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Abstract

Ten years of atmospheric mercury speciation data and 14 yr of mercury in snow data
from Alert, Nunavut, Canada are examined. The speciation data, collected from 2002
to 2011, includes gaseous elemental mercury (GEM), particulate mercury (PHg) and
reactive gaseous mercury (RGM). During the winter-spring period of atmospheric mer-5

cury depletion events (AMDEs), when GEM is close to being completely depleted from
the air, the concentrations of PHg and RGM rise significantly. During this period, the
median concentrations for PHg is 28.2 pgm−3and RGM is 23.9 pgm−3 from March to
June in comparison to the annual median concentrations of 11.3 and 3.2 pgm−3 for
PHg and RGM, respectively. In each of the ten years of sampling, PHg increases10

steadily from January through March and is higher than RGM. This pattern begins
to change in April with very high levels of PHg and increasing RGM. In May, RGM
transitions to be significantly higher than PHg and continues into June whereas PHg
sharply drops down. The transition is thought to be driven by a combination of air tem-
perature and particle availability. Firstly, the ratio of PHg to RGM is favoured by low15

temperatures suggesting that oxidized mercury may partition to available particles to
form PHg. Prior to the transition, the median air temperature is −24.8 ◦C and after the
transition the median air temperature is −5.8 ◦C. Secondly, high aerosol levels in the
spring are a strong driver for the high PHg concentrations. In February through April,
partitioning of oxidized mercury to produce PHg was favoured by increased concentra-20

tions of particles that are principally the result of Arctic Haze and some sea salts. In the
snow, the concentrations of mercury peak in May for all years. The highest deposition
of mercury to the snow in the spring at Alert is during and after the transition of PHg to
RGM in the atmosphere.
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1 Introduction

Mercury has created quite a stir in the high Arctic air over the past two decades be-
cause of its interesting springtime atmospheric chemistry and its impact on the environ-
ment. Since there are virtually no local sources of mercury in the Arctic, its presence
is thought to be due to long range transport from Asia, Russia, North America and5

Europe (Durnford et al., 2010). The atmospheric processes that dominate the spring-
time oxidation and deposition of mercury can drive some of this long range transported
mercury onto the Arctic surface. It has been demonstrated that, during the polar spring,
gaseous elemental mercury (GEM) oxidizes to shorter lived mercury species known as
reactive gaseous mercury (RGM) (Schroeder et al., 1998; Lindberg et al., 2001). RGM10

can either be in the air as a gas or adsorbed to particles and be reported as particulate
mercury (PHg). Many studies have reported the decrease in GEM and a coincidental
increase in speciated mercury (PHg and RGM) and the association of this chemistry
with spring time ozone and halogen chemistry (Lindberg et al., 2001; Lindberg et al.,
2002; Aspmo et al., 2005; Kirk et al., 2006; Cobbett et al., 2007; Dastoor et al., 2008;15

Steffen et al., 2008; Steen et al., 2011). There are few long term data sets of speci-
ated atmospheric mercury that have looked at processes in the high Arctic, with the
exception of Cole et al. (2013) who reported on the long term trends at Alert.

Alert is a high Arctic site, located at the tip of Ellesmere Island, Nunavut, Canada.
Long term atmospheric measurements of GEM have been undertaken since 199520

(Schroeder et al., 1998; Cole and Steffen, 2010) and speciation data have been col-
lected since 2002. The unique GEM annual signature from Alert has been previously
published (Schroeder et al., 1998; Steffen et al., 2005; Cobbett et al., 2007; Cole and
Steffen, 2010) showing northern hemispheric background levels in the fall and winter,
low concentrations in the spring and higher concentrations in the summer. The life-25

time of atmospheric mercury depends on its chemical form and is considered to be
GEM�PHg>RGM (Schroeder and Munthe, 1998). The dry deposition velocities of
these species have been modeled to be RGM>PHg>GEM (Zhang et al., 2009). The
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fractionation of these Hg species depends on location and chemistry with GEM be-
ing the predominant species in the air in most locations (generally the sum of all Hg
species consists of 98 % GEM, 1.5 % RGM and 0.5 % PHg, Peterson et al., 2009).
However, at locations in the Arctic (and Antarctic) this fractionation changes during the
spring months; at Alert for example, to 88.5 % GEM, 4.5 % RGM and 7 % PHg (from5

2002 to 2011 using mean concentrations) or 95.6 % GEM, 2 % RGM and 2.4 % PHg
(using median concentrations). It is well known that a series of photochemically initi-
ated reactions can oxidize GEM to an Hg2+ inorganic species (Simpson et al., 2007;
Ariya et al., 2008; Obrist et al., 2011) either in the gas phase (as RGM) or associated
to particles (as PHg). These reactions result in atmospheric mercury depletion events10

(AMDEs) and refer to the depletion of GEM from the troposphere. This loss has been
explained as conversion of GEM to other mercury species and/or a loss to the snow
surface (Steffen and Cole, 2008).

