. This dual approach permits the best
understanding of trends at individual sites, as well as a direct comparison
of trends over a consistent period between sites. Alert and Zeppelin's contin-
uous GOMand PHg trends were determined in the sameway, except trends
were separated into monthly bins rather than the seasonal trend of TGM.
This finer resolution was done to better capture the high variability of
PHg and GOM during both spring and summer.

3. Results and discussion

3.1. Seasonality of atmospheric mercury

The behaviour of annual and seasonal TGM concentrations were exam-
ined to ascertain both inter-site and intra-site variability. Daily mean TGM
concentrations were split between four seasons: winter (December, January,
February); spring (March, April, May); summer (June, July, August) and fall
(September, October, November). Broadly, seasonal patterns of TGM con-
centration were observed to be different in the high-Arctic compared the
sub-Arctic (Supplementary Table 1). The highest annualmean concentration
for high-Arctic coastal sites (Alert, Amderma, Zeppelin and Villum) was at
Amderma, 1.5 ng m−3 (SD 0.3 ng m−3), while the lowest was Villum
1.3 ng m−3 (SD 0.4 ng m−3). The high TGM concentrations at Amderma
are likely because measurements were only available from 2001 to 2009,
while all other Arctic sites indicate that decreasing TGM concentrations
started to occur after 2010 (Fig. 2). High-Arctic sites also showed the largest
annual range and standard deviation of daily mean TGM concentrations
(Supplementary Table 1). The lowest annual mean concentrations for the
sub-Arctic sites were observed at Hyytiälä 1.2 ng m−3 (SD 0.2 ng m−3),
while highest annual mean concentrations were at Andøya 1.5 ng m−3

(SD 0.2 ng m−3).
High-Arctic sites have been reported to experience large variability dur-

ing summer and spring caused by the different deposition processes associ-
ated with AMDE's (Berg et al., 2013; Steffen et al., 2014, 2015; Skov et al.,
2020; Fisher et al., 2012). AMDE's are the conversion of stable GEM to rap-
idly depositing GOM and PHg and will result in periods of low GEM air con-
centrations. Periods of elevatedGEMor TGMhave also been reported during
Fig. 2. Seasonal mean TGM concentrations in air (ng m−3)
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these periods and were attributed to rapid reduction of deposited GOM to
GEM and emission from the surface (AMAP, 2011; Steffen et al., 2013). At
the high-Arctic sites measured here, lowest seasonal mean TGM concentra-
tions were observed during spring. However, spring was also observed to
have the highest daily TGM mean concentrations, Alert (3.3 ng m−3),
Amderma (4.2 ng m−3) and Villum (2.9 ng m−3). The only exception was
Zeppelin which saw its highest daily mean in summer of 2.4 ng m−3, com-
pared to spring with a highest daily mean of 2.4 ng m−3. Spring also exhib-
ited the largest TGM variability with standard deviations ranging from
0.3 ng m−3 at Zeppelin to 0.6 ng m−3 at Villum.

Summer recorded the highest seasonal mean TGM concentrations and
variability at the high-Arctic Zeppelin, Alert and Villum (with the exception
of Amderma where winter had the highest concentration). The summer en-
hancement is still not fully reconciled, but is thought to result from a com-
bination of re-emission of AMDE deposited mercury, other emissions of
mercury from surfaces (e.g., tundra, lakes etc.), snow melt and evasion
from the Arctic Ocean fed by Arctic rivers (Steffen et al., 2005; Fisher
et al., 2013; Angot et al., 2016; Sonke et al., 2018). The duration and mag-
nitude of AMDE's change year to year due tometeorological conditions and
this impacts inter-annual variability of the seasonal concentrations as
shown in Fig. 2 (Steffen et al., 2008). Villium had the highest spring and
summer inter-annual range, 1.4 ng m−3 and 0.9 ng m−3 respectively,
which shows greater inter-annual variability during spring and summer at
high Arctic sites (in blues) than during winter and fall. Changes in the
spring and summer concentrationsmay therefore indicate changes to either
mercury inputs (global or regional) or localized chemistry that affects con-
centrations.

