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Abstract. A portion of the highly toxic methylmercury that
bioaccumulates in aquatic life is created from mercury en-
tering bodies of water with snowpack meltwater. To deter-
mine the importance of meltwater as a source of aquatic
mercury, it is necessary to understand the environmental pro-
cesses that govern the behavior of snowpack-related mercury.
In this study we investigate relationships among 5 types of
snowpack-related mercury observations and 20 model envi-
ronmental variables. The observation types are the 24-h frac-
tional loss of mercury from surface snow, and the concen-
trations of mercury in surface snow, seasonal snowpacks, the
snowpack meltwater’s ionic pulse, and long-term snowpack-
related records. The model environmental variables include
those related to atmospheric mercury, insolation, wind, at-
mospheric stability, snowpack physical characteristics, atmo-
spheric pressure, and solid precipitation. Bivariate and mul-
tiple linear regressions were performed twice for each mer-
cury observation type: once with all observations, and once
excluding observations from locations where the snowpack’s
burden of oxidizing and stabilizing halogens is known or
presumed to affect snowpack mercury. Since no observa-
tions from long-term snowpack-related records were consid-
ered affected by halogens, this group of observations was in-
cluded with the sets of uninfluenced observations and was not
discussed with the complete, original sets of observations.

When all observations are included, only 37 % of their vari-
ability can be explained, on average, with significance con-
fidence levels averaging 81 %; a separate regression model
predicts each mercury observation type. Without the influ-
ence of halogens, the regression models are able to explain
an average of 79 % of the observations’ variability with sig-
nificance confidence levels averaging 97 %. The snowpack-
related mercury observations are most strongly controlled
by the dry and wet depositions of oxidized mercury, and
by precipitation. Mercury deposited through wet processes
is more strongly retained by snowpacks than mercury de-
posited through dry processes. Revolatilization of mercury
deposited through wet processes may be inhibited through
burial by fresh snowfalls and/or by its more central location,
compared to that of mercury deposited through dry deposi-
tion, within snowpack snow grains. The two depositions of
oxidized mercury together explain 84 % of the variability in
observed concentrations of mercury in surface snow, 52 % of
the variability of observed concentrations of mercury in sea-
sonal snowpacks and their meltwater’s ionic pulse, and only
20 % of the variability of observed concentrations of mer-
cury in long-term snowpack-related records; other environ-
mental controls seemingly gain in relevance as time passes.
The concentration of mercury in long-term records is appar-
ently primarily affected by latitude; both the primary sources
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of anthropogenic mercury and the strong upper-level zonal
winds are located in the midlatitudes.

1 Introduction

In aquatic environments, given the presence of bacteria, mer-
cury may be methylated. Methylation occurs in freshwater
wetlands (Loseto et al., 2004; Goulet et al., 2007), peatlands
(Mitchell et al., 2008a), lakes (Gilmour and Henry, 1991) and
oceans (Mason and Fitzgerald, 1993; Monperrus et al., 2007;
Sunderland et al., 2009). Since methylmercury bioaccumu-
lates in fish and marine mammals and is a potent neuro-toxin,
it poses a serious health risk to humans. In the Arctic, where
country foods include large marine mammals and fish, this
issue is of great concern (Van Oostdam et al., 2005).

The source of the mercury found in the Arctic Ocean has
been debated (Outridge et al., 2008). Although riverine out-
flow may be the dominant source of marine mercury locally
(Leitch et al., 2007), it has been estimated that atmospheric
deposition is the largest source of mercury in the Arctic
Ocean as a whole (Outridge et al., 2008). This result is con-
sidered uncertain. An important source of the uncertainty is
the lack of knowledge concerning the fate of mercury de-
posited onto snow-covered surfaces. The deposition of mer-
cury onto snowpacks can be significant at high latitudes in
spring as a result of Atmospheric Mercury Depletion Events
(AMDEs; Schroeder et al., 1998; Lu et al., 2001; Berg et al.,
2003; Ariya et al., 2004; Christensen et al., 2004; Heidam et
al., 2004; Skov et al., 2004; Ferrari et al., 2005; Travnikov,
2005; Brooks et al., 2006; Kirk et al., 2006; Constant et al.,
2007; Sommar et al., 2007; Johnson et al., 2008; Steffen et
al., 2008). The mercury that is not revolatilized may enter
the Arctic Ocean with the snowpack meltwater. To date, it
is unknown what fraction of mercury is revolatilized from
snowpacks. Many studies have tried to determine the frac-
tion revolatilized (St. Louis et al., 2005, 2007; Steffen et al.,
2005; Kirk et al., 2006; Brooks et al., 2008a; Hedgecock et
al., 2008; Johnson et al., 2008; Outridge et al., 2008; Hird-
man et al., 2009; Dommergue et al., 2010). The studies do
not provide substantial reasoning as to why some locations
have higher values for loss than others.

The amount of mercury that is revolatilized from snow-
packs can be closely related to the amount of mercury that is
deposited, as is demonstrated by Fig. 1. This figure presents
observed net GEM emission at Ny-Ålesund in 2008 and the
simulated deposition of oxidized mercury through both wet
and dry processes. The observations are presented in Steen
et al. (2009). The mercury model involved is described in
Sect. 3.2.1. Figure 1 provides clear evidence that the emis-
sion of mercury from snowpacks can be directly linked to
previously-deposited mercury. As this figure demonstrates,
the relationship between mercury deposition and emission is
often very strong both in terms of magnitude and timing, with
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Fig. 1. Time series of net emission (blue) and deposition of oxi-
dized mercury by both wet and dry processes (red) for Ny-Ålesund
in 2008. The net emission was observed (Steen et al., 2009). The
deposition of oxidized mercury was simulated by GRAHM.

deposition preceding emission slightly. However, this figure
also demonstrates that the mercury deposition/emission rela-
tionship is not simple. During the first half of the time series,
total emission exceeds total deposition; the revolatilization
of mercury accumulated in the snowpack during polar winter
(Steen et al., 2009) and/or during AMDEs earlier in the sea-
son (Steffen et al., 2005; Hirdman et al., 2009) may explain
the excess emission. During the second half of the time se-
ries, total deposition appears to exceed total emission; the ob-
servation gap precludes a definitive statement. During other
periods, the deposition/emission relationship is less evident.

The close relationship of Fig. 1 between the simulated de-
position of oxidized mercury and the observed net emission
of GEM motivated us to attempt to decipher the environmen-
tal controls that govern the fate of mercury deposited onto
snowpacks. If these controls can be determined, observa-
tions of snowpack-related mercury will provide an additional
constraint on atmospheric mercury models. Additional con-
straints are required to improve the accuracy of these models.

Prior efforts to model the fate of mercury deposited onto
snowpacks include a representation by Dastoor et al. (2008)
of AMDEs and their associated deposition and revolatiliza-
tion in a global three-dimensional model. The represen-
tation of the processes involved was simplistic. Holmes
et al. (2010), who also used a global model, constructed a
snowpack reservoir to accumulate deposited mercury. The
revolatilization of this mercury was based on a 180-day life-
time, which decreased to 21 days when atmospheric temper-
atures exceeded 270 K (−3◦C). In addition to these global
models, several small-scale process models that represent
the behavior of snowpack-related mercury have been de-
scribed in the literature. Both Ferrari et al. (2004) and Faı̈n
et al. (2008) modeled the diffusion of GEM in the interstitial
air of snow. Fäın et al. (2009) used a diffusion model to de-
duce historic atmospheric surface-level GEM concentrations
from concentrations of GEM in firn air. Poulain et al. (2007b)
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constructed a mass balance for mercury in snowpacks where
wet deposition, dry deposition and throughfall constituted
mercury sources, while revolatilization and snowmelt con-
stituted sinks. Values of wet deposition, revolatilization and
snowmelt were calculated from observations of wet depo-
sition and the concentration of mercury in the springtime
snowpack, along with calculated rates of reduction under dif-
ferent canopies. The sum of dry deposition and throughfall
was derived from these values and the observed snowpack
mercury concentration.

Thus, to date, no one has simulated the behavior of mer-
cury in snowpacks in anywhere near its full complexity.
We undertook a three-part project to decipher the envi-
ronmental controls that determine the fate of mercury de-
posited onto snowpacks. The first part reviewed the relevant
literature, compiled datasets of observed concentrations of
snowpack-related mercury, and theoretically determined the
physical and chemical processes that govern the behavior of
snowpack-related mercury. The results of this work are de-
scribed in Durnford and Dastoor (2011).

The second part of the project consists of the present
study. This study further investigates the theoretically-
derived physico-chemical controls on snowpack-related mer-
cury by statistically exploring the relationships between en-
vironmental variables and observations of mercury in snow-
related media. No such study has ever been performed. This
study further supports the development of a parameterization
for the fate of mercury deposited onto snowpacks. The obser-
vations of mercury related to snowpacks that are used in the
current statistical study were gathered from the literature and
were presented in Durnford and Dastoor (2011) (Sect. 3.1).
Five types of mercury observations were provided: the 24-h
fractional loss of mercury from surface snow, and concen-
trations of mercury in surface snow, seasonal snowpacks, the
snowpack meltwater’s ionic pulse, and long-term snowpack-
related records. None of the snowpack-related mercury ob-
servations used in this statistical study are simulated. No new
model development is described in the present study. How-
ever, we have used an established version of an atmospheric
mercury model (Sect. 3.2.1) to provide the values of the en-
vironmental variables (Sect. 3.2.2). The 20 environmental
variables used include meteorological fields, such as wind
speed and precipitation, as well as mercury deposition fluxes
(Sect. 3.2.2).

The third component of the project consists of the develop-
ment of a snowpack/meltwater model for mercury for inclu-
sion in large-scale atmospheric mercury models. The snow-
pack/meltwater model predicts the fate of mercury in snow-
packs and snowpack meltwater based on mercury deposition
and the local physical and chemical environments. It is based
on the results of the first part of the project and the present
statistical study. The snowpack/meltwater model is described
and its performance evaluated in Durnford et al. (2012).

In the remainder of this article, Sect. 2 describes the chem-
ical and physical processes that determine the fate of mercury

deposited onto snowpacks. Sect. 3 describes the snowpack-
related mercury observations and the simulated environmen-
tal variables used in the study. The calculations performed
are also described. In Sect. 4, the results are presented and
discussed. Finally, Sect. 5 provides a summary and our con-
clusions.

2 Mercury-related processes in snowpacks

The processes affecting mercury deposited onto snowpacks
depend on the mercury species involved. Gaseous elemen-
tal mercury (GEM) deposited onto snowpacks is likely
revolatilized immediately given that it is highly labile
(Bartels-Rausch et al., 2008). Deposited particulate mercury
(PHg) is likely retained by the snowpack given that high con-
centrations of mercury and particles or their proxies are of-
ten collocated (Balogh et al., 2000; Schuster et al., 2002; St.
Louis et al., 2005; Cobbett et al., 2007; Loewen et al., 2007;
Poulain et al., 2007a, b; Witherow and Lyons, 2008; Jitaru
et al., 2009). In contrast, deposited reactive gaseous mercury
(RGM) may be reduced to GEM, primarily through photore-
duction by UV-B radiation in the 305-320 nm wavelength
range (Lalonde et al., 2003; Poulain et al., 2004; St. Louis et
al., 2005; Dommergue et al., 2007; Faı̈n et al., 2007; Johnson
et al., 2008; Sherman et al., 2010). GEM is likely the only
mercuric species that is emitted. Prior to revolatilization, a
fraction may be reoxidized and, consequently, retained by the
snowpack (Lalonde et al., 2003; Ferrari et al., 2004; Poulain
et al., 2004; Mann et al., 2005; Faı̈n et al., 2006, 2007, 2008;
Lahoutifard et al., 2006; Lin et al., 2006; Dommergue et al.,
2007; Poulain et al., 2007b).