Currently, the actual chemical identity of RGM and PHg are not well determined, they
are operationally defined as the fraction of gaseous mercury that can be separated from15

the air by a KCl coated denuder and mercury associated with particles collected on
a quartz filter, respectively (Sheu and Mason, 2004; Gustin and Jaffe, 2010). Analysis
methods for RGM and PHg include separation of the species and quantification as
GEM. While there are reasonably reliable reference standards for GEM (Temme et al.,
2007), there exist none to accurately quantify and elucidate RGM and PHg (Temme20

et al., 2007; Gustin and Jaffe, 2010). The data set used for the current study was
obtained using sampling protocols, quality control and analysis as described by Steffen
et al. (2012). The data were collected over a 10 yr period were compared from year to
year to observe recurring patterns and potential processes.

Aerosol particles have been studied at Alert since 1980 (Barrie, 1986; Barrie et al.,25

1989; Gong et al., 1997; Sirois and Barrie, 1999; Sharma et al., 2004). The well known
phenomenon of Arctic Haze is due to air masses originating from anthropogenic emis-
sions in Europe, North America and the former Soviet Union, that are transported to
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and trapped in the Arctic air. The haze primarily consists of sulphate and carbonaceous
particles, maximizing in March and April (Sharma et al., 2004; Quinn et al., 2007).

This study reports an analysis of ten years of mercury sampling in air and fourteen
years of mercury sampling of the snow coupled with atmospheric meteorological and
particle measurements from Alert.5

2 Methods

2.1 Sample location

Alert, Nunavut, Canada is located at 82.5◦ N and 62.3◦ W, 800 km from the geographic
North Pole. The instrumentation is located at the Dr. Neil Trivett Global Atmospheric
Watch (GAW) Observatory on the north eastern edge of Ellesmere Island. The labora-10

tory is located approximately 8 km from the shore of the Lincoln Sea and is at an ele-
vation of 195 ma.s.l. The atmospheric mercury speciation and particulate instruments
are located on an outside walk up tower approximately three and five metres above
the ground, respectively. The tables from which the snow samples were collected are
located approximately 200 m south of the laboratory.15

2.2 Atmospheric mercury speciation

GEM, PHg and RGM were collected using the Tekran 2537A/1130/1135 automated
mercury vapour analyzer system. The methods have been described in detail else-
where (Landis et al., 2002; Steffen and Cole, 2008). In short: air is pulled into the
analyzer through a Teflon® coated elutriator and impactor designed to remove parti-20

cles and snow> 2.5 µm at flow rates of 10.0 Lmin−1 (particle size cut off varies with
flow rate). The sample air flows via a KCl coated quartz denuder to trap RGM in the
1130 unit, and then passes over a quartz particulate filter to trap PHg in the 1135 unit.
GEM passes through both the 1130 and 1135 units and is carried into the 2537 ana-
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lyzer (at a flow rate of 1 Lmin−1) for analysis. GEM is reported as ngm−3 of mercury.
The samples are analysed by first heating an inline pyrolyzer to 800 ◦C. The quartz
filter is then heated to desorb the PHg and sent through the pyrolyzer to break all PHg
to GEM which is then analysed by the 2537A instrument. The denuder is then heated
to 600 ◦C to release the RGM and passes over the pyrolyzer to break down all RGM5

to GEM which is analysed by the 2537A instrument. PHg and RGM are reported as
pgm−3 of mercury. Mercury free zero air is passed through the system before and af-
ter these desorption cycles as blanks. At Alert, air samples were originally collected
for 3 h to ensure there was enough mercury collected for analysis and once verified
the sampling time was reduced to 2 h. Rigorous procedures during and after sample10

collection/analysis have been established for Alert to ensure consistency from year to
year and are described in detail in Steffen et al. (2012).

The analytical detection limits of the Tekran® 2537 analyzer (< 0.1 ngm−3, from
the manufacturer, or 0.75 pg of mercury collected based on a 7.5 L sample vol-
ume) are more than an order of magnitude below ambient GEM concentrations (typi-15

cally> 1 ngm−3). For the PHg and RGM data collected at Alert, the detection limits are
calculated to be three times the standard deviation of the two post desorption blanks.
The detection limits for PHg and RGM at Alert for each year from 2002 to 2011 are
shown in Table 1.

2.3 Meteorological data20

The air temperature is measured at the GAW station at a 1 Hz frequency using a Camp-
bell 107F thermistor (USA). Prior to 2004, relative humidity (RH) is calculated from the
dew point measured with a custom Atmospheric Environmental Services Type E dew
cell (AES Drawing series 0306) at the Alert station (station #2400300, 82◦31′4′′ N,
62◦16′50′′ W, 30.48 m). All RH measurements after 2004/06/26 are from a Vaisala RH25

sensor (model HMP45C212) at the Alert Climate station (2400305, 82◦30′ N, 62◦20′ W,
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65.4 m). Data are obtained from the Environment Canada National Climate Data and
Information Archive (http://climate.weatheroffice.gc.ca/contacts/index_e.html).