Seasonality at the sub-Arctic sites varied between locations. In general,
highest daily mean maximum TGM concentrations were observed during
the winter and/or spring period. Winter maximums were observed at the
coastal sites Andøya, (1.6 ng m−3), Virolahti (1.4 ng m−3) and the inland
site of Pallas (1.5 ngm−3). Spring seasonal daily meanmaximumswere ob-
served for Denali National Park (1.4 ngm−3), Little Fox Lake (1. 5 ngm−3),
and Hyytiälä (1.3 ng m−3), all of which were inland sites. Mean seasonal
concentrations for the inland sites were observed to be the lowest during
the fall season for Hyytiälä (1.1 ngm−3), Virolahti (1.2 ngm−3), Denali Na-
tional Park (1.2 ng m−3), Pallas (active sampling: 1.3 ng m−3 and manual
sampling: 1.3 ng m−3) and Little Fox Lake (1.3 ng m−3) (Supplementary
Table 1). Inland Arctic sites have been observed to have lower TGM
for each measurement year at 10 circumpolar locations.
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concentrations during spring as there is an increased uptake of Hg by veg-
etation during the growing season, resulting in reduced seasonality
(Obrist et al., 2017; Chetelat et al., 2022). Jiskra et al. (2018), observed
that at sub-Arctic sites (and throughout the northern hemisphere) lower
concentrations of TGM are typically observed during the summer and fall,
with minima typically observed in September. These annual atmospheric
mercury patterns in the northern hemisphere are thought to be the result
of the respiration process incorporating GEM into plant tissue during the
growing season (Jiskra et al., 2019; Obrist et al., 2017).

Clear differences in TGM concentrations were observed between coastal
and inland sub-Arctic sites. The coastal sites Andøya and the inland site,
Pallas, are located at similar latitudes, approximately 350 km inland from
the coast. Annual mean daily mean TGM concentrations were lower for
the inland Pallas site (1.4 ng m−3, SD 0.1) than the coastal Andøya
(1.5 ng m−3, SD 0.1). A lower concentration and less variability (lower
standard deviation, Supplementary Table 1) at the inland Pallas site were
also observed for each season. Similarly, the coastal site Virolahti is at ap-
proximately the same latitude to Hyytiälä which is located 230 km inland.
Lower annual mean concentrations were observed at the inland site
Hyytiälä (1.2 ngm−3, SD 0.2) compared to the similar coastal site Virolahti
(1.3 ng m−3, SD 0.2). Differences between coastal and inland Artic sites
have been observed, although these are largely dependent on plant produc-
tivity, with more northern sites having shorter growing seasons (Olson
et al., 2019). Both Hyytiälä and Virolahti are located in boreal regions
where net primary productivity (NPP) is higher (Li et al., 2017) and exhib-
ited lower TGM concentrations compared to Pallas and Andøya located fur-
ther north where mean TGM concentrations were lower. NPP have also
been shown to decrease with higher latitudes (Li et al., 2017). Obrist
et al. (2017), observed that dry deposition driven by the presence of vege-
tation in the tundra was the dominate source of Hg (71%; 6.5 μgm−2 yr−1)
to the region. Changes in vegetation growth patterns in the Arctic caused by
climate change may influence the uptake of mercury during short growing
seasons (Agnan et al., 2018; Chetelat et al., 2022).