Field and laboratory studies suggest that GEM is
revolatilized from the top∼2 centimeters of the snowpack
(Brooks et al., 2008a; Johnson et al., 2008; Dommergue
et al., 2007; Fäın et al., 2007). Prior to revolatilization,
GEM molecules must be transported to the snowpack’s sur-
face. The transport is effected by molecular and turbulent
diffusions (Albert and Shultz, 2002). Molecular diffusion
is ubiquitous but slow (Albert and Shultz, 2002). Turbu-
lent diffusion, or snowpack ventilation, is forced by atmo-
spheric surface-level turbulence. This turbulence may be in-
duced locally by wind interacting with a rough surface or by
radiationally-forced thermal instability, or it may be gener-
ated elsewhere and imported (Kuhn, 2001; Albert and Shultz,
2002; Anderson and Neff, 2008).

The rates of photoreduction and revolatilization of GEM
to the atmosphere increase significantly at the onset of
snowmelt (Dommergue et al., 2003; Faı̈n et al., 2007; Som-
mar et al., 2007; Brooks et al., 2008b; Douglas et al.,
2008). This causes a surge in the concentration of atmo-
spheric surface-level GEM. Simultaneously, a considerable
fraction of the snowpack’s oxidized mercury content exits
the snowpack in the meltwater’s ionic pulse (Bales et al.,
1990; Bishop et al., 1995; Allan et al., 2001; Kuhn, 2001;
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Lindberg et al., 2002; Dommergue et al., 2003, 2010). The
ionic pulse lasts a few days (Bales et al., 1990; Bishop et al.,
1995; Dommergue et al., 2003). It contains ionic concentra-
tions that are higher than in the snowpack and that are 5–10
times higher than average meltwater concentrations (Bales et
al., 1989, 1990).

The physico-chemical processes described above deter-
mine the fate of mercury in snowpacks, firn and ice (Durn-
ford and Dastoor, 2011). The processes determining the fate
of mercury in snowpack meltwater are similar. Regional vari-
ations in the behavior of snowpack-related mercury are pro-
duced by differing local environmental conditions (Durnford
and Dastoor, 2011). For instance, snowpack-related halogens
oxidize mercury while halides stabilize snowpack-related ox-
idized mercury (Lalonde et al., 2003; Ferrari et al., 2004;
Fäın et al., 2006, 2008; Bartels-Rausch et al., 2011). Both the
oxidation and the stabilization processes promote the reten-
tion of snowpack-related mercury. Thus, a smaller fraction of
deposited mercury will be revolatilized at locations with ele-
vated concentrations of snowpack-related halogen species.

A smaller fraction of deposited mercury will also be
revolatilized at locations where the snowpack ventilation
is weaker. This includes locations that experience weaker
winds and/or less radiationally-induced atmospheric thermal
instability (Albert and Shultz, 2002; Steffen et al., 2002; La-
houtifard et al., 2005; Steen et al., 2009; Durnford and Das-
toor, 2011). Furthermore, for a given amount of atmospheric
surface-level turbulence, which drives snowpack ventilation,
the ventilation decreases with increasing snowpack density
(Kuhn, 2001; Albert and Shultz, 2002; Domine et al., 2008).

The revolatilization of mercury from snowpacks is also
seemingly reduced by the reception of fresh snow. It has been
hypothesized that new snowfalls can render mercury unavail-
able for revolatilization by burying the previous surface layer
along with its mercury content (Witherow and Lyons, 2008;
Dommergue et al., 2010). As mentioned above, several stud-
ies reported that emitted GEM is sourced from only the top
∼2 centimeters of the snowpack. It is possible that either the
photoreduction that converts RGM to GEM within the snow-
pack (see above) is too weak at the former surface layer’s
new depth, or that the transport to the snowpack’s surface of
the GEM produced is too inefficient. As mentioned above,
GEM is the only mercuric species emitted.

A smaller fraction of mercury is revolatilized from snow-
packs under canopies than in adjacent open areas (Poulain
et al., 2007b; Nelson et al., 2008). Although multiple pro-
cesses contribute to this differential behavior (Fatnassi et al.,
2006; Poulain et al., 2007b; Yue et al., 2008), the primary
mechanism responsible for the higher retention rate in snow-
packs under canopies is likely the shadowing effect (Poulain
et al., 2007b). This effect reduces the amount of solar inso-
lation reaching the surface of the snowpack. Consequently,
since RGM is converted to GEM primarily through photore-
duction (see above), less GEM is produced within a shaded
snowpack.

At all locations, whether at mid or high latitudes, the
revolatilization of mercury from snowpacks to the atmo-
sphere depends on the difference of the GEM concentrations
in the two media (Loux, 2001; Hansen et al., 2006). However,
the extent of the impact of the concentration of atmospheric
surface-layer GEM on this process is unknown. Furthermore,
given the occurrence of high latitude AMDEs with their ex-
tremely low atmospheric surface-layer GEM concentrations
(Schroeder et al., 1998; Lu et al., 2001; Bottenheim et al.,
2002; Lindberg et al., 2002; Ferrari et al., 2005; Brooks et
al., 2006; Kirk et al., 2006; Constant et al., 2007; Sommar et
al., 2007; Steffen et al., 2008), it may be difficult to discern
any general relationship between this concentration and the
extent of revolatilization. In contrast, it seems highly likely,
given Fig. 1 and the discussion above, that revolatilization of
mercury from snowpacks increases with mercury deposition.

3 Methodology

3.1 Observations

Durnford and Dastoor (2011) presented observations of five
types of snowpack-related mercury: the 24-h fractional loss
of mercury from surface snow and concentrations of mercury
in surface snow, seasonal snowpacks, the snowpack meltwa-
ter’s ionic pulse, and long-term snowpack-related records.
By definition, seasonal snowpacks do not last longer than
one year. Consequently, the portion of a multi-season snow-
pack that was created the year prior to the current season
would be classified as a long-term record. Since mercury-
related processes occurring within the two-year old portion
of a multi-season snowpack likely resemble those within sea-
sonal snowpacks more than those within firn or ice cores, sec-
ond year snowpacks are grouped with seasonal snowpacks in
this study. Thus, in this study, long-term snowpack-related
records consist of ice cores, firn and portions of snowpacks
that are older than two years.

The datasets used in this study were compiled by Durn-
ford and Dastoor (2011). They are based on observations
from numerous field studies performed in a wide variety
of polar and temperate regions, as well as the Himalayas.
The reports of the field studies were published from 1978 to
2010. Thus, the datasets of snowpack-related mercury obser-
vations used in this study are not simulated. For readers want-
ing more information on the observations that contributed to
these datasets, Durnford and Dastoor (2011) provided tables
listing the sampling location, the time period involved, the
sampling site and conditions (e.g., offshore/onshore, snow
conditions, whether an AMDE was in progress or not, pres-
ence of a canopy), the sample size, and the mean, maximum
and minimum data values. Characterizing snow conditions is
not straightforward. Snowpacks consist of multiple layers of
snow that are both physically and chemically different (Bales
et al., 1990; King and Simpson, 2001; Sturm and Liston,

Atmos. Chem. Phys., 12, 9221–9249, 2012 www.atmos-chem-phys.net/12/9221/2012/



D. A. Durnford et al.: The impact of environmental factors on mercury in snowpacks 9225

Table 1.Mean 24-h losses of total mercury from surface snow.

Location Latitude (◦ N) Longitude (◦ E) 24-h loss (%) Involved in 2nd References
set of calculations

Antarctic

McMurdo −77.5 159.8 34 yes Brooks et al. (2008b)

Midlatitude

Northwestern Ontario 49.7 −93.7 39 yes Lalonde et al. (2003)
Ste Foy 47.3 −71.3 36 yes Lalonde et al. (2002)

Subarctic

Churchill 58.8 −94.1 51 yes Kirk et al. (2006)
Kuujjuarapik/Whapmagoostui 55.3 −77.8 47 yes Dommergue et al. (2003);

Constant et al. (2007)

Arctic

Barrow 71.3 −156.6 20 no Johnson et al. (2008)
Cornwallis Island 74.9 −95.0 48 yes Poulain et al. (2004)
Ellesmere Island 82.0 −75.0 30 yes St. Louis et al. (2005)
Ny−Ålesund 78.9 11.9 42 yes Sommar et al. (2007);

Dommergue et al. (2010)

2003; Domine et al., 2004; St. Louis et al., 2005; Beine et
al., 2006; Kirk et al., 2006; Loewen et al., 2007). A small re-
gion may be characterized by a variety of snow types follow-
ing the exposure of buried snowpack layers by wind action
(Beine et al., 2006). Although the occurrence of AMDEs is
taken into consideration in this study (Sect. 3.3), the snow
conditions at the sampling site and time are not. Since this
study is interested in general broad-scale relationships be-
tween environmental conditions and snowpack-related con-
centrations and losses of mercury, this omission is not ex-
pected to affect the robustness of the results.

At each location, a mean mercury data value was calcu-
lated from the means provided by the individual field studies
gathered in Durnford and Dastoor (2011), weighted by sam-
ple size. Unspecified sample sizes were arbitrarily set to five.
In all except three cases, the study where the sample size
was unknown was the only study contributing to the mean
value at that location; the assigning of an arbitrary sample
size in these instances has absolutely no effect on the loca-
tion’s mean value. At Barrow, the sample size of 3 of the 12
individual mean concentrations that contribute to the mean
concentration of mercury in surface snow is unknown. Also
at Barrow, the sample size of 3 of the 9 individual mean con-
centrations that contribute to the mean concentration of mer-
cury in seasonal snowpacks is unknown. At Churchill, the
sample size of 1 of the 2 individual mean concentrations that
contribute to the mean concentration of mercury in the snow-
pack meltwater’s ionic pulse is unknown. Varying the arbi-
trarily chosen sample size from 5 to either 1 or 10 adjusts
the mean concentration of mercury in surface snow at Bar-
row, in seasonal snowpacks at Barrow and in the snowpack

meltwater’s ionic pulse at Churchill by± 2 % (<1.3 ng L−1),
± 25 % (∼4 ng L−1), and ± 15 % (<0.75 ng L−1), respec-
tively. Thus, the mean concentration in seasonal snowpacks
at Barrow is characterized by the greatest degree of uncer-
tainty as a result of the unknown sample sizes. However,
given the considerable range in the mean concentration of
mercury in the complete dataset for seasonal snowpacks (0.2
to 520 ng L−1, median = 6.0 ng L−1; Table 3), the Barrow
concentration retains its position at approximately the 75th
percentile whether the unknown sample size is assumed to
be 1 or 10. In conclusion, the assignment of a sample size
of 5 in cases where the actual sample size is unknown has
almost no impact on the study’s results.

Since a given location’s mean mercury value may repre-
sent a single observed data value or the average of mean
values provided by several different field studies, with each
individual mean based on multiple observations, care must
be taken not to overinterpret the study’s results; some lo-
cations’ observed means may be more reliable than others
given the disparity in the number of contributing observa-
tions. Furthermore, sampling and analysis techniques varied
between the contributing field studies. The mean snowpack-
related mercury variable values calculated by Durnford and
Dastoor (2011) are presented in Tables 1 through 5. The ge-
ographic distribution of these mean values is presented in
Durnford and Dastoor (2011). Three long-term snowpack-
related observations are included in Table 5 but not in Durn-
ford and Dastoor (2011). Details concerning these additional
observations are presented in Table 6. In Table 6, an ice core
from the ice near Mizuho Station, Antarctica was sampled by
Murozumi et al. (1978), a firn core from the Dasuopu glacier
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Table 2.Mean concentrations of total mercury in surface snow.