2.4 Aerosol particle volume and light scattering

The ambient aerosol is pulled into the laboratory through a 3 m long, 10 cm diame-
ter stainless steel vertical manifold at a flow rate of about 1000 Lmin−1. Particles are5

sampled out of the manifold from near the center of the flow stream, about 30 cm up
from the bottom of the manifold. From there the particles are delivered to the sampling
devices via stainless steel tubing. The mean total residence time of a particle from
outside to its measurement point is approximately 3 s and, at this point, the particle at
approximately room temperature and the relative humidity (RH) is< 50 %. Particle size10

distributions from 20 nm to 500 nm are measured with a TSI 3034 Scanning Mobility
Particle System (SMPS) which is calibrated on site using monodisperse particles of
polystyrene latex and of ammonium sulphate generated with a Brechtel Manufacturing
Incorporated (BMI) Scanning Electrical Mobility Spectrometer (SEMS). Particle volume
concentrations in the size range of 20 nm to 500 nm are derived from the integration of15

the SMPS size distribution assuming spherical particles.
Particle volume dry scattering coefficients (σsp) in< 1 and< 10 µm sizes are mea-

sured by a 3-λ Integrating Nephelometer (TSI Model 3563). The instrument is calibrated
by using high purity dry CO2 and drift in the calibration is checked weekly. Measurement
uncertainties of the TSI nephelometer have been described in detail elsewhere (Ander-20

son and Ogren, 1998; Anderson et al., 1999; Sheridan et al., 2002). The nephelometer
data used in this paper are particle light scattering coefficients (bsca) at 550 nm wave-
length and represents particles greater than 500 nm in diameter (from 2004–2006 there
was no size selection so all particles were collected, post 2006 a 10 µm cut-off was em-
ployed).25
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2.5 Snow sampling

One litre wide-mouth glass jars are used for sample collection. PTFE lined polypropy-
lene (PP) lids were used until 2001 and then replaced with solid PFA Teflon lids (Sav-
illex). The snow is collected on tables and the ground located behind the GAW lab.
Snow samples are collected on a snow event basis when the local operator is available5

to collect the sample. There are two tables approximately 1m×1 m each from which
the samples are collected. The tables are made of a wooden platform covered with
a 1/32′′ thick PTFE sheet that is attached to the table surrounded by a 1′′ ×1′′ PTFE
edge. The platform is mounted on Dexion steel strips and the legs are dug into the
tundra for stability. When there is a layer of snow on the tables, three bottles of snow10

are collected using gloved hands, a PTFE scraper and a scoop made from a PTFE
bottle. The snow is collected into a pile with the scraper and scooped into glass jars
from the snow tables. The tables are divided into three sections and each area of sam-
ple collected is measured. When the samples have been collected, the remainder of
snow is scraped off so that the table is left blank and ready to collect the next snowfall.15

Using a very similar procedure, ground samples are collected close to the tables. The
surface snow (approximately 1 cm deep) is scraped into a pile using a Teflon scraper.
The snow is then scooped into the glass sample jars. Snow samples are kept in the
jars in sealed zip locked bags, in coolers and are kept frozen. The coolers are filled with
snow and hand carried from Alert to Toronto where they remain frozen until analysis.20

2.6 Snow analysis

The sample jars and lids are cleaned in a multi-stage process: soap bath, concen-
trated hydrochloric acid, concentrated nitric acid, then air dried in a clean-lab. Jars are
numbered and pre-weighed before they are packed in coolers and sent to Alert. Blank
water is generated using a multi-stage purification process: reverse osmosis, distil-25

lation, passage through two Milli-Q systems with UV-digestion. Bromine monochlo-
ride (0.1 N BrCl) is prepared using low-Hg hydrochloric acid (HCl; JT Baker Instra-
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analyzed), bromic acid (Sigma) and potassium bromate (Alfa Aesar). Alkaline stan-
nous sulphate is produced from stannous sulphate (Alfa Aesar and Sigma) and low-Hg
sodium hydroxide (Anachemia Science).

Prior to analysis, sample jars are weighed and 0.1N BrCl is added to the thawing
snow samples to give a final concentration of 0.4 %. Total-Hg in the melted snow is5

determined by direct cold-vapor atomic fluorescence detection after reduction with al-
kaline stannous sulphate. The detection limits of this method are typically 0.05 pgmL−1,
based on three times standard deviation of the analytical blanks. The analytical sys-
tem couples an autosampler (Gilson 222) and an atomic fluorescence detector (Tekran
2500) and uses a chromatography interface and software for signal capture and peak10

integrations. The phase separator was built in-house and made of PFA Teflon with
a polyethylene gas bubbler and actively pumped liquid inlet and outlets. A gas phase
drier (Nafion) removes water from the sample gas before it passes into the AFS detec-
tor.