3.2. Temporal trends in Total Gaseous Mercury (TGM)

Seasonal and annual temporal trends using daily mean TGM concentra-
tions were calculated for each site. Data coverage varied between the sites,
complicating trend analysis interpretation. Seasonal trend analyses were
performed using all available data collected from each site (Fig. 3) and
Fig. 3. Seasonal and annual median trends (red), winter (December to February, blue),
November, orange) respectively, in TGM based on daily mean concentrations for all sit
intervals. If the error bars are below the grey zero line it indicates a decreasing trend an
the y-axis falls within the bars, no significant trend is reported.
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are presented as the median change in TGM as a percentage. Annual me-
dian TGM trends for all available years were negative for 8 of the 11 mea-
surements. Largest annual changes occurred at Villum −2.81% yr−1 and
Amderma −2.28% yr−1. Zeppelin and Alert experienced the least signifi-
cant negative change over their entire record, −0.57% yr−1 and
−0.95% yr−1, respectively (Fig. 3, Supplementary Table S2). Virolahti
and Pallas (manual sampling, 1996–2018) show no significant annual
trend, while Little Fox Lake was the only site to have a significant positive
(increasing) annual trend (Fig. 3). Manual sampling at Pallas introduces a
higher amount of error due to the lower frequency of collection (one or
two 24 h samples per week) and higher measurement uncertainty, which
likely causes the smaller trend compared to the continuous sampling
trend, which is also reported for a different time period. Trends across all
seasons were negative at the majority of sites with the exception of Little
Fox Lake (all seasons, significant), Hyytiälä (fall, but not significant),
Virolahti (summer, not significant, and fall, significant) andDenali National
Park (fall, but not significant, Fig. 3). Of the sites that had significant nega-
tive trends (Pallas, Amderma, Zeppelin, Alert, Villium and Andøya), Villum
had the largest significant winter trend (−4.55% yr−1), while smallest sig-
nificant trend was at Zeppelin during fall (−0.76% yr−1). Sea ice cover
around Villum Research Station, Greenland has changed dramatically
over the last decade, becoming more seasonal, and therefore changing de-
position patterns and leading to the large reduction in TGM concentrations
(Selyuzhenok et al., 2020). Fall is considered the best period to examine the
northern hemispheres TGM background concentrations in the high-Arctic,
as it is not influenced by processes that increase seasonal variability (e.g.
AMDEs) (Jiskra et al., 2018; Skov et al., 2020). The negative fall trend at
Zeppelin indicates that decreases in the Northern Hemisphere global back-
ground concentration are also observable in the high-Arctic.

In order to provide a direct comparison of trends between sites with dif-
ferent length data records, Mann-Kendall seasonal and annual trend analy-
sis was also preformed for the years 2008–2018, the period for which there
was themost concurrent data collected (Fig. 4). Hyytiälä data record started
in 2009, while Andøya measurement commenced in 2010. Denali National
Park only has data coverage for 5 years so its interpretation remains limited
and Amderma was not included as data coverage was not sufficient for this
period. The overall annual TGM trends of the overlapping 2008–2018 pe-
riod are similar to the trends calculated for all the years of data. Annual sig-
nificant negative trends ranged from −0.87% yr−1 at Pallas (active) to
−4.15% yr−1 at Villum. Both Virolahti and Pallas (Manual) had no
spring (March to May, green), summer (June to August, yellow), fall (September to
es across all reported years. The error bars show upper and lower 95% confidence
d if they are above the zero line it indicates an increasing trend. If the zero line on



Fig. 4. Seasonal and annual median trends (winter, spring, summer, and fall respectively by site) in TGM based on daily mean concentrations measured at each site
2008–2018. The error bars show upper and lower 95% confidence intervals. If the error bars are below the grey zero line it indicates a decreasing trend and if they are
above the zero line it indicates an increasing trend.
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significant trend and Little Fox Lake was the only site with a positive trend
(0.96% y−1). In general, seasonal trends for 2008–2018 showed larger de-
creases than observed for all year trends. Across the high-Arctic sites, Alert
and Villum experienced largest significant decline in spring, −3.73% yr−1

and −7.70% yr−1 respectively, while Zeppelin saw greatest decline in in
Fall (−1.77% yr−1) (Fig. 4). Smallest decreases occurred in summer for all
high-Arctic sites. This is mostly likely driven by the enhanced surface emis-
sions in the high-Arctic during summer (Steffen et al., 2005; Cole et al., 2013).