Location Latitude (◦ N) Longitude (◦ E) Hg (ng L−1) Involved in 2nd References
set of calculations

Antarctic

McMurdo −77.5 159.8 101.7 no Sheppard et al. (1991);
Brooks et al. (2008b)

Midlatitude

Northwestern Ontario 49.7 −93.7 1.6 yes St. Louis et al. (1995);
Lalonde et al. (2003)

Wisconsin 46.0 −89.7 4.1 yes Bloom and Watras (1989);
Fitzgerald et al. (1991);
Lamborg et al. (1995)

Ste Foy 47.3 −71.3 3.3 yes Lalonde et al. (2002)
Maine 44.4 −68.3 9.9 yes Nelson et al. (2008)
Alps 45.3 5.8 67.6 no Ferrari et al. (2002);

Fäın et al. (2007)

Subarctic

Churchill 58.8 −94.1 36.0 no Kirk et al. (2006)
Kuujjuarapik/Whapmagoostui 55.3 −77.8 10.0 yes Dommergue et al. (2003);

Lahoutifard et al. (2006);
Constant et al. (2007)

Arctic

Barrow 71.3 −156.6 50.6 no Weiss et al. (1978);
Lindberg et al. (2001, 2002);
Brooks et al. (2006, 2008b);
Douglas et al. (2008);
Johnson et al. (2008);
Sherman et al. (2010)

Ship: Arctic Ocean 79.0 −154.0 21.0 no Lu et al. (2001)
Canadian Archipelago 76.0 −98.0 45.0 no Lu et al. (2001)
Resolute Bay/Cornwallis Island 74.9 −95.0 3.8 no Lu et al. (2001);

Poulain et al. (2004);
Lahoutifard et al. (2005);
Poulain et al. (2007a)

Cornwallis, Ellesmere Islands 78.5 −85.0 30.3 no St. Louis et al. (2007)
Ellesmere Island 82.0 −75.0 3.2 yes St. Louis et al. (2005)
Hudson Bay/Baffin Bay/Davis Str 66.3 −69.7 55.0 no Lu et al. (2001)
Labrador Sea 57.0 −53.0 38.0 no Lu et al. (2001)
Summit 72.6 −38.5 0.9 yes Mann et al (2005)
Ship: N Atlantic, Arctic Oceans 83.5 0.0 3.3 no Aspmo et al. (2006)
Ny−Ålesund 78.9 11.9 44.5 no Berg et al. (2001, 2003);

Ferrari et al. (2005, 2008);
Sommar et al. (2007);
Steen et al. (2009);
Dommergue et al. (2010);
Larose et al. (2010)

in Tibet was sampled by Wang et al. (2008), and an ice core
from a glacier located at 4062 m a.s.l. on a saddle between
the two summits of Belukha in the Siberian Altai (Olivier et
al., 2003) was studied by Eyrikh et al. (2003).

In all, there are 9 mean values of the 24-h fractional loss
of mercury from surface snow, 19 mean concentrations of
mercury in surface snow, 20 mean concentrations of mercury

in seasonal snowpacks, 8 mean concentrations of mercury in
the snowpack meltwater’s ionic pulse, and 8 mean concen-
trations of mercury in long-term snowpack-related records.
Since the observations are not all from a uniform set of loca-
tions, the direct comparison of results for the different types
of snowpack-related mercury observations may not be appro-
priate.
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Table 3.Mean concentrations of total mercury in seasonal snowpacks.

Location Latitude (◦ N) Longitude (◦ E) Hg (ng L−1) Involved in 2nd References
set of calculations

Antarctic

McMurdo −77.5 159.8 0.2 yes Sheppard et al. (1991)
McCarthy Ridge −74.6 163.1 0.5 yes Capelli et al. (1998)
Hercules Ńevé −73.1 165.5 0.2 yes Capelli et al. (1998)

Midlatitude
Tibetan Plateau 31.5 90.0 4.5 yes Loewen et al. (2007)
Idaho 43.5 −112.5 5.7 yes Susong et al. (2003)
Flin Flon 54.8 −101.9 520 no Hicks et al. (2008)
Minnesota 46.0 −94.0 1.0 yes Balogh et al. (2000)
Northwestern Ontario 49.7 −93.7 0.6 yes Lalonde et al. (2003)
North-central
Minnesota

47.5 −93.5 0.8 yes Mitchell et al. (2008b)

Laurentians 46.0 −74.0 2.7 yes Poulain et al. (2007b)
Maine 44.4 −68.3 14.0 yes Nelson et al. (2008)
Alps 45.3 5.8 130.6 no Faı̈n et al. (2007)

Subarctic

Churchill 58.8 −94.1 15.7 no Kirk et al. (2006)
Kuujjuarapik/
Whapmagoostui

55.3 −77.8 5.9 yes Dommergue et al. (2003);
Constant et al. (2007)

Arctic

Barrow 71.3 −156.6 17.7 no Snyder-Conn et al. (1997);
Garbarino et al. (2002);
Lindberg et al. (2002);
Douglas et al. (2008);
Johnson et al. (2008)

Cornwallis Island 74.9 −95.0 6.0 no Poulain et al. (2004, 2007a)
Cornwallis, Ellesmere
Islands

78.5 −85.0 28.0 no St. Louis et al. (2007)

Ellesmere Island 82.0 −75.0 1.1 yes St. Louis et al. (2005)
Alert 83.0 −62.6 10.1 yes Cobbett et al. (2007)
Ny−Ålesund 78.9 11.9 8.5 yes Ferrari et al. (2005);

Dommergue et al. (2010);
Larose et al. (2010)

3.2 Model environmental variables

3.2.1 The model

This study uses environmental variables simulated by En-
vironment Canada’s Global/Regional Atmospheric Heavy
Metals model (GRAHM) (Dastoor and Larocque, 2004; Das-
toor et al., 2008). GRAHM is an Eulerian chemical trans-
port model built on top of EC’s Global Environmental Mul-
tiscale – Global Deterministic Prediction System (GEM-
GDPS) weather forecasting general circulation model (Côté
et al., 1998a, b). GEM-GDPS provides a single versus proba-
bilistic ensemble forecast on a global versus regional domain.

GEM-GDPS uses a semi-Lagrangian advection scheme to
promote stability, and an implicit time scheme to control

high frequency oscillations. The radiative transfer scheme
is based on Fouquart and Bonnel (1980) and Garand and
Mailhot (1990). Stratiform precipitation is calculated by a
Sundqvist-based scheme (Sundqvist, 1978). A Kain-Fritsch
scheme calculates deep convective precipitation (Kain and
Fritsch, 1990). The turbulent mixing of meteorological and
mercury species in the boundary layer is based on turbulent
kinetic energy. Both turbulent kinetic energy and cloud liquid
water/ice content are prognostic model variables.

The error associated with meteorological forecasts pro-
duced by GEM-GDPS varies with the variable being forecast
and the length of the forecast. In the present study, the growth
of error with time is limited by the use of interconnecting
forecasts (see below); the model’s forecasts are tied to ob-
servations every 48 h. Forecasts of 500-hPa geopotential
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Table 4.Mean concentrations of total mercury in the snowpack meltwater’s ionic pulse.

Location Latitude (◦ N) Longitude (◦ E) Hg (ng L−1) Involved in 2nd References
set of calculations

Midlatitude
Northwestern Ontario 49.7 -93.7 7.9 yes Allan et al. (2001)
North−central Minnesota 47.5 -93.5 13.0 yes Mitchel et al. (2008b)
Alps 45.3 5.8 72 no Faı̈n et al. (2007)

Subarctic

Churchill 58.8 −94.1 4.4 no Kirk et al. (2006)
Kuujjuarapik/Whapmagoostui 55.3 −77.8 11.9 yes Dommergue et al. (2003)
Svartberget Catchment 64.2 19.8 3.5 yes Bishop et al. (1995)

Arctic

Barrow 71.3 −156.6 21.3 yes Lindberg et al. (2002);
Douglas et al. (2008)

Ny−Ålesund 78.9 11.9 6.4 yes Dommergue et al. (2010)

Table 5.Mean concentrations of total mercury in long-term snowpack-related records.

Location Latitude (◦ N) Longitude (◦ E) Hg (ng L−1) Involved in 2nd References
set of calculations

Antarctic

Commonwealth Glacier −77.5 16.5 3.8 yes Witherow and
Lyons (2008)

Dome C −76.0 124.0 3.7 yes Vandal et al. (1993); Jitaru
et al. (2009)

Mizuho Station −70.7 44.3 1.5 yes Murozumi et al. (1978)

Midlatitude

Dasuopu Glacier 28.4 85.7 8.6 yes Wang et al. (2008)
Upper Fremont Glacier 43.3 −109.4 7.5 yes Schuster et al. (2002)
Col du Dome glacier 45.8 6.8 2.2 yes Jitaru et al. (2003)
Belukha glacier 49.8 86.6 1.7 yes Eyrikh et al. (2003)

Arctic

Summit 72.6 −38.5 3.3 yes Boutron et al. (1998);
Mann et al. (2005); Fäın
et al. (2008)

heights, a basic meteorological field, are verified regularly.
On an annual basis, 48-h forecasts of 500-hPa geopoten-
tial heights are characterized by a root mean square error
versus North American radiosondes of∼17 m (Environment
Canada, 2012). The performance of GEM-GDPS is compa-
rable to that of global numerical weather prediction models
in operational use at major forecasting centres around the
world.

Meteorological and mercury processes are fully integrated
in GRAHM because at each timestep: (1) mercury emis-
sions are added to the model mercury concentrations, (2) the
meteorological processes and mercury atmospheric physico-

chemical processes are simulated, (3) the mercury species are
transported, and (4) mercury is deposited. The simulations
of the mercuric chemical transformations and depositional
processes use information calculated by the meteorological
component of the model during the same timestep, including
boundary layer stability and the behavior of cloud water/ice.

In GRAHM, ozone and halogens oxidize mercury in the
gas phase while photochemistry and agents such as sul-
fur dioxide reduce mercury in the aqueous phase. Global
three-dimensional monthly climatological concentrations of
oxidants and reductants are used. Dry deposition is based
on the resistance approach. Atmospheric Mercury Depletion
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Table 6.Mean concentrations of total mercury in long-term snowpack-related records that were not included in Durnford and Dastoor (2011).

Location Latitude (◦ N) Longitude (◦ E) Time period sample size Mean (ng L−1) Reference

Antarctic

Mizuho Station, Antarctica −70.7 44.3 – 26 1.48 Murozumi et
al. (1978)

Midlatitudes

Dasuopu Glacier, Tibet 28.4 85.7 1998–2005 41 8.59 Wang et al. (2008)
Belukha Glacier, Siberia 49.8 86.6 – 128 1.67 Eyrikh et al. (2003)

Events (AMDEs) are simulated in springtime at high lati-
tudes (Dastoor et al., 2008). Simulating AMDEs involves
three distinct processes: (1) mercury oxidation, which re-
quires the simulation of spatially and temporally localized
releases of oxidizing bromine species to the atmosphere dur-
ing spring; (2) the transport of mercury-depleted air masses;
and (3) the representation of complex, heterogeneous atmo-
sphere/snowpack mercury fluxes. It is likely that the relative
importance of these three processes varies by location and
time of year.

We use the global anthropogenic mercury emission fields
produced by the Arctic Monitoring and Assessment Program
(AMAP) for 2005 (Pacyna et al., 2010). Non-anthropogenic
oceanic and terrestrial emissions of gaseous elemental mer-
cury are based on the global mercury budget of Mason
(2009). Terrestrial non-anthropogenic emissions are divided
into direct natural emissions, and emissions of previously-
deposited mercury. The former are distributed according to
the natural geological enrichment of mercury. The latter are
allocated according to the distribution of total deposition of
mercury for historic years. The ratios of nonanthropogenic to
anthropogenic emissions agree with published estimates for
North America (Gbor et al., 2007) and East Asia (Shetty et
al., 2008). The seasonal and diurnal variations of terrestrial
emissions are based on the leaf area index and incoming di-
rect solar radiation following Shetty et al. (2008). The impact
of sea surface temperatures on oceanic emissions is implic-
itly represented through the use of emission values that vary
by month. More explicitly, since evasion decreases with tem-
perature (Poissant et al., 2000; Andersson et al., 2008), these
emissions are zero-valued for atmospheric surface-level tem-
peratures at or below freezing (0◦C). Ocean emissions also
depend on the sea ice cover.