Quality assurance and control samples included laboratory, bottle, trip and field15

blanks. In all cases, 250 mL of ultra-pure blank water is added to the blank jars, along
with 0.1 N BrCl to give the same concentration as the samples. The 250 mL value is
selected because it was close to the average volume of the melted snow samples.
Standard reference water is run alongside samples during analyses. All samples are
pre-screened by running 10 mL single samples to determine general THg concentra-20

tions. The samples are split into low and high samples to fit calibration standards with
equivalent concentration ranges. The final analytical runs determined samples as du-
plicates or triplicates and spike recoveries were determined every eight to ten samples.
Analytical blank results are not subtracted from sample results, since the blank water is
independent of the sample results and reagents used have been determined to be be-25

low the detection limits of the method. These blank results are used as a base value for
the various other blanks determined. Field blank averages are used to correct sample
results, after conversions to average mass per jar values.
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3 Results and discussion

3.1 Long-term speciation data

Ten years of gaseous elemental mercury (GEM), reactive gas phase mercury (RGM)
and particulate mercury (PHg) concentration measurements from Alert, Canada from
2002 to 2011 are shown in Fig. 1. Measuring accurate and reliable atmospheric GEM,5

RGM and PHg has its challenges (Gustin and Jaffe, 2010) especially in the remote high
Arctic. Few long term mercury speciation measurements have been reported around
temperate regions and only one for the Arctic (Cole et al., 2013). This time series
shows that the annual signature of mercury species repeats from year to year. The
years 2003, 2006 and 2010 are not anomalous but reflect instrumental problems and10

hence a lack complete data sets for those years.
Figure 2 shows box plots of the monthly concentrations of GEM, RGM and PHg

over the 10 yr period. The middle line in the box indicates the median concentration;
the bottom and top of the box represent the 25th and 75th percentiles; the whiskers
above and below the box indicate the 90th and 10th percentiles and the dots indicate15

the maximum and minimum values in the data set. A distinct annual cycle for all three
species is highlighted in this figure. Annual statistics of PHg and RGM show consid-
erable variability among years. The monthly and overall statistics of PHg and RGM
are presented in Table 2. The overall PHg and RGM median concentrations for the
10 yr period are 11.3 and 3.2 pgm−3, respectively, but as is clear from Fig. 2, there20

are considerable changes in the concentrations throughout the year. PHg is very low
in the months June through October (median< 8.4 pgm−3) but begins to increase in
November through February (median range ∼ 9–42 pgm−3). This pattern is seen each
year and is not considered anomalous. High variability in all the data is observed from
March to May and the springtime chemistry is evident in the elevated March to May25

PHg levels (median range 21–103 pgm−3). The increase in PHg over the winter is not
considered to be reflective of AMDE chemistry but may be a product of transport as-
sociation with winter particle pollution (Arctic haze). In contrast, RGM is very low from
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August to February (median range 0.7–5.3 pgm−3), slightly elevated in March and July
(median 7.4 and 4.6 pgm−3, respectively) and high April to June (median range 17–
100 pgm−3). It has been reported that AMDEs stop when the temperature is sustained
above 0 ◦C (Steffen et al., 2005), however there appears to be production of RGM well
into July where air temperatures are above 0 ◦C. This annually occurring higher level5

of RGM in July is variable in concentration and unexpected but is not considered to be
a result from AMDE chemistry. This study focuses on the springtime chemistry from
March to June inclusive. Further in depth investigations into the annual cycling of PHg
and RGM at Alert must be undertaken to explain these patterns.

Finally, Fig. 2 shows the clear decrease in GEM in March concurrent with a notable10

increase in PHg followed by an increase in RGM in May. PHg reaches its maximum
in April and then trails off. In May, the RGM concentrations are highest and trail off
into June where GEM concentrations begin to increase again. Cobbett et al. (2007),
reported a transition of PHg to RGM in the spring of 2005 at Alert and we report here
that this transition occurs each year around the same time (within a 2 week period) for15

the ten years of measurements. This transition from PHg to RGM was also observed
in 2004 in Churchill, Canada on Hudson’s Bay around the same time of the year (Kirk
et al., 2006) and over a longer period at Ny-Alesund in 2007/08 (Steen et al., 2011).

3.2 Factors affecting the transition from PHg to RGM

Previous field and modeling studies have suggested that factors such as specific hu-20

midity, air temperature, wind speed and aerosol particle loadings impact the fraction-
ation of mercury species (Cobbett et al., 2007; Rutter and Schauer, 2007a,b; Amos
et al., 2012). Here relative humidity (RH), air temperature and particle concentration
are investigated for their possible roles in the fractionation of mercury species at Alert.
Monthly plots of air temperature (top) and RH (bottom) for years 2002–2011 and 2004–25

2011, respectively, are shown in Fig. 3. The median RH increases substantially from
April to May. Before the PHg to RGM transition, the April median RH is 74 % and af-
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ter the transition the May RH is 85 %. It has been suggested that a threshold of 75 %
RH marks a decrease in the PHg concentrations in the Arctic spring (Steffen et al.,
2013). Since RH is temperature dependant and describes the water content relative to
saturation, absolute water content (AWC) is also plotted (middle). In Fig. 3, both RH
and AWC follow the same pattern with temperature throughout the year and a similar5

steep increase in both parameters is shown March to May. It can be conceivable that
the transition of PHg to RGM from April to May could be related to water absorption by
aerosols. However, we suggest that other factors affect the transition of PHg to RGM
more effectively and are described below.