The sub-Arctic sites fall trends were not significant for all sites, except
Andøya and Pallas (Active, significant negative trends) and Little Fox
Lake which had a significant positive trend (1.38% yr−1). Spring trends
across all sites had the greatest statistically significant negative changes
ranging between −7.70% y−1 at Villum and −0.36% y−1 at Virolahti
and all sites had significant negative trends, with the exception of Pallas
(Manual) and Little Fox Lake. This may indicate that more Hg uptake is oc-
curring as a result of increasing plant uptake. Warmer temperatures and re-
duced snow cover are changing the Arctic growing season, with active layer
freezing occurring later in the year and increased greening across the Arctic
(Lund, 2018), which may cause further decreases to the atmospheric TGM
during this time (Chetelat et al., 2022).

The annual concentration at Little Fox Lake is increasing by 1.00% yr−1

per year for the 2008–2018 period. More so, the winter concentrations,
when the atmospheric TGM is not subject to vegetative uptake show an
even larger positive trend at 1.39% yr−1. This represents the only positive
annual andwinter trend in theArctic. The under-lying driver of this increas-
ing trend is not fully understood. One possible explanation is an increase in
the relative frequency of air masses arriving at Little Fox Lake from Asia
(Huang et al., 2017), coupled with increased Hg emissions from the region.
Another is the frequent occurrence of wild fires along the west coast of
Canada leading to enhanced Hg emissions (Fraser et al., 2018).

Comparing the 2008–2018 trends to the all year trends, for those sites
that have longer available datasets, we are able to determine how these
trends have changed over the recent decade. For example, Alert's spring
trend was −1.04% yr−1 across the entire record, compared to a decrease
of −3.73% yr−1 between 2008 and 2018 periods, which represents an in-
crease in the rate of decline during the latter period. Similarly, the negative
trend for the Zeppelin fall period increased from −0.76% yr−1 between
2001 and 2018 to −1.77% yr−1 between 2008 and 2018. Both Alert and
Zeppelin show an accelerated decreasing trend than previously reported
7

(Cole et al., 2013; Berg et al., 2013). Cole and Steffen (2010), found that
Alert TGM concentrations was decreasing at a rate of −0.56% yr−1 from
1995 to 2007, while Zeppelin showed no significant trend between 2000
and 2009 (Berg et al., 2013) and a small negative but not significant trend
was observed between 2009 and 2014 (Skov et al., 2020). The changing
trends at the two high-Arctic sites of Alert and Zeppelins suggests that
changes in global emissions and concentrations are only recently observable
in the Arctic and further demonstrate that the trends themselves at an indi-
vidual site can and are changing over time.

In order to examine more closely how these TGM trends have changed
over the measurement periods, 5 year moving trends were calculated for
Alert, Zeppelin and Pallas (active) (Fig. 5).Mann-Kendall TGM trends are cal-
culated over a 5 year period, the recommended minimum time series to sat-
isfy Mann-Kendall statistical conditions, starting from the first years
measurements then shifted up one year and calculated for the preceding
5 years. This allows for a more detailed exploration of how the trends have
been changing over time. The shifting trend analysis was preformed for the
longest running sites of Alert (1995–2018), Zeppelin (2001–2018) and for
Pallas (active, 2008–2018), which was the longest running sub-Arctic site
with significant trends across all seasons (Fig. 5). Alert 5-year shifting trends
showmore variability than the other two sites, particularly during spring and
summer (Fig. 5a). This most likely reflects the high variability in the timing
and strength of AMDEs that typically occur during this time. Alert's summer
trends have the smallest variability, ranging from−0.08 to 0.06% yr−1. This
may be a reflection of elevated local TGM emission that commonly occur in
summer, such as enhanced ocean invasion or emission from melting ice and
snow (Steffen et al., 2008). Fall trends show a positive trend from 2001 to
2008, trends then sharply decrease before becoming steady from 2011 to
2018. Pallas' (active) 5-year trends from active monitoring appear to be rea-
sonably uniform between seasons (Fig. 5c). All seasons show an accelerated
declining trend from 2008 to 2012, switching from a positive trend to a neg-
ative trend. Trends seem more consistent in the later part of the decade
(2012–2018). Zeppelin tends to show a similar overall variability in trends
as Alert does, although appears to have a more consisted declining trend.