GRAHM was run over a global domain at a 1-degree hor-
izontal resolution with 28 and 58 vertical levels before and
after 31 October 2006, respectively; GRAHM’s vertical res-
olution follows that of the host model, GEM-GDPS. The ver-
tical resolution of GEM-GDPS was increased in 2006 as part
of a technical update of the model. We performed a series
of interconnecting two-day simulations, where each simula-
tion was initialized using observed meteorological analyses

from the Canadian Meteorological Centre. Mercury concen-
trations were passed from one simulation to the next.

In past studies, concentrations of atmospheric mercury
simulated by GRAHM have been verified against observa-
tions (Ryaboshapko et al., 2007a, 2007b; Dastoor et al.,
2008; Durnford et al., 2010, 2012). Concentrations estimated
by GRAHM are within a factor of two of the observed
concentrations. GRAHM’s predicted concentrations are in
good overall agreement with other mercury models (Rya-
boshapko et al., 2007a, b; Travnikov et al., 2010). Unfortu-
nately, observations of total mercury deposition are not avail-
able for model verification. Mercury deposition estimated by
GRAHM is in good overall agreement with estimates from
other models (Travnikov et al., 2010). However, GRAHM
tends to estimate greater deposition at high latitudes, perhaps
as a result of its explicit representation of AMDEs. In gen-
eral, GRAHM’s estimates of concentrations of atmospheric
mercury and its deposition are considered to be within the
observations’ range of error.

3.2.2 The environmental variables

The 20 model environmental variables used in this study
are presented in Table 7. These variables were chosen fol-
lowing Durnford and Dastoor (2011), who determined the
physical and chemical processes that govern the behavior of
snowpack-related mercury. It is hoped that these 20 variables
together provide all the controls for the physical processes.
Since we have multiple model variables describing different
aspects of a given physical environmental characteristic, this
set of 20 variables has some degree of redundancy built in.
We choose to retain all 20 variables, nonetheless, in order
to determine which aspect of each physical environmental
characteristic is most relevant to the behavior of snowpack-
related mercury. For instance, is an average wind speed of
4 m s−1 more effective at driving snowpack ventilation than
an 8 % frequency of wind speeds of at least 6 m s−1?

The environmental variables listed in Table 7 were cal-
culated from 6-hourly model data from 2005 through 2009.
The 5-yr averaging period filters out the intra-annual vari-
ability of the environment. Accumulated variables (dry
and wet depositions of oxidized mercury, and total solid
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Table 7.Model environmental variables.

Number Variable Description Notes

atmospheric mercuric environment

1 GEM concentration of surface-level atmospheric GEM –
2 DOxDp deposition of oxidized mercury through dry processes –
3 WOxDp deposition of oxidized mercury through wet processes –

variables impacting the photoreduction of oxidized mercury in snowpack-related media

4 Alb Albedo varies monthly
5 SW amount of short-wave radiation absorbed at the surface –
6 LAI leaf area index varies monthly

variables describing atmospheric surface-level wind

7 WdSpAv average wind speed snowpack ventilation driven by wind pumping is
8 WdSpF6 frequency of wind speeds of at least 6 m s−1 more effective with stronger winds

variables describing the surface-layer atmospheric stabilitya

9 TKE surface-level turbulent kinetic energy produced by wind shear and static instability, lost
through viscous dissipation

10 HPBL surface stability function based on the bulk Richardson numberb

11 SfcSFn height of the planetary boundary layer –

variables describing or related to the physical characteristics of the snowpack

12 SnoDp maximum snowpack depth within a single season –
13 SnoDn average snowpack density –
14 RH surface-level relative humidity –
15 SfcT surface-level temperature –

variables describing surface-level atmospheric pressure

16
17

SfcP
SLP

surface pressurec

sea level pressure
as pressure increases locally, skies clear. This pro-
motes photoreduction within the snowpack, and
emission-augmenting radiationally-induced ther-
mal instability. This also diminishes the likeli-
hood that surface-level snowpack mercury will be
buried by fresh snowfalls

variables describing solid precipitation

18
19
20

PrTot
PrF24h
PrF6h

total solid precipitation
frequency of solid precipitation of at least 0.5 mm over 6 h
frequency of solid precipitation of at least 5 mm over 24 h

surface-layer snowpack-related mercury can be
rendered less available for emission by being
buried by new solid precipitation

a snowpack ventilation increases with decreasing surface-level stability;b compares the strengths of turbulence produced thermally and by vertical shear;c increases with altitude.

precipitation) represent the sum of the monthly values using
the months of interest, averaged over the 5-yr period. Aver-
age variables (all variables other than accumulated variables
and snow depth) are the average value of the months of in-
terest over the 5-yr period. For all variables excluding snow
depth, the months used are November through May in the
Northern Hemisphere, and the corresponding months, May
through November, in the Southern Hemisphere. The max-
imum snowpack depth within a single season represents, in
the Northern Hemisphere, the five-year average of the dif-
ference between the maximum pack depth from February
through June and January’s depth. In the Southern Hemi-

sphere, the difference between the maximum depth from Au-
gust through December and July’s depth is used. This process
isolates a single season’s contribution to multi-year snow-
packs. For all variables, values are calculated separately for
each hemisphere and then combined into a single global field.

3.3 Procedure

In this study, we are relating observations of snowpack-
related mercury to model environmental variables.
Observations are valid at a single point. Model fields,
however, provide average values for an entire grid cell. We
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interpolated the model fields to the observation’s location
using the inverse Cressman method (Cressman, 1959).
Nonetheless, comparing the observation to the interpolated
model value remains imperfect; observations are expected
to exhibit significantly more fine-scale variability than the
interpolated model values.

Determining relationships between the observations of
snowpack-related mercury and the model environmental
variables is also complicated by the fact that the observations
were published anywhere between 1978 and 2010 (Sect. 3.1,
Tables 1–5), while the model variables are based on sim-
ulations from 2005 through 2009 (Sect. 3.2.2). It is possi-
ble that concentrations of mercury in snowpack-related me-
dia have changed since the 1970s, given trends detected in
observed concentrations of atmospheric mercury (Cole and
Steffen, 2010; Ebinghaus et al., 2011; Slemr et al., 2011)
and in wet deposition (Risch et al., 2012). However, the ob-
served values that are used in this analysis are often based on
means from multiple studies. These studies were published
primarily from 2000 onwards, and mostly from 2005 on-
wards (Sect. 3.1, Tables 1–5). Furthermore, it is expected that
mercury concentrations in snowpack-related media vary spa-
tially considerably more than they do temporally, given the
importance of local environmental conditions in determining
the fate of mercury deposited onto snowpacks (Durnford and
Dastoor, 2011). Thus, it is unlikely that any temporal vari-
ability in the observed snowpack-related concentrations will
have a significant impact on the results of this analysis. Since
this study uses mean observed values and the 5-year aver-
age (2005-2009) of simulated variables, we expect strong,
low-frequency relationships between snowpack-related mer-
cury observations and model environmental variables to be
revealed.

To detect relationships between observations of snowpack-
related mercury and model environmental variables, we per-
formed two sets of calculations. Both sets of calculations
used all model environmental variables. The two sets of
mercury observations used are: Set1, which contains all ob-
served mean values available for each type of snowpack-
related mercury observation; and Set2, which contains a sub-
set of the observed mean values available for each obser-
vation type. Tables 1 to 5 indicate which of the snowpack-
related mercury observations included in Set1 were also in-
cluded in Set2. As will be discussed further below, Set1 and
Set2 are identical for long-term snowpack-related mercury
observations. Consequently, these observations are assigned
exclusively to Set2. Thus, four mercury observation types are
included in Set1 while five types are included in Set2.

Included in the datasets compiled by Durnford and Das-
toor (2011) but excluded from both Set1 and Set2 are the
observed concentrations of mercury in seasonal snowpacks
and long-term snowpack-related records from studies that
were conducted in Greenland and reported in the 1970s.
The validity of this entire group of studies, with their ten-
dency to report excessively high mercury concentrations,

has been questioned (Jackson, 1997); both sampling proce-
dures and analyzing techniques have improved since these
studies. Additionally, Brooks et al. (2008a) reported ele-
vated observed concentrations of mercury in surface snow
and seasonal snowpacks at South Pole Station. These ob-
servations coincide with extremely high concentrations of
surface-level atmospheric RGM and PHg; the mean concen-
trations in November–December 2003 were 344± 151 and
224± 119 pg m−3, respectively. Given that the atmospheric
concentrations are highly atypical and the snowpack concen-
trations are frequently outliers in scatter plots, the snowpack-
related observations at South Pole Station were also excluded
from this analysis.

To create Set2 from Set1, we subjectively removed mean
values from locations where it is reasonable to believe that
the snowpack contains important levels of oxidizing and
stabilizing halogen species. The distribution of snowpack-
related halogens is highly heterogeneous (Garbarino et al.,
2002; St. Louis et al., 2005, 2007; Constant et al., 2007;
Poulain et al., 2007b). For instance, concentrations of halo-
gens can vary dramatically between snowpacks that are only
hundreds of meters apart but that are on sea ice versus
land (Krnavek et al., 2012). Consequently, concentrations
excluded from Set2 include those where the sampling was
performed offshore; this type of information is provided in
Durnford and Dastoor (2011). Since the sites of field stud-
ies contributing to a location’s observed mean can be widely
distributed, and different types of observations are not always
provided from the same sites, a location may be included in
Set2 for some but not all observation types. Given that we de-
velop separate regression models for each of the five mercury
observation types (Sect. 4.2.2), excluding the mean value of
one or more observation types at a given location will not
affect the models developed for the remaining observation
types. Information on the presence of halogen species in the
snowpack-related media at the sampling site was provided in
some study reports. If no such information was provided, we
removed from Set2 locations in coastal areas where elevated
concentrations of these species are likely.

It is important to realize that snowpacks in locations ex-
periencing AMDEs are not necessarily characterized by the
high halogen contents that promote the retention of mer-
cury within the snowpack. It is true that AMDEs are gen-
erated by halogens in the atmosphere and that AMDEs lead
to significant deposition of atmospheric mercury (Schroeder
et al., 1998; Lu et al., 2001; Berg et al., 2003; Ariya et
al., 2004; Christensen et al., 2004; Heidam et al., 2004;
Skov et al., 2004; Ferrari et al., 2005; Travnikov, 2005;
Brooks et al., 2006; Kirk et al., 2006; Constant et al., 2007;
Sommar et al., 2007; Johnson et al., 2008; Steffen et al.,
2008). However, the oxidized mercury that is produced dur-
ing AMDEs may be transported prior to deposition. There is
no guarantee that the triggering atmospheric halogen species
and the oxidized mercury produced are transported equally
prior to deposition, given their varying atmospheric lifetimes.

www.atmos-chem-phys.net/12/9221/2012/ Atmos. Chem. Phys., 12, 9221–9249, 2012



9232 D. A. Durnford et al.: The impact of environmental factors on mercury in snowpacks

Table 8.Transformations of environmental variables.