The dependence of the transition on the air temperature was investigated by looking10

at the fraction of PHg relative to [PHg]+ [RGM] or Hg(f) (f indicates fraction). Regres-
sions of Hg(f) versus temperature (Fig. 4) indicate that a higher Hg(f) is associated with
colder temperatures. The linear regression r2 values and line slopes for each year from
February to June are shown in Fig. 4. For this part of the study, data from the years
2003, 2006, 2007 and 2010 were not included because of large data gaps. The rela-15

tionships in Fig. 4 are in keeping with the findings of Rutter and Schauer (2007b) who
reported a linear relationship between the logarithm of inverse gas to particle partition-
ing and inverse air and were later confirmed by Amos et al. (2012). The former study’s
data was limited to a minimum air temperature of −3 ◦C and the latter used tempera-
tures down to −16.7 ◦C. Our study reflects a temperature range of −40 to +20 ◦C. Our20

data cannot be directly compared with these two studies, as there are no PM2.5 data
available from Alert to calculate the particle surface area so that the PHg data can be
normalized over differently sized particle surfaces. However, the slopes of the linear re-
gressions between years are very close (see Fig. 4) indicating the relationship between
the air temperature and Hg(f) is similar each year. The years where this relationship is25

not reasonably significant between air temperature and PHg are 2005 and 2008 which
shows a high Hg(f) at temperatures between −5 and 5 ◦C due to anomalously high PHg
concentrations. We have no explanation for the elevated PHg at these times. Cole and
Steffen (Cole and Steffen, 2010) reported a relationship between air temperature and
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the frequency of depletion events. They reported that there were higher frequencies of
depleted GEM reported in March when temperatures were between −40 and −45 ◦C
and between −25 and −20 ◦C in May and suggested that the latter temperature may
be related to the initiation of bromine chemistry but did not provide a firm explanation
for this relationship. Before the transition (March to April), when Hg(f) is greater than5

0.5 (predominantly PHg), the median air temperature is −24.8 ◦C and after the tran-
sition, when Hg(f) is less than 0.5 (predominantly RGM), the median air temperature
is −5.8 ◦C. Thus, results from this study show that PHg is predominant at lower tem-
peratures and suggests that the lower temperatures drive the partitioning of oxidized
mercury from RGM towards PHg. Further, the average temperature during the week10

of transition for all the years, except 2003 and 2010, is −15.6 ± 2.8 ◦C. Indeed, mod-
elling studies have predicted that in colder air masses the predominant Hg+2 fraction
will be PHg rather than RGM (Amos et al., 2012). We conclude that temperature is
a significant driver in the transition of PHg to RGM at Alert during the spring.

The potential impact of the atmospheric aerosol loading on the speciation transition15

from PHg to RGM is also considered. The aerosol is represented here in two ways:
(1) using the particle light scattering measurements from the nephelometer, which is
approximately proportional to the surface area of the submicron aerosol, and (2) the
volume concentration of the sub-500 nm diameter particles, which is proportional to
the mass concentration of the aerosol. The light scattering data are available back20

to 2004, whereas the volume concentration data are only available since 2011; for the
long-lived aerosol measured at Alert, these two quantities are also proportional to each
other. Figure 5 shows monthly box and whisker plots of the particle light scattering co-
efficient (bsca) at 550 nm wavelength (yellow boxes) and Hg(f) (grey boxes) for January
to June. From January to April both bsca and Hg(f) are relatively steady. In May, when25

the transition from pHg to RGM occurs, Hg(f) decreases to lower values concurrent
with a significant decrease in the bsca. The slight increase in the PHg fraction in June is
curious and may reflect the relatively low PHg and RGM concentrations in comparison
to the high values in the previous months (Table 2) and thereby skewing the Hg(f). Fig-
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ure 6 shows PHg as a function of the total volume concentration of particles less than
500 nm for hourly averages during March through June 2011. These results show that
PHg is associated with higher particle volume for March and April, May is a transition
month to lower particle volume and June shows no association with PHg. That result
is consistent with the trend of bsca and Hg(f) in Fig. 5, indicating that a larger Hg(f) is5

associated with higher concentrations of particle surface area and volume. Since PHg
is believed to be due to RGM adherence to particles in the air (Sheu and Mason, 2004)
it is concievable that the presence of more particle surface area or volume in the air
may contribute to an increased shift of RGM to PHg during January to April at Alert.
The higher particle volume concentrations during January to April are linked with Arctic10

Haze (Barrie, 1986) and we hypothesize that the presence of Arctic haze is a significant
contributor to the increased levels of PHg during this period. This is not the first report
of an influence of arctic haze on mercury as Douglas and Sturm (2004) linked mercury
levels and arctic haze in the snow around northern Alaska. Other aerosols such as sea
salts and ice crystals are also common during the spring at Alert. Both these aerosols15

are effective scavengers of RGM and have been associated with elevated levels of PHg
and Hg in the snow (Rutter and Schauer, 2007a; Douglas et al., 2008; Malcolm et al.,
2010; Steffen et al., 2013). Coarse particle Na+, mostly sea salt derived, is elevated in
February and the beginning of March at Alert (Leaitch et al., 2013) but drops off in April
while the PHg levels remain high; ice crystals were not measured at Alert. Partitioning20

of gas-phase mercury to particles can be dependent on the composition of the aerosol
(Rutter and Schauer, 2007a). Particles containing sodium nitrate and sea salt com-
ponents have shown the highest partition coefficients. Each year PHg at Alert begins
to increase in March and then climbs to a maximum in April and are concurrent with
sea salts and arctic haze particle increases. Further study is required to identify which25

types of particles dominate both the atmospheric transition and deposition of mercury
in the spring.
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3.2.1 Mercury in snow at Alert