3.3. Trends in speciated mercury at Alert and Zeppelin

Alert and Zeppelin are the only 2 sites that have available long term con-
tinuous speciated mercury data including GOM and PHg. Daily mean



Fig. 5. Five-year shifting trend vales at Alert (a, 1995–2018), Zeppelin (b, 2001–2018) and Pallas Active (c, 2008–2018). Solid line showmedian seasonal trends (Fall; blue,
Summer; red, Winter; yellow, Spring; green) determined at 5 year values. Error bar represent the 95% confidence intervals.
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concentrations of GOMand PHgwere calculated from2002 to 2018 at Alert
and from 2008 to 2018 at Zeppelin. These high-Arctic sites are known to
have significant seasonal variability in GOM and PHg concentrations
(Steffen et al., 2008), whichwould otherwise be lost in the courser seasonal
trend analysis used for TGMmeasurements (Fig. 6). In order to fully capture
this variability monthly trends were examined for these 2 datasets rather
than the seasonal trends used for the TGM datasets. Annual mean GOM
and PHg concentrations at Alert was 24 pg m−3 (SD 41 pg m−3) and
38 pgm−3 (SD 52 ngm−3), respectively (Supplementary Table 3).Monthly
mean concentrations peaked in May for GOM and April for PHg (Fig. 6).
Alert's high PHg concentrations, particularly during spring, are thought to
be enhanced by GOM preferentially adhering to increased particles present
in the atmosphere that result from processes such as Arctic haze (Steffen
et al., 2014). Zeppelin annual concentrations were 18 pg m−3 (SD 8 pg
m−3) for GOM and 5 pg m−3 (SD 3 pg m−3) for PHg. Concentrations of
GOM and PHg both peaked in April, coinciding with the timing of AMDEs
for the region. These speciation concentrations for both Alert and Zeppelin
are notably higher than those measured outside the Arctic with median
GOM concentration found to range between 1 and 3 pg m−3 and PHg con-
centrations range between 3 and 5 pg m−3 across all AMNet sites (Gay
et al., 2013).

Similar to the TGM trend analysis, speciated Hg trend analysis was
preformed for the entire sampling period at Alert (2002–2018) and Zeppe-
lin (2008–2018) and for the overlapping years (2008–2018) at Alert for di-
rect comparison. Alert PHg trends for 2002–2018 during the months of
January, March, April, June, September, and November were not signifi-
cant (Fig. 7). The months of February, March, May, July, August, October,
and December were observed to have small but significant negative trends
of PHg ranging from −0.90% (March) to −7.45% (July). June was the
only month to see an increase of 1.52% y−1. Alert GOM concentration
trends are fairly consistent across the year for the 2002–2018 period,
with all months except February and June having significant positive
trends. Alert increase of GOM were largest in January (6.12% y−1) and
April (6.90% y−1). The only negative trend was found in February
(−1.74% yr−1). June's trend was positive but not significant. Cole et al.
(2013) found annually from 2002 to 2009 no significant annual trends
for either GOM or PHg but, noted that GOM increased significantly in
March, May and July and PHg increased in March, April and July, ranging
between 9 and 17% y−1. By comparison the extended trends (2002–2018)
calculated here show lower but consistent monthly trends across the whole
year.
Fig. 6.Monthly summary statistics for Alert and Zeppelin's speciation data. Boxes represe
deviation of the mean. Grey triangle represents mean concentrations.
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Comparison of Alert speciation trends for the entire measurement re-
cord (2002–2018) with the 2008–2018 trend calculations indicate that
there has been a shift in Hg species composition. PHg shows significant
monthly trends between 2008 and 2018 range from −3.02% yr−1 to
−9.11% yr−1 (Supplementary Table S4), greater than the 2002–2018
PHg trends. January, March and June switched from no significant trend
for all data to a significant negative trend for 2008–2018 (Fig. 7). GOM
monthly trends for 2008–2018 varied, such that negative trends are re-
ported in February, July, August, and December while positive trends are
reported for January, April and June and no significant trend for all other
months. Monthly trend at both Alert and Zeppelin suggest that the compo-
sition and timing of AMDEs are changing in the high Arctic. Negative PHg
trends at Alert in February increased from −5.85% yr−1 (2002–2018) to
−9.11% yr−1 from 2008 to 2018 (Supplementary Table S4). March PHg
trends switched from a not significant trend for 2002 to 2018 to a signifi-
cant negative trend of −4.79% yr−1, 2008–2018. GOM trends also show
a greater negative trend in February, increasing from −1.75 yr−1,
2002–2018, to −3.16% yr−1, while March GOM trends switched from a
positive trend of 3.32% yr−1 to a not significant trend. The high variability
of both GOMand PHg during spring and summer, caused by the occurrence
of AMDEs, means that changing trends observed during this time have a
greater influence on Alerts overall atmospheric Hg composition than if
these changes were to occur at any other time of the year.