Variable 24-h loss Surface snow Snow packs Melt water Long-term records

GEM – – – – –
DOxDp – – log – log
WOxDp – – – – log
Alb – – – – –
SW log log log log –
LAI – – – – –
WdSpAv log log log log log
WdSpF6 – – – – –
TKE log log log – log
HPBL – – – – –
SfcSFn log log log log log
SnoDp log – – – –
SnoDn log log log log log
RH log log log log log
SfcT – – – – –
SfcP log log log log log
SLP log log log log log
PrTot log log log log log
PrF24h log log log log log
PrF6h log log log log log

Similarly, a location may experience AMDEs but little or no
associated deposition of oxidized mercury, given that the at-
mospheric lifetime of GEM is far greater than that of oxi-
dized mercury (Constant et al., 2007; Ferrari et al., 2008).
Thus, halogens and mercury associated with AMDEs are not
necessarily deposited to the same locations or at the same
time. Since it is the halogen content of the snowpack that is
relevant to the retention of mercury within the snowpack, this
differential transport and deposition is important.

Thus, although the creation of Set2 is a subjective pro-
cess, the procedure was conducted in as objective a manner
as possible. It was based on the thorough literature review
described in Durnford and Dastoor (2011). The difference in
the results of the calculations performed for Set1 and Set2 in-
dicates the importance of chemical processes in determining
the behavior of snowpack-related mercury. This is an impor-
tant issue.

Since no observations of long-term snowpack-related
records are known or considered likely to have been influ-
enced by snowpack-related halogens, Set1 and Set2 are iden-
tical for this mercury observation type. Consequently, this
group of observations is included exclusively in Set2; results
pertaining to mercury observations in long-term snowpack-
related records are compared only to results obtained for
other sets of mercury observations included in Set2. Thus,
Set1 effectively contains four mercury observation types
while Set2 contains five.

To develop models that predict snowpack-related mercury
values from environmental variables, we performed bivari-
ate linear regressions between each type of mercury obser-
vation and each model environmental variable for both Set1

and Set2. The linear regressions were performed using Mat-
lab Version 7.13.0.564 (R2011b). Matlab returns the least-
squares solution to the system, where the sum of the squares
of the residuals is minimized (Matlab, 2011). Scatter plots for
each observation type and each model environmental vari-
able were examined. Also examined were plots of the studen-
tized residuals of the bivariate linear regressions, with error
bars representing the 95 % confidence interval. Both mercury
observations and environmental variables were transformed
as required (Table 8) to normalize the data distributions and
the distributions of the residuals, and to ensure the linearity of
the relationships and the homoscedasticity of the data (Bel-
sley et al., 1980; Cook and Weisberg, 1982; Chatterjee and
Hadi, 1986). Thus, the variable transformations ensure that
the conditions required by a linear regression are fulfilled.

The Pearson correlation coefficient (R) between each mer-
cury observation type and each model environmental vari-
able was calculated, as well as the Student’s two-tailed t-
distributionp-value (Matlab, 2011). Ap-value of 0.30 in-
dicates significance at the 70 % confidence level. Model en-
vironmental variables for which the absolute value of the cor-
relation coefficient was at least 0.35 (i.e.|R| ≥0.35) and the
p-value was no more than 0.30 were included in multiple
linear regressions; these variables were deemed to have the
potential to improve a regression model.

Several multiple linear regression models were generated
for each mercury observation type. These models use dif-
ferent combinations of the model environmental variables
that are sufficiently strongly and significantly correlated
(|R| ≥ 0.35,p-value≤ 0.30) with a given observation type.
A models’ performance was evaluated using the coefficient
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Table 9.Results of bivariate linear regressions for Set1. Bold font indicates parameters that are sufficiently strongly (|R| ≥ 0.35) and signifi-
cantly (p-value≤ 0.30) correlated; italics indicate falsely correlated parameters.

Variable 24-h loss Surface snow Snowpacks Meltwater

R p-value R p-value R p-value R p-value
GEM 0.19 0.62 −0.38 0.11 0.45 0.05 0.25 0.55
DOxDp 0.45 0.22 0.12 0.62 0.30 0.20 −0.03 0.94
WOxDp 0.21 0.58 0.11 0.66 0.40 0.08 0.31 0.46
Alb −0.26 0.50 0.12 0.64 −0.31 0.19 0.05 0.90
SW 0.37 0.33 −0.12 0.61 0.23 0.33 0.14 0.74
LAI 0.29 0.45 -0.31 0.20 0.23 0.32 −0.48 0.23
WdSpAv −0.22 0.56 0.18 0.45 −0.43 0.06 0.04 0.93
WdSpF6 0.15 0.70 0.16 0.51 −0.38 0.10 −0.43 0.29
TKE 0.22 0.58 −0.20 0.42 0.21 0.38 −0.13 0.76
HPBL 0.24 0.54 −0.11 0.67 0.30 0.19 0.34 0.42
SfcSFn −0.34 0.38 −0.10 0.69 −0.16 0.50 0.75 0.03
SnoDp −0.09 0.82 −0.05 0.85 0.20 0.40 0.29 0.49
SnoDn −0.05 0.89 0.13 0.60 0.20 0.39 −0.25 0.56
RH 0.15 0.70 −0.10 0.70 0.43 0.06 0.21 0.61
SfcT 0.26 0.49 −0.06 0.82 0.38 0.09 0.19 0.65
SfcP 0.30 0.43 0.25 0.31 0.24 0.32−0.73 0.04
SLP 0.07 0.86 −0.47 0.04 0.54 0.01 0.41 0.32
PrTot 0.29 0.45 −0.07 0.77 0.29 0.21 0.31 0.46
PrF24h 0.16 0.71 −0.29 0.27 0.24 0.34 0.06 0.89
PrF6h 0.28 0.47 −0.03 0.89 0.19 0.41 −0.04 0.93
Average of values in bold 0.45 0.22 0.38 0.12 0.43 0.07 0.60 0.15

of determination (R2), which indicates how much of the ob-
servations’ variability is explained by the model, and the F-
statisticp-value (Matlab, 2011). The statistics evaluate the
extent to which the ensemble of environmental variables that
participate in a multiple linear regression controls the pro-
cesses that determine the observed mercury values. Lower
R2 values and/or higherp-values suggest that the environ-
mental control of at least one process that is important in
determining the value of the mercury variable was omitted
from the regression. Since locations where snowpacks are
known or deemed likely to contain halogens were excluded
from Set2, it is knowna priori that models generated for Set2
do not include the environmental control of the oxidation and
stabilization of mercury in snowpacks by halogens; the mod-
els generated for Set2 are not applicable for snowpacks con-
taining halogens.

Although models that are highly successful at predicting
the observed values are characterized byR2 values approach-
ing unity, a highR2 value may also indicate that over-fitting
has occurred. An over-fitted model has learnt how to mem-
orize the observed values rather than understanding the gen-
eral relationships involved (Babyak, 2004). The highR2 ob-
tained is meaningless, as the model will not necessarily per-
form well when applied to other situations. Over-fitting can
be expected when at leastn/2 environmental variables are
used in a regression withn observations (Babyak, 2004). Us-
ing n-1 environmental variables forn observations is an ex-
treme case of over-fitting.

A further concern are false colinearities. A scatter plot that
contains a closely clustered group of observations and a sin-
gle outlier located at a distance exemplifies a false colinear-
ity. The correlation coefficient for such a distribution is high
but misleading; the predictor, or model environment variable,
is not, in reality, able to predict the predictand, or mercury
value.

A final concern is the interdependence of the environ-
mental variables involved in a multiple linear regression. To
ensure the independence of the participating environmental
variables, some of the models generated, including the “best”
models for Set2, use at most one variable per environmental
variable category (Tables 12, 13), e.g. only one of the three
solid precipitation variables (PrTot, PrF24h, PrF6h). The de-
positions of oxidized mercury through dry and wet processes
are not considered interdependent. Wet deposition can in-
crease with increasing precipitation in a given region despite
decreasing mercury concentrations in precipitation (Risch et
al., 2012). In contrast, dry deposition is continuous, even
during precipitation events (Lin et al., 2006). Moreover, if
the two deposition variables were linearly dependent, one of
them would be assigned a zero-valued coefficient by Matlab
(Matlab, 2011).
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Fig. 2.Scatter plots of model environmental variables that are sufficiently strongly and significantly correlated with Set1:(a1)24-h fractional
loss of mercury from surface snow, and concentrations of mercury in(b1–b3)surface snow,(c1–c7)seasonal snowpacks, and(d1–d2) the
snowpack meltwater’s ionic pulse. Blue, red, brown, and black circles represent observations from, respectively, Antarctica, midlatitudes, the
subarctic and the Arctic. The grey line was estimated by the bivariate linear regression for Set1.

4 Results and discussion

4.1 Set1

4.1.1 Bivariate linear regressions

Table 9 presents correlation coefficients and significance
confidence levels for the snowpack-related mercury obser-

vations from Set1 and the model environmental variables.
Set1 includes all observations (Sect. 3.3). Variables for
which the absolute value of the coefficient is at least 0.35
(|R| ≥0.35) and the relationship is significant at least the
70 % confidence level (p-value≤ 0.30) are in bold font;
these are the environmental variables that are considered
sufficiently strongly and significantly correlated with the
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Table 10.Multiple linear regression models for Set1.

Observation type R2 p-value

24-h loss 0.21 0.22
Surface snow 0.27 0.08
Snowpacks 0.42 0.36
Meltwater 0.57 0.12

indicatedmercury observation to be included in the multiple
linear regression for that specific mercury observation.

The environmental variables have been transformed to
promote the normalcy of their distributions (Sect. 3.3). The
transformation performed for a given environmental variable
is identical in all calculations conducted in association with a
given mercury observation type. The nature of these transfor-
mations is indicated in Table 8. For the sake of brevity, this
information has not been repeated in Tables 9, 11–12.

In Table 9, the average|R| and the averagep-value over
all sufficiently strongly and significantly correlated (hereafter
“correlated”) model environment variables is provided for
each observation type. No average|R| value is higher than
0.45 except that of the meltwater’s ionic pulse (|R| = 0.62).
Encouragingly, the two environmental variables that are cor-
related with the meltwater’s ionic pulse are, on are, on av-
erage, significant at the 87 % confidence level. However,
two correlated model environmental variables are considered
falsely correlated with the meltwater mercury concentrations
(Fig. 2; Sect. 3.3). These variables, which are italicized in
Table 9, were excluded from the calculations of|R| and the
averagep-value and do not participate in the multiple lin-
ear regression performed for Set1 for this mercury concentra-
tion. The overall weakness of the results for Set1 is surprising
given that, theoretically, a single set of physical and chemical
processes governs the behavior of snowpack-related mercury
at all locations (Durnford and Dastoor, 2011); one would ex-
pect the general nature of these processes to yield stronger
relationships.

Another disappointing result is the fact that the collec-
tions of correlated model environmental variables listed in
Table 9 and shown in Fig. 2 are often unrealistic. For in-
stance, the 24-h fractional loss of mercury from surface snow
is supposedly related only to the dry deposition of oxidized
mercury (DOxDp). This suggestion that the environment has
no impact on revolatilization contradicts the heterogeneity
of the fractional loss. Also unrealistic is the result that the
concentration of mercury in surface snow is supposedly re-
lated only to the concentration of surface-level atmospheric
GEM (GEM), the leaf area index (LAI) and sea level pres-
sure (SLP). In contrast, the dependence of the concentra-
tion of mercury in seasonal snowpacks on atmospheric GEM
(GEM), wet deposition of oxidized mercury (WOxDp), wind
speed (WdSpAv, WdSpF6), relative humidity (RH), surface
temperature (SfcT) and sea level pressure (SLP) is realistic.

Interestingly, the concentration of mercury in the meltwater’s
ionic pulse, for which the average|R| is by far the highest
(Table 9), is supposedly unrelated both to the concentration
of atmospheric GEM (GEM) and to the deposition of oxi-
dized mercury (DOxDp, WOxDp). It seems unrealistic that
the concentration of mercury in meltwater be completely in-
dependent of all sources of mercury.