Mercury can be deposited onto the snow and ice surfaces enabling its distribution
into the environment. All 3 forms of mercury can deposit from the atmosphere to the
snow surface. While RGM and PHg have higher deposition velocities than GEM, GEM
deposition is significant because of its much higher concentration in the atmosphere5

compared to the other mercury species (Lin, 2006). However, for this paper, we are fo-
cussing on the deposition of RGM and PHg in the context of AMDE occurrence at Alert.
A review of mercury behaviour in snow concluded that PHg deposited to snow is likely
to remain in the snow pack, while deposited GEM is immediately re-emitted (Durnford
and Dastoor, 2011). RGM undergoes several processes including photo reduction and10

emission and oxidation in the snow and thus its fate is uncertain (Durnford and Das-
toor, 2011). These authors conclude that, because of the heterogeneity of snow and
mercury deposition around the Arctic, single field studies reporting concentration of
mercury in the snow may not allow for extrapolation of deposition on a regional scale.

Since 1998, snow samples have been collected at Alert in the spring just after a snow15

event. The number of samples has depended on the number of snow events occurring
in a given year and on local operator availability to sample the snow. Figure 7 shows
box and whisker plots of the concentrations of Hg from Alert (1998–2011) in the snow
(in pgg−1) from both the table (top) and ground samples (bottom). It is evident that
significantly lower Hg concentrations are observed from the ground samples in com-20

parison to the table samples, reinforcing the use of snow table sampling here. Snow
sampling was undertaken to investigate springtime chemistry and thus occurred only
during the months of February to June. To the authors’ knowledge, this is the only data
set of its kind from the Arctic. Collecting snow on a table in this manner is believed to
give a reasonable measure of Hg that is removed from the atmosphere by snow. Sur-25

face samples are generally collected from the first 1 cm of the snow pack but accurately
limiting the sampling to that level is challenging and in any case may well contain some
older snow which would bias the obtained concentrations of its components. Further-
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more, surface/ground snow samples can be compromised by contribution from blowing
snow, multiple snow events and loss of deposited material to deeper layers of the snow
pack.

Figure 7 shows the monthly distribution of Hg in snow from February to June from
1998 to 2011. These results show that there is a small but increasing amount of Hg in5

the snow in February, March and April and that levels peak in May and then trail off in
June. There have been reports of similar observations from short term field studies or
shorter times (Lu et al., 2001; Durnford and Dastoor, 2011) but nothing this extensive
over such a long period of time.

The relationship between the level of Hg in the snow and the atmosphere (RGM10

and PHg) is explored in Fig. 8. We do not include GEM in this discussion because as
mentioned earlier it is believed to be rapidly re-emitted from the snow. In this figure
the mercury concentration in snow (2002–2011) is plotted together with PHg and RGM
concentrations from February to June (averaged for each Julian day for all data from
2002 to 2011). It can be seen that when the PHg to RGM transition occurs in the15

atmosphere, there is an increase in Hg levels in the snow. This was found to repeat
each year without fail, when snow samples were collected, over the ten-year period.
We conclude that the highest deposition of mercury to the snow in the Arctic depends
on what form of mercury is present in the atmosphere and the atmospheric conditions
that lead to the presence of a given mercury fraction in the air. PHg is scavenged more20

efficiently by snow than RGM (Amos et al., 2012) which will aid in the deposition of
PHg to the snow surface. As shown in Fig. 8, the decrease in PHg and drop in particle
numbers in May coincides with the initial increase of Hg in the snow. Subsequently, the
levels of mercury in snow keep rising (and falling) concurrently with the concentration
of RGM. RGM is known to have a higher dry deposition velocity (Zhang et al., 2009)25

and can readily deposit onto the snow surfaces which could explain these trends. In
any case, our data show that the highest deposition to the snow in the spring at Alert
is during and after the transition of PHg to RGM in the atmosphere.
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4 Conclusions

Atmospheric speciated mercury measurements reveal strong seasonality as well as
significant variability within the spring season. Low PHg concentrations are found in the
summer, increase towards the winter and peak in March and April. RGM concentration
levels are lowest from August to February, peak in May and remain elevated until July.5

The most significant finding is the abrupt transition of PHg to RGM during April to
May that is repeated over a ten-year period. Fourteen years of snow sampling data
from Alert show that the concentrations of mercury in the snow increase as the spring
season progresses, peak in May and decrease thereafter.