Comparison of speciation trends with seasonal TGM trends at Alert indi-
cates that AMDEs have altered. Cole et al. (2013), noted that PHg trends at
Alert for 2002–2009, increased duringMarch and April. Trends determined
here for 2008–2018 show PHg trends fromMarch toMay either decrease or
are not significant, while GOM increases in April and is not significant
March and May. While Cole et al. (2013) found that GOM increased in
May but was not significant March and April for 2002 to 2009. This sug-
gests that while TGM spring concentrations are decreasing, the strength
and frequency of AMDE's are not changing. Alerts summer TGM (2008 to
2018) trends show no significant change, however GOM increases in
June and then switches to negative trend in July and August, suggesting
AMDE's are occurring earlier. Warmer spring temperatures and increased
humidity are likely starting to limit the gas-particle separation of GOM to
PHg, combined with changing Arctic and sea-salt aerosol dynamics that
occur within the Arctic Haze and allow for the oxidation of GEM to PHg
(Steffen et al., 2014, 2015; Zheng et al., 2021). Overall, this suggests the
AMDEs are occurring earlier in the season and are becoming dominated
by GOM deposition.
nt 25% and 75% quartiles, middle line is themedian and error bars are the standard



Fig. 7.GOM (blue) and PHg (green)monthlymedian trends for Alert (2002–2018 and 2008–2018) and Zeppelin (2008–2018) as a change in concentration as a percentage of
the monthly mean.
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In contrast, Zeppelin (2008–2018) generally saw opposite trends to
those observed at Alert. GOM trends at Zeppelin were negative for the
months of February through September, ranging between−8.37% y−1 to
10
−4.60% y−1, with no significant trends for October through to January.
Zeppelin's PHg trends were positive for the months of January (10.27%
yr−1), April (5.91% yr−1) and November (16.74% yr−1) and negative for
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September (−6.30% yr−1), October (−4.33% yr−1), and December
(−8.16% yr−1) (Fig. 6). Overall, annual median trends at Zeppelin shows
a significant negative GOM trend (−1.77% yr−1) and a not significant pos-
itive PHg trend, whereas Alert shows a significant negative PHg trend of
−0.93% yr−1 for 2008–2018 and a not significant positive GOM trend
(Supplementary Table S3).

The negative trend in GOM at Zeppelin during spring indicates a
change in the conditions under which AMDE's occur at this site, while
the positive trend of PHg in April may indicate a higher availability of
particulates during this period. Heslin-Rees et al. (2020) found that
the rate of coarse-mode particles arriving at Zeppelin has increased by
2.6% to 2.9% between 1999 and 2017. The increase in coarse particle
size was attributed to Arctic air masses spending more time over open
water and therefore increasing the amount of sea-salt aerosols being
transported to the region. Zeppelin AMDE's were assumed to occur via
long range transport of GEM depleted air masses over the Arctic Ocean
(Gauchard et al., 2005; Steen et al., 2011).