4.1.2 Multiple linear regressions

The four multiple linear regression models for Set1 are able
to explain an average of 37 % of the mercury observations’
variability (Table 10) with a confidence level of 81% for the
significance. The regressions include all model environmen-
tal variables that are correlated with the mercury observation
type in question; a separate regression model is developed
for each mercury observation type. Given the generally low
correlations of Table 9, the poor performances of these re-
gression models are not surprising. Exceptionally, the model
for the concentration of mercury in the snowpack meltwa-
ter’s ionic pulse is able to explain 57 % of the mercury con-
centration’s variability and is significant at the 88 % confi-
dence level. Thus, both the bivariate and multiple linear re-
gressions for the concentration of mercury in the snowpack
meltwater’s ionic pulse produce encouraging results math-
ematically. However, this regression model seems unlikely
to perform well at other locations, given that no mercury-
related environmental variable is included. Therefore, none
of the regression models for Set1 is expected to predict mer-
cury observations accurately at new locations. As discussed
in Sect. 3.3, this likely indicates that the environmental con-
trol of at least one process that is important in determining
the value of the mercury observation type being predicted
was not included in the regression model.

4.2 Set2

4.2.1 Bivariate linear regressions

For each type of snowpack-related mercury observation that
participates in both Set1 and Set2, the correlated model envi-
ronmental variables are more strongly correlated, on average,
in Set2 than in Set1 (Table 11). As mentioned in Sect. 3.3,
the concentrations of mercury in long-term snowpack-related
records participate in Set2 alone. The greatest increases in
average correlation are found for the concentration of mer-
cury in surface snow (0.38 to 0.66) and the 24-h fractional
loss of mercury from surface snow (0.45 to 0.70). How-
ever, the confidence level of the significance of these cor-
relations increases, on average, only for the 24-h fractional
loss of mercury from surface snow (p-value decreases from
0.22 to 0.10); it remains virtually unchanged for the remain-
ing observation types. The correlated model environmental
variables that are deemed to be falsely correlated with a
given mercury observation type (Sect. 3.3) are italicized in
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Table 11. Results of bivariate linear regressions for Set2. Bold font indicates parameters that are sufficiently strongly (|R| ≥ 0.35) and
significantly (p-value≤0.30) correlated; italics indicate falsely correlated parameters.

Variable 24-h loss Surface snow Snowpacks Meltwater Long-term
R p-value R p-value R p-value R p-value R p-value

GEM 0.05 0.91 −0.29 0.53 0.50 0.07 −0.36 0.48 0.13 0.75
DOxDp 0.88 0.00 0.75 0.05 0.52 0.06 0.60 0.21 0.23 0.59
WOxDp 0.77 0.03 0.85 0.02 0.71 0.01 0.66 0.16 0.18 0.67
Alb −0.05 0.91 −0.44 0.32 −0.41 0.15 0.63 0.19 −0.19 0.65
SW 0.19 0.65 0.50 0.26 0.33 0.25 −0.29 0.58 0.44 0.28
LAI 0.22 0.60 0.38 0.41 0.14 0.64 −0.50 0.31 0.25 0.54
WdSpAv −0.16 0.70 0.05 0.91 −0.17 0.57 0.54 0.27 −0.22 0.60
WdSpF6 0.44 0.28 0.23 0.62 −0.07 0.81 0.62 0.19 −0.09 0.83
TKE 0.07 0.87 0.37 0.41 0.35 0.22 −0.66 0.15 0.12 0.78
HPBL 0.22 0.61 0.37 0.42 0.32 0.27−0.23 0.67 0.11 0.79
SfcSFn −0.52 0.19 −0.43 0.34 −0.32 0.27 0.24 0.65 0.18 0.67
SnoDp −0.16 0.71 −0.14 0.77 0.07 0.80 −0.39 0.45 −0.09 0.84
SnoDn 0.05 0.90 0.34 0.45 0.35 0.23 0.37 0.47 0.33 0.43
RH 0.35 0.40 −0.02 0.97 0.49 0.08 −0.11 0.83 0.05 0.91
SfcT 0.34 0.41 0.54 0.21 0.55 0.04 −0.72 0.11 0.20 0.64
SfcP 0.72 0.05 0.77 0.05 0.17 0.57 0.32 0.53 −0.47 0.24
SLP 0.21 0.62 −0.46 0.30 0.57 0.03 0.65 0.16 0.26 0.54
PrTot 0.28 0.51 0.43 0.33 0.54 0.05 −0.74 0.09 0.01 0.98
PrF24h −0.06 0.90 −0.03 0.96 0.43 0.14 −0.78 0.07 0.27 0.66
PrF6h 0.32 0.44 0.32 0.49 0.40 0.15 −0.70 0.12 0.00 0.99
Average of values in bold 0.70 0.10 0.66 0.13 0.51 0.08 0.67 0.15 0.46 0.26

Table 11. These environmental variables were excluded from
the calculations of|R| and the averagep-value and do not
participate in any multiple linear regressions performed for
Set2.

The number of model environmental variables that are
correlated increases for Set2 over Set1 for all four mercury
observation types participating in both Set1 and Set2. The
greatest gain in the number of correlated environmental vari-
ables is associated with the snowpack meltwater’s ionic pulse
(2 to 10). The remaining observation types gain at most two
additional correlated environmental variables.

Considering the identities of the model environmental
variables that are correlated with the 24-h fractional loss
of mercury from surface snow in Set2, the fractional loss
is found to increase with the deposition of oxidized mer-
cury through both dry (DOxDp) and wet (WOxDp) pro-
cesses (Table 11). Moreover, these relationships are signif-
icant at a greater than 95 % confidence level. This is as one
might expect. The black outlier in the deposition scatter plots
(Fig. 3a, b) represents Barrow. The halogen content of the
snowpacks near Barrow can be extremely high (Garbarino et
al., 2002). This hints at the role of halogens in decreasing
the revolatilization of mercury from coastal or sea ice-based
snowpacks. The 24-h fractional loss of mercury from sur-
face snow also increases with the frequency of wind speeds
of at least 6 m s−1 (WdSpF6). This agrees with Albert and
Shultz (2002), Steffen et al. (2002), Lahoutifard et al. (2005)
and Steen et al. (2009) who found that wind speed signif-

icantly affects mercury revolatilization. However, this rela-
tionship is significant at only the 70 % confidence level. This
lesser significance likely reflects the fact that revolatilization
is effected not only by turbulent diffusion, which is related
to wind speeds, but also by molecular diffusion, which is not
(Sect. 2). Thus, these results are realistic.

The relationships between the concentration of mercury in
surface snow and its correlated model environmental vari-
ables are more difficult to interpret; the only transparent re-
lationships are the increase in this type of mercury concen-
tration with increasing dry (DOxDp) and wet (WOxDp) de-
positions of oxidized mercury. Not surprisingly, these rela-
tionships are significant at at least the 95 % confidence level
(Table 11, Fig. 4). However, revolatilization is expected to in-
crease with photoreduction and, consequently, the amount of
short-wave radiation absorbed at the surface (SW) (Sect. 2).
Thus, the positive correlation of short-wave radiation with
the concentration of mercury in surface snow is surprising.
Similarly, given the fact that increasing atmospheric tem-
peratures reduce atmospheric stability, thereby promoting
revolatilization (Sect. 2), the positive correlation of temper-
ature with the concentration of mercury in surface snow is
unexpected. Interestingly, the scatter plots suggest that if the
two arctic data points were removed from the regressions
for short-wave radiation and atmospheric temperature, both
these variables would be poor predictors of this mercury con-
centration (Fig. 4).
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Table 12.Multiple linear regression models for Set2. Bold font indicates the best model for each mercury observation type.

Model Rationale R2 p-value Variables

24-h fractional loss of mercury from surface snow

1 All sufficiently strongly and significantly corre-
lated variables

0.78 0.08 DOxDp, WOxDp, WdSpF6

2 Use the most readily obtainable variables 0.71 0.05 WOxDp, WdSpF6
3 Use variables significant at the 85 % confidence

level
0.77 0.03 DOxDp, WOxDp

4 Use variables significant at the 95 % confidence
level

0.77 0.03 DOxDp, WOxDp

5 Dry and wet mercury depositions alone 0.77 0.03 DOxDp, WOxDp

Concentration of mercury in surface snow

6 All sufficiently strongly and significantly corre-
lated variables

0.92 0.15 DOxDp, WOxDp, SW, SfcT

7 Use the most readily obtainable variables 0.77 0.17 WOxDp, SW, SfcT
8 Use variables significant at the 85 % confidence

level
0.84 0.03 DOxDp, WOxDp

9 Use variables significant at the 95 % confidence
level

0.84 0.03 DOxDp, WOxDp

10 Dry and wet mercury depositions alone 0.84 0.03 DOxDp, WOxDp
11 Test the impact of SW 0.87 0.08 DOxDp, WOxDp, SW
12 Test the impact of SfcT 0.86 0.08 DOxDp, WOxDp, SfcT

Concentration of mercury in seasonal snowpacks

13 All sufficiently strongly and significantly corre-
lated variables

0.97 0.03 GEM, DOxDp, WOxDp, Alb, RH, SfcT, PrTot,
PrF24h, PrF6h

14 Use the most readily obtainable variables 0.69 0.31 GEM, WOxDp, RH, SfcT, PrTot, PrF24h,
PrF6h

15 Use variables significant at the 85 % confidence
level

0.84 0.09 GEM, DOxDp, WOxDp, RH, SfcT, PrTot,
PrF24h

16 Use variables significant at the 95 % confidence
level

0.64 0.02 WOxDp, SfcT, PrTot

17 Dry and wet mercury depositions alone 0.51 0.02 DOxDp, WOxDp
18 Test the impact of DOxDp versus WOxDp 0.39 0.17 DOxDp, SfcT, PrTot
19 Test the impact of DOxDp as well as WOxDp 0.79 0.00 DOxDp, WOxDp, SfcT, PrTot
20 Test the impact of GEM 0.79 0.01 GEM, DOxDp, WOxDp, SfcT, PrTot
21 Test the impact of Alb 0.82 0.01 DOxDp, WOxDp, Alb, SfcT, PrTot
22 Test the impact of RH 0.80 0.01 DOxDp, WOxDp, RH, SfcT, PrTot
23 Test the impact of PrF24h 0.78 0.00 DOxDp, WOxDp, SfcT, PrF24h
24 Test the impact of PrF6h 0.78 0.01 DOxDp, WOxDp, SfcT, PrF6h
25 Test the impact of SfcT 0.66 0.01 DOxDp, WOxDp, PrTot

Concentration of mercury in the snowpack meltwater’s ionic pulse

26 All sufficiently strongly and significantly corre-
lated variables

1.00 –∗ DOxDp, WOxDp, Alb, WdSpAv, WdSpF6,
TKE, SfcT, PrTot, PrF24h, PrF6h

27 Use the most readily obtainable variables 1.00 –∗ WOxDp, WdSpAv, WdSpF6, SfcT, PrTot,
PrF24h, PrF6h

28 Use variables significant at the 85 % confidence
level

0.77 0.66 SfcT, PrTot, PrF24h, PrF6h

29 Use variables significant at the 95 % confidence
level

– – None available

30 Dry and wet mercury depositions alone 0.52 0.33 DOxDp, WOxDp
31 Test the impact of Alb 0.43 0.43 WOxDp, Alb
32 Test the impact of WdSpF6 0.43 0.43 WOxDp, WdSpF6
33 Test the impact of TKE 0.45 0.41 WOxDp, TKE
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Table 12.Continued.