The results from considering atmospheric factors that may have an impact on the10

transition from PHg to RGM are as follows:

1. The partitioning of oxidized mercury shows a higher fraction of PHg at low tem-
peratures. We hypothesize that this is due to increases partitioning of RGM to
available particles at low temperatures. Prior to the transition from predominance
of PHg, the median air temperature is −24.8 ◦C and after the transition the median15

air temperature is −5.8 ◦C. The average temperature over the transition period is
−15.6±2.8 ◦C.

2. The availability of high levels of aerosols during the springtime is a strong driver
for the high PHg concentrations repeatedly reported during the Alert springtime
period. From February to April particles such as arctic haze and sea salts can20

provide the surface area for RGM adsorption. A strong decrease in the particle
concentration in the air is concurrent with a sharp decline in PHg.

3. It is possible that the transition of PHg to RGM from April to May could be related
to water absorption by aerosols. However, we suggest that other factors affect the
transition of PHg to RGM more effectively and are described below.25

We believe that the transition in mercury speciation between particle phase and gas
phase is primarily due to a combination of air temperature and particle concentration.
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More investigation is needed to determine the relative roles of air temperature and par-
ticle concentration and to understand if particle-bound water is a significant factor in
this transition. Fourteen years of snow sampling at Alert show that the concentrations
of mercury in the snow increase as the spring season progresses, peak in May and
decrease thereafter. Ten years of data from the snow and atmospheric measurements5

are linked to show that during the PHg transition to RGM there is a concurrent increase
in the concentration of mercury in the snow; subsequent to this transition, the concen-
tration in snow appears to mirror the rise and fall in the concentration of RGM in the air.
Thus, the highest deposition of mercury to the snow in the spring at Alert is during and
after the transition of PHg to RGM in the atmosphere.10
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Table 1. Detection limits for each year for annual and springtime measurements and the number
of samples represented for each data point from 2002 to 2011 at Alert, Canada. Detection limits
are reported in pgm−3.

Detection Limit 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
(pgm−3)

Annual 10.50 5.50 2.08 1.80 0.73 5.39 1.16 2.25 1.10 1.47
Spring 1.33 6.24 3.08 2.63 1.17 7.89 1.32 3.61 1.93 1.88
No. of samples
Annual 1954 2169 3525 3130 5232 4220 4262 4482 3070 3711
Spring 864 533 916 1000 1452 834 1176 1262 498 1208
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Table 2. Descriptive statistics of PHg (top) and RGM (bottom) for monthly data and overall
data between 2002 and 2011 at Alert, Canada. All concentrations for mean, median, standard
deviation (std dev) and maximum are reported in pgm−3. Number represents the number of
data points included in the statistics. Mean monthly air temperature is reported in ◦C.

PHg Mean Median Std Dev Maximum Number Air Temp

Jan 20.4 13.39 18.08 99.26 1023 −28.0
Feb 50.26 41.87 53.31 520.54 926 −30.3
Mar 136.67 102.60 110.38 541.51 1175 −30.5
Apr 149.58 80.56 154.48 748.69 1710 −22.8
May 45.46 21.15 71.74 698.03 1688 −10.6
Jun 12.76 8.40 15.45 153.33 1517 −0.18
Jul 7.36 4.66 7.10 40.98 1638 +4.3
Aug 6.22 3.38 9.55 85.76 1642 +2.2
Sep 5.30 4.54 5.39 48.26 924 −7.39
Oct 10.25 5.46 12.37 70.40 1194 −16.5
Nov 15.25 9.61 17.46 122.30 1297 −23.2
Dec 18.35 9.58 21.91 135.62 1349 −27.4
Overall 41.3 11.3 82.3 748.69 16 083

RGM Mean Median Std Dev Maximum Number

Jan 2.36 2.13 1.22 7.79 942
Feb 5.25 4.98 2.92 37.57 837
Mar 11.35 7.40 15.63 220.56 1147
Apr 33.96 22.20 35.78 331.87 1714
May 120.11 99.88 94.67 877.85 1630
Jun 41.09 16.76 62.13 718.02 1516
Jul 14.78 4.60 30.77 260.95 1687
Aug 4.35 1.46 8.75 108.82 1732
Sep 1.01 0.71 1.37 13.93 1069
Oct 0.88 0.70 0.90 7.99 1452
Nov 1.08 0.94 0.99 10.71 1451
Dec 1.86 1.71 1.98 20.72 1410
Overall 22.6 3.17 51.99 877.85 16 587