Increasing PHg trends during spring could indicate a change or in-
crease in the amount of long-range transport arriving at Zeppelin
(Zhang et al., 2009; Steen et al., 2011). Hirdman et al. (2010) found
that the majority of air masses arriving at Zeppelin were transported
through Eurasia. Zeppelin AMDE's are the result of long rang transport
of GEM depleted air masses arriving at the site. AMDE's in the region
typically occur over the Arctic Ocean and then are transported to Zeppe-
lin, where the deposition then occurs. Due to the high deposition veloc-
ity of GOM, deposition often occurs before the air masses reach
Zeppelin, leading to lower GOM concentrations compared to the PHg
(Berg et al., 2013; Steen et al., 2011). Increasing PHg trends could indi-
cate that the frequency of these air masses arriving at this site is increas-
ing over recent years. A review of global sources of Hg emissions and
transport to the Arctic, and influences of changes in emissions and me-
teorology on atmospheric Hg are presented separately in this special
issue (Dastoor et al., this issue). Increased first year sea ice and an over-
all reduced sea ice coverage due to warmer water in the Barents Sea
could be further influencing the location, strength and composition of
AMDEs occurring near Zeppelin (Steen et al., 2011). Despite the differ-
ences in direction, with Alert moving towards positive GOM trends and
Zeppelinmoving towards positive PHg trends, both sites are showing changes
in the process thatmay affect the deposition and input ofmercury to theArctic
environment.

4. Conclusion

The number of Arctic Hgmonitoring sites has increased over the last 20
years, which has allowed for amore comprehensive and holistic assessment
of how atmospheric Hg patterns are changing across the Arctic. Atmo-
spheric mercury concentrations have been found to be decreasing across
much of the Arctic though not uniformly. Sub-Arctic sites generally show
the greatest decreases. Seasonal TGM concentrations at the four coastal
high-Arctic sites had greater variability than sub-Arctic sites, differences
that are driven by local chemistry. Spring saw the greatest decrease,
while fall saw the least with most sites not having a significant trend.
High-Arctic sites in general saw the smallest annual change. Comparison
of the entire data sets with 2008–2018 trends show that for most sites the
observable decreases in TGM concentrations have accelerated over the
last decade.

Speciation trends at Alert and Zeppelin saw no significant annual
trends. Indicating the concentrations overall are remaining the same. How-
ever, monthly trends are telling a different story. Alert saw a decrease in
PHg concentrations at the start of the year, while GOM trends tended to de-
crease, suggesting that the gas-particle partitioning that was typically ob-
served to occur at Alert is occurring earlier. Zeppelin saw the opposite
occurring with increased PHg and decrease GOM. This indicates that
there has been an increase in the amount of particulates present in the
Zeppelin providing an increase PHg. The small decrease in TGM during
spring and summer coupled with the speciation trends at both Alert and
11
Zeppelin indicate that the occurrence of AMDEs are not decreasing in the
high-Arctic but rather the timing and composition of the depletion events
is being altered.

Increased monitoring sites across the Arctic have provided a more
detailed spatial understanding of changing mercury trends. However,
large gaps are still present particularly across Russian and North
American Arctic regions. As observed here trends throughout the Arctic
are not uniform and filling these gaps would help provide a more holis-
tic understanding of mercury's behaviour throughout these unique envi-
ronments. Deployment of new monitoring technology, such as passive
air samplers could further help bridge these gaps by providing data for
regions with limited accessibility or power supple. Understanding of
how vegetation in the Arctic influences the deposition and long term
storage of mercury is still limited and even less is known about how
changing vegetation in the Arctic will influence atmospheric mercury
in the future.
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