Model Rationale R2 p-value Variables

34 Test the impact of SfcT 0.52 0.34 WOxDp, SfcT
35 Test the impact of PrTot 0.84 0.06 WOxDp, PrTot
36 Test the impact of PrF24h 0.75 0.13 WOxDp, PrF24h
37 Test the impact of PrF6h 0.86 0.05 WOxDp, PrF6h

Concentration of mercury in long-term snowpack-related records

38 All sufficiently strongly and significantly cor-
related variables

0.70 0.05 SW, SfcP

39 Use the most readily obtainable variables 0.70 0.05 SW, SfcP
40 Use variables significant at the 85 % confidence

level
– – None available

41 Use variables significant at the 95 % confidence
level

– – None available

42 Dry and wet mercury depositions alone 0.20 0.58 DOxDp, WOxDp

∗ Too many model environmental variables for the number of mercury observations for ap-value to be calculated.

Table 13.Best multiple linear regression models for Set2.

24-h loss model 5 Surface snow model 10 Snowpacks model 19 Meltwater model 35 Long-term records model 38

Variable Coefficient Variable Coefficient Variable Coefficient Variable Coefficient Variable Coefficient

Intercept 30.184 Intercept −0.332 Intercept 0.519 Intercept −0.158 Intercept 12.799
DOxDp 3.931 DOxDp −0.339 log DOxDp −1.472 WOxDp 0.074 SW 0.005
WOxDp −0.542 WOxDp 0.497 WOxDp 0.268 log PrTot−1.177 log SfcP −4.402

SfcT 0.024
log PrTot 0.446

The concentration of mercury in seasonal snowpacks is
positively correlated with dry (DOxDp) and wet (WOxDp)
depositions of oxidized mercury (Table 11, Fig. 5). This
is expected. Moreover, both relationships are significant at
a greater than 90 % confidence level. Since increasing the
concentration of atmospheric GEM (GEM) both suppresses
revolatilization and promotes deposition (Lin et al., 2006;
Loux, 2001; Hansen et al., 2006), the positive correlation
between the concentration of mercury in seasonal snow-
packs and atmospheric GEM is reasonable. Given the im-
portance of wet deposition (R = 0.71, p-value = 0.01), the
positive correlations with the three precipitation variables
(PrTot, PrF24h, PrF6h) are also reasonable. Interestingly, to-
tal precipitation is not only the most strongly correlated of
these three variable (R = 0.54 versus∼0.40) but its relation-
ship is also significant at a higher level of confidence (95 %
versus∼85 %). The relationship between precipitation, wet
deposition and snowpack-related concentrations of mercury
will be discussed further below. The positive correlation with
relative humidity (RH) reinforces the importance of precip-
itation in controlling the concentration of mercury in sea-
sonal snowpacks. However, as per the concentration of mer-
cury in surface snow, the concentration of mercury in sea-
sonal snowpacks is unexpectedly negatively correlated with

albedo (Alb) and positively correlated with surface tempera-
ture (SfcT). The scatter plots for albedo and surface temper-
ature (Fig. 5) indicate that the three Antarctic concentrations
are largely responsible for the sign of these two correlations.

As per the concentration of mercury in seasonal snow-
packs, the concentration of mercury in the meltwater’s ionic
pulse is correlated with the two depositions of oxidized mer-
cury (DOxDp, WOxDp) and the three precipitation variables
(PrTot, PrF24h, PrF6h) (Table 11, Fig. 6). However, the sig-
nificance of the two deposition variables has decreased to
confidence levels of∼80 % while the correlations of the pre-
cipitation variables have become negative. This sign reversal
may indicate that the generation of the ionic pulse (Bales et
al., 1989, 1990; Kuhn, 2001; Bishop et al., 1995; Allan et al.,
2001; Lindberg et al., 2002; Dommergue et al., 2003, 2010)
is variable; the snowpack meltwater’s ionic pulse may be
weaker, i.e. more dilute, in a deeper snowpack. No evidence
is available to prove or disprove this hypothesis. However, it
seems quite reasonable to expect that deeper snowpacks take
longer to become isothermal and that the lower layers of a
deeper snowpack do not respond as readily to atmospheric
temperature fluctuations; it is likely that fewer melt-freeze
cycles occur in deeper snowpacks. Melt-freeze cycles likely
allow the mercury to be increasingly pooled at the base of
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Fig. 3  Scatter plots of sufficiently strongly and significantly correlated model environmental 1837 
variables with Set2’s 24-h fractional loss of mercury from surface snow.  The colour coding 1838 
follows that of Fig. 2.  The black line was estimated by the bivariate linear regression for Set2.1839 

Fig. 3. Scatter plots of sufficiently strongly and significantly correlated model environmental variables with Set2’s 24-h fractional loss of
mercury from surface snow. The colour coding follows that of Fig. 2. The black line was estimated by the bivariate linear regression for Set2.
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Fig. 4  Scatter plots of sufficiently strongly and significantly correlated model environmental 1841 
variables with Set2’s concentration of mercury in surface snow.  Plotted as per Fig. 3. 1842 
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Fig. 4. Scatterplots of sufficiently strongly and significantly correlated model environmental variables with Set2’s concentration of mercury
in surface snow. Plotted as per Fig. 3. Additionally, a red “x” overlays mercury observations that are included in Set1 but not Set2.

the snowpack, leading to elevated concentrations once the
meltwater exits the snowpack. Indeed, it is known that mul-
tiple melt-freeze cycles enhance concentrations in the ionic
pulse (Kuhn, 2001). Interestingly, the signs of the correla-
tions with albedo (Alb) and surface temperature (SfcT) have
also reversed for the concentration of mercury in the melt-
water’s ionic pulse as compared to for seasonal snowpacks;
the signs of these correlations now agree with theoretical ar-
guments where increased solar insolation and atmospheric
warming promote revolatilization (Sect. 2) and reduce the
concentration of mercury in snowpacks and, consequently,
in the snowpack meltwater’s ionic pulse. Similarly, since
turbulent kinetic energy (TKE) promotes snowpack ventila-
tion (Sect. 2), which reduces the concentration of mercury in
snowpacks, the negative correlation of turbulent kinetic en-
ergy with the concentration of mercury in the snowpack melt-
water’s ionic pulse is expected. However, it is uncertain why
both wind speed-related variables (WdSpAv, WdSpF6) are
positively correlated with the concentration of mercury in the
meltwater’s ionic pulse, given that wind-induced snowpack
ventilation promotes mercury revolatilization (Kuhn, 2001;
Albert and Shultz, 2002; Steffen et al., 2002; Lahoutifard
et al., 2005; Anderson and Neff, 2008; Steen et al., 2009).
Nonetheless, the scatter plots confirm that these two correla-
tions are valid (Fig. 6).

The concentration of mercury in long-term snowpack-
related records is correlated with the fewest model environ-

mental variables of the five types of mercury observations
(Table 11). The positive correlation with short-wave insola-
tion absorbed at the ground (SW) is not related to photore-
duction; such a relationship would produce anticorrelation.
Instead, the positive correlation and the scatter plot for this
variable (Fig. 7) suggest a latitudinal gradient in these mer-
cury concentrations. Indeed, the average mercury concentra-
tions in high-latitude and mid-latitude long-term snowpack-
related records are 3.1 and 5.0 ng L−1, respectively (Table 5).
It may be that none of the high-latitude glaciers are in loca-
tions affected by AMDEs and their important mercury depo-
sition, while midlatitude glaciers are more affected by the
predominantly midlatitude sources of anthropogenic mer-
cury. Even natural sources of mercury, given the presence of
the strong midlatitude upper-level zonal winds, may be more
strongly represented in mid-latitude long-term snowpack-
related records. The anticorrelation between surface pres-
sure (SfcP) and this mercury concentration likely reflects
the fact that the sunnier, drier conditions that accompany
higher pressures promote photoreduction and, consequently,
revolatilization, as well as reduce the likelihood of mercury
being deposited through wet deposition or being buried by
fresh snowfalls.

Considering all five types of mercury observations, Set2’s
collection of correlated model environmental variables is far
more closely aligned with theoretical considerations than
Set1’s collection (Sect. 2). The success of Set2’s results is
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Fig. 5  Scatter plots of sufficiently strongly and significantly correlated model environmental 1846 
variables with Set2’s concentration of mercury in seasonal snowpacks.  Plotted as per Fig. 3.1847 

Fig. 5.Scatter plots of sufficiently strongly and significantly correlated model environmental variables with Set2’s concentration of mercury
in seasonal snowpacks. Plotted as per Fig. 4.

caused by our exclusion of observations that are known or
deemed likely to be affected by halogens in the snowpack-
related medium (Sect. 3.3). Our results suggest strongly that
the oxidation and stabilization of mercury in snowpacks by
the snowpack’s burden of halogens have a significant impact
on the retention of mercury.

The suggested significant impact of halogen species on the
fate of snowpack-related mercury indicates a potentially im-
portant consequence of climate change. Oxidizing halogen
species are released to the atmosphere in association with re-
freezing sea ice leads (Grenfell and Maykut, 1977; Macdon-
ald et al., 2005; Simpson et al., 2007a, 2007b; Zhao et al.,
2008). Deposition of these species onto snowpacks follows
(Snyder-Conn et al., 1997). Since some compounds formed
within the snowpack between mercury and halides are sta-
ble (Lalonde et al., 2003; Ferrari et al., 2004b; Faı̈n et al.,
2006, 2008; Bartels-Rausch et al., 2011), the revolatilization
of the deposited mercury is reduced from snowpacks contain-
ing high concentrations of halides. Thus, if, in a warmer cli-
mate, sea ice becomes more dynamic, such that sea ice leads
form and refreeze more frequently, deposition of halogens
to snowpacks and, consequently, the retention of mercury by
those snowpacks would increase; concentrations of mercury
in snowpacks over sea ice may increase significantly. If so,

the amount of mercury transferred to the underlying surface
during snowmelt would also increase significantly.

Considering the overall importance of the individual cor-
related model environmental variables for Set2, we find that
wet (WOxDp) and dry (DOxDp) depositions of oxidized
mercury have the strongest impact on snowpack-related mer-
cury variables. The fact that wet deposition is more strongly
and more significantly correlated than dry deposition for con-
centrations of mercury in surface snow, seasonal snowpacks
and the snowpack meltwater’s ionic pulse, while the reverse
is true for the 24-h fractional loss of mercury from surface
snow, suggests that oxidized mercury deposited through wet
processes is less available for revolatilization. The positive
correlations between the three precipitation variables and the
concentration of mercury in seasonal snowpacks reinforce
this suggestion.