Note Minimum values for PHg ranged from 0 to 1.6 and for RGM 0 to 0.4
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Figure 1: Six hourly averaged data for gaseous elemental mercury (GEM - blue), 
particulate mercury (PHg-green) and reactive gaseous mercury (RGM- pink) from 2002 
to 2011 at Alert Nunavut, Canada 
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Fig. 1. Six hourly averaged data for gaseous elemental mercury (GEM – blue), particulate
mercury (PHg-green) and reactive gaseous mercury (RGM – pink) from 2002 to 2011 at Alert
Nunavut, Canada
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Figure 2: Box and whisker plots of monthly gaseous elemental mercury (GEM- blue), 
particulate mercury (PHg-green) and reactive gaseous mercury (RGM-pink) from Alert, 
2002-2011.  GEM is in ng m-3 and PHg and RGM are in pg m-3. Centre line in the box 
represents the median value, the boundaries of the box represent the 25th and 75th 
percentiles, the whiskers represent the 10th and 90th percentile and the dots represent the 
maximum and minimum values in the data set.  
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Fig. 2. Box and whisker plots of monthly gaseous elemental mercury (GEM – blue), particulate
mercury (PHg – green) and reactive gaseous mercury (RGM – pink) from Alert, 2002–2011.
GEM is in ngm−3 and PHg and RGM are in pgm−3. Centre line in the box represents the
median value, the boundaries of the box represent the 25th and 75th percentiles, the whiskers
represent the 10th and 90th percentile and the dots represent the maximum and minimum
values in the data set.
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Figure 3: Box and whisker plots of air temperature, absolute water content (AWC) and 
percent relative humidity (RH) data from Alert. (Air temperature and AWC are data from 
2002-2011 and RH from 2004-2011).  Centre line in the box represents the median value, 
the boundaries of the box represent the 25th and 75th percentiles, the whiskers represent 
the 10th and 90th percentile and the dots represent the maximum and minimum values in 
the data set. 
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Fig. 3. Box and whisker plots of air temperature, absolute water content (AWC) and percent
relative humidity (RH) data from Alert. (Air temperature and AWC are data from 2002–2011
and RH from 2004–2011). Centre line in the box represents the median value, the boundaries
of the box represent the 25th and 75th percentiles, the whiskers represent the 10th and 90th
percentile and the dots represent the maximum and minimum values in the data set.
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Figure 4: Linear regression of Air Temperature versus Particulate Hg Fraction for March 
to June time period (Hg(f) = [PHg]/([PHg]+[RGM])). 
 
Slopes: 2002: -27.7; 2004: -29.4; 2005: -29.4; 2008: -16.5; 2009: -26.7; 2011: -32.4 
Years 2003, 2006, 2007 and 2010 are not included due to large data gaps 
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Fig. 4. Linear regression of Air Temperature versus Particulate Hg Fraction for March to June
time period (Hg(f)= [PHg]/([PHg]+ [RGM])). Slopes: 2002: −27.7; 2004: −29.4; 2005: −29.4;
2008: −16.5; 2009: −26.7; 2011: −32.4. Years 2003, 2006, 2007 and 2010 are not included
due to large data gaps.
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Figure 5: Monthly box and whisker plot of backscattering (bsca) and mercury fraction 
data from Alert. Nephelometer data is in (Mm-1) for 550nm (yellow) from January to 
June 2004 to 2009.  Mercury fraction data is unitless and is from January to June 2002 to 
2011.  
Centre line in the box represents the median value, the boundaries of the box represent 
the 25th and 75th percentiles, the whiskers represent the 10th and 90th percentile and the 
dots represent the maximum and minimum values in the data set. 
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Fig. 5. Monthly box and whisker plot of backscattering (bsca) and mercury fraction data from
Alert. Nephelometer data is in (Mm-1) for 550 nm (yellow) from January to June 2004 to 2009.
Mercury fraction data is unitless and is from January to June 2002 to 2011. Centre line in
the box represents the median value, the boundaries of the box represent the 25th and 75th
percentiles, the whiskers represent the 10th and 90th percentile and the dots represent the
maximum and minimum values in the data set.
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Figure 6: Particulate mercury (PHg) concentration (pg m-3) as a function of Total 
Volume Concentration of Particles (< 500nm) for the months March, April, May and 
June 2011 at Alert, Canada. 
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Fig. 6. Particulate mercury (PHg) concentration (pgm−3) as a function of Total Volume Con-
centration of Particles (< 500 nm) for the months March, April, May and June 2011 at Alert,
Canada.
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Figure 7:  Long term snow sampling measurements at Alert from 1998 to 2011 sampled 
on an event basis.  Samples are expressed as concentration of mercury (pg g-1) and were 
collected from a Teflon covered table (top - blue) and from the top layer of the snow pack 
(bottom – purple). Centre line in the box represents the median value, the boundaries of 
the box represent the 25th and 75th percentiles, the whiskers represent the 10th and 90th 
percentile and the dots represent the maximum and minimum values in the data set. 
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Fig. 7. Long term snow sampling measurements at Alert from 1998 to 2011 sampled on an
event basis. Samples are expressed as concentration of mercury (pgg−1) and were collected
from a Teflon covered table (top – blue) and from the top layer of the snow pack (bottom –
purple). Centre line in the box represents the median value, the boundaries of the box represent
the 25th and 75th percentiles, the whiskers represent the 10th and 90th percentile and the dots
represent the maximum and minimum values in the data set.
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Figure 8: Atmospheric mercury speciation concentration data PHg and RGM (pg m-3) 
and Hg concentration (pg g-1) from the snow (table) from February to June for all data 
from 2002 to 2011.  The atmospheric data has been averaged per Julian day over all the 
years. 
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 Fig. 8. Atmospheric mercury speciation concentration data PHg and RGM (pgm−3) and Hg

concentration (pgg−1) from the snow (table) from February to June for all data from 2002 to
2011. The atmospheric data has been averaged per Julian day over all the years.
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