It is possible that the snowpack’s greater retention of mer-
cury deposited through wet processes is caused simply by
the burial of the deposited mercury by fresh snow (Witherow
and Lyons, 2008; Dommergue et al., 2010; Sect. 2). The new
overlying snow would reduce the amount of solar radiation
available and, consequently, diminish photoreduction within
the snowpack and revolatilization. However, it is also possi-
ble that mercury deposited through dry processes tends to be
located on the outer surface of the snowpack’s snow grains,
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Fig. 7. Scatter plots of sufficiently strongly and significantly cor-
related model environmental variables with Set2’s concentration
of mercury in long-term snowpack-related records. Plotted as per
Fig. 4.

having adsorbed onto the grains after being deposited, while
mercury deposited through wet processes tends to be located
in the interior of the snow grains. If so, mercury deposited
through wet processes would be less easily photoreduced,
and any GEM produced would be less easily revolatilized.
Douglas et al. (2008) proposed a conceptual model to de-
scribe the mass balance of snow and ice crystals in terms of
both water vapour and mercury. They remarked that little is
known about either the absorption of RGM in water and ice,

although the solubility of RGM undoubtedly increases with
temperature, or about the adsorption of PHg onto ice crys-
tals. However, it is known that the adsorption of RGM onto
ice crystals depends on the crystal’s surface area. The spe-
cific surface area of cloud ice particles is 2 to 4 orders of
magnitude greater than that of larger, more fully developed
snow crystals. These authors also posited that mercury ad-
sorbed onto ice particles is locked into the ice lattice by the
addition of further layers of ice through vapour deposition.
The trapped mercury is likely retained until those ice layers
are removed by sublimation or melting. Since snow grains
undergo metamorphism within the snowpack (Kuhn, 2001;
Mizukami and Perica, 2008; Durnford and Dastoor, 2011),
the trapped mercury may be released gradually over time
prior to the melting of the snowpack. Additionally, Seigneur
et al. (1998) remarked that up to 50 % of atmospheric mer-
cury, primarily as RGM, may adsorb onto soot particles.
These particles may then constitute ice or cloud condensa-
tion nuclei. Thus, whether RGM adsorbs onto an ice crys-
tal’s surface, which occurs preferentially in the early stages
of crystal growth, or PHg forms the ice crystal’s nucleus, the-
oretical considerations support this study’s conclusion that
mercury deposited onto snowpacks through wet deposition
is less available for revolatilization than mercury deposited
through dry deposition.
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The preferential retention of mercury deposited onto
snowpacks through wet, rather than dry, deposition processes
is an important result. If precipitation patterns change in a
changing climate, the spatial distribution of wet deposition
will change. Consequently, the spatial distribution of the con-
centration of mercury in snowpacks and their meltwater’s
ionic pulse will also likely change. As a result, the spatial
distribution of the concentration of mercury in fish and ma-
rine mammals may also change.

4.2.2 Multiple linear regressions

The initial multiple linear regression performed for each mer-
cury observation type included all that observation type’s
correlated model environmental variables (Table 12). Of
these initial models, theR2 values are highest for the con-
centrations of mercury in the snowpack meltwater’s ionic
pulse (R2 = 1.00), seasonal snowpacks (R2 = 0.97) and sur-
face snow (R2 = 0.92). Unfortunately, these three initial mod-
els are over-fitted (Sect. 3.3); 10 environmental variables pre-
dict 6 meltwater mercury observations, 9 variables predict 14
snowpack concentrations and 4 variables predict 7 concentra-
tions of mercury in surface snow (Tables 2–4, 11). The per-
formances of the two initial models that are not over-fitted are
encouraging: for 3 environmental variables predicting 8 ob-
servations of the 24-h fractional loss of mercury from surface
snow,R2 = 0.78 andp-value = 0.08 (Tables 1, 11); for 2 envi-
ronmental variables predicting 8 observations of the concen-
tration of mercury in long-term snowpack-related records,
R2 = 0.70 andp-value = 0.05 (Tables 5, 11).

Given that three of the five initial models were over-fitted,
experiments were conducted to determine which model envi-
ronmental variables are the most useful for predicting a given
type of mercury observation. The first experiment excluded
the least readily obtainable environmental variables: dry de-
position of oxidized mercury (DOxDp) and turbulent kinetic
energy (TKE) are difficult to measure, and albedo (Alb) is
not always available. TheR2 values of the new models gen-
erated for the fractional loss of mercury and the concentra-
tions of mercury in surface snow and seasonal snowpacks
are noticeably lower than those of the initial models (0.78
to 0.71, 0.92 to 0.77, and 0.97 to 0.69, respectively). The
R2 value of the new model generated for the concentration
of mercury in the snowpack meltwater’s ionic pulse remains
unchanged at 1.00; the new model is also over-fitted. No new
model was generated for mercury concentrations in long-
term snowpack-related records; none of the environmental
variables of interest are correlated with this concentration.
Thus, the inclusion of the least readily accessible variables
in the multiple linear regressions is necessary.

The second and third experiments test the importance of
significance. For the 24-h fractional loss of mercury from
surface snow, only the two depositions of oxidized mercury
(DOxDp, WOxDp) are significantly correlated at either the
85 % or 95 % confidence level. The ability of the model gen-

erated from the two deposition variables to explain the ob-
servations’ variability remains virtually unchanged from that
of the initial model (R2 = 0.78 to 0.77). However, the model
based on deposition alone is characterized by a greater de-
gree of significance than the initial model (p-value: 0.08 to
0.03). For the concentration of mercury in surface snow, the
two deposition variables are, once again, the only variables
that are correlated significantly at either the 85% or the 95 %
confidence level. The model generated from these two vari-
ables is characterized by a considerably lowerR2 value than
the initial model (0.92 to 0.84). However, the reliability of the
model has increased; it is no longer over-fitted and the con-
fidence level of the model’s significance has increased from
85 % to 97 %. For the concentration of mercury in seasonal
snowpacks, the model generated from environmental vari-
ables that are significantly correlated at the 85 % confidence
level is characterized by anR2 value of 0.84. Increasing the
minimum confidence level to 95 % decreases the generated
model’sR2 value to 0.64. Since the number of participating
environmental variables has decreased from 7 in the former
model to 3 in the latter, the former model is over-fitted for the
14 mercury observations while the latter is not; the former
model, like the initial model, is unreliable. Thus, neither of
these two models is desirable. For the concentration of mer-
cury in the snowpack meltwater’s ionic pulse, no model en-
vironmental variables are significantly correlated at the 95 %
confidence level. Given that the 4 environmental variables
significantly correlated at the 85 % confidence level generate
an over-fitted model for the 6 observations, theR2 value of
0.77 is low. No model environmental variables are correlated
significantly at either the 85% or 95 % confidence level with
the concentration of mercury in long-term records.

For the fourth experiment, we tested how accurately the
two depositions of oxidized mercury (DOxDp, WOxDp)
alone could predict each type of mercury observation.
None of the five models generated in this experiment is
over-fitted. The most successful model was produced for
the concentration of mercury in surface snow (R2 = 0.84,
p-value = 0.03), followed by the 24-h fractional loss of
mercury from surface snow (R2 = 0.77, p-value = 0.03),
and the concentrations of mercury in seasonal snowpacks
(R2 = 0.51,p-value = 0.02), the snowpack meltwater’s ionic
pulse (R2 = 0.52,p-value = 0.33) and long-term snowpack-
related records (R2 = 0.20,p-value = 0.58). The varying per-
formances of these models suggest that environmental pro-
cesses other than the deposition of oxidized mercury exert
the least control over the concentration of mercury in surface
snow. However, the dominance of the two deposition vari-
ables in predicting snowpack-related mercury values dimin-
ishes as mercury is revolatilized and as the snowpack deep-
ens and melts. This is to be expected given that these pro-
cesses either indicate the passage of time and/or imply me-
teorological activity. In either case, environmental processes
other than mercury deposition have a greater opportunity to
influence the mercury values.
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Considering the four experiments performed, model 5,
which includes only the deposition of oxidized mercury
through dry and wet processes, is considered the most suc-
cessful model for the 24-h fractional loss of mercury from
surface snow; this model is characterized by the smallestp-
value (0.03) while itsR2 value (0.77) is only barely under
the highestR2 value (0.78) achieved for this type of mer-
cury observation. For the concentration of mercury in long-
term snowpack-related records, the initial model, model 38,
is considered the best model; itsR2 value (0.70) is by far the
highest for this type of mercury observation and itsp-value
(0.05) by far the lowest. Model 38 includes shortwave radia-
tion and surface pressure. The best model for each mercury
observation type is indicated in bold face in Table 12. Ta-
ble 13 provides the intercept and variable coefficients of the
best models.

For the concentration of mercury in surface snow, further
experiments were performed to determine the best model.
Adding either shortwave radiation (SW) or surface temper-
ature (SfcT) to the model involving only the two depositions
improved the model’sR2 value modestly (0.84 to∼0.86) but
degraded thep-value (0.03 to 0.08). Hence, the model in-
volving the two depositions alone (model 10) is deemed the
best for this mercury observation type.

Models for the concentration of mercury in seasonal snow-
packs are prone to over-fitting, given that 9 model environ-
mental variables are correlated with the 14 available observa-
tions; potential models should include 6 environmental vari-
ables at most. Models based on various combinations of the
correlated environmental variables were tested (Table 12).
Since involving fewer environmental variables is considered
preferable, both to avoid over-fitting and for the sake of sim-
plicity, model 19 (4 variables;R2 = 0.79) is considered better
than models 20–22 (5 variables,R2 = 0.79 to 0.82) despite
their occasionally higherR2 values; thep-values of models
19 to 22 are comparable (≤ 0.01). Model 19 includes the two
depositions of oxidized mercury (DOxDp, WOxDp), sur-
face temperature (SfcT) and total solid precipitation (PrTot).
Models 23 and 24 test the impact of the different precip-
itation variables. Since total precipitation is more readily
available than the frequency of precipitation above a spec-
ified threshold, and since theR2 value of model 19 (0.79)
is marginally higher than those (0.78) of models 23 and 24
while the threep-values are comparable (≤ 0.01), total solid
precipitation (PrTot; model 19) is deemed to produce a better
model than either the frequency of at least 5 mm of solid pre-
cipitation over 24 h (PrF24h; model 23) or of at least 0.5 mm
over 6 h (PrF6h; model 24). Model 25, which excludes sur-
face temperature (SfcT), indicates that the inclusion of this
variable in model 19 is highly beneficial; theR2 value de-
creases from 0.79 for model 19 to 0.66 for model 25 while
thep-values are comparable (≤ 0.01). Thus, the model that
is considered the best for predicting the observed concentra-
tions of mercury in seasonal snowpacks is model 19.

Models for the concentration of mercury in the snowpack
meltwater’s ionic pulse are also prone to over-fitting, given
that 10 model environmental variables are correlated with
the 6 available observations; potential models should include
2 environmental variables at most. To avoid excessive ex-
perimentation with combinations of environmental variables,
we assume that the wet deposition of oxidized mercury is
one of the two permitted variables. It seems reasonable to
assume that an environmental variable related to mercury
should be included in any model. The concentration of at-
mospheric GEM is uncorrelated with the concentration of
mercury in the snowpack meltwater’s ionic pulse (Table 11).
The wet deposition of oxidized mercury is more strongly
(R = 0.66) and significantly (p-value = 0.16) correlated with
this mercury concentration than dry deposition of oxidized
mercury (R = 0.60,p-value = 0.21). Models including every
other model environmental variable that is characterized by
an absolute value of the correlation coefficient of at least 0.60
(i.e., |R| ≥0.60) with this mercury concentration and ap-
value of no more than 0.20 were successively tested. Models
31 to 37 underline the overwhelming importance of precip-
itation in determining the concentration of mercury in the
snowpack meltwater’s ionic pulse; theR2 values of the mod-
els involving any of the three precipitation variables (PrTot,
PrF24h, PrF6h; models 35 to 37) range from 0.75 to 0.86
while thep-values range from 0.05 to 0.13. The remaining
models in this set (models 31 to 34) are characterized byR2

values ranging from 0.43 to 0.52 andp-values ranging from
0.34 to 0.43. The model that is considered the best for pre-
dicting the observed concentration of mercury in the snow-
pack meltwater’s ionic pulse is model 35. TheR2 value of
this model (0.84) is close to the highestR2 value of any
model that is not over-fitted (0.86), the relationship is sig-
nificant at the 94 % confidence level, and the precipitation
variable (PrTot) is readily available.

5 Summary and conclusions

In this statistical study we used the mean values of 5 types
of snowpack-related mercury observations and the five-year
average of 20 model environmental variables as simulated
by GRAHM. The snowpack-related mercury observations
were gathered from published reports of field studies. The
model environmental variables represent the controls on the
physical and chemical processes that govern the behavior of
snowpack-related mercury.

We performed two sets of calculations for this study. We
first calculated bivariate correlation coefficients, and the con-
fidence level of their significance, between each type of
snowpack-related mercury observation and each of the model
environmental variables. Sufficiently strongly and signifi-
cantly correlated environmental variables, where the abso-
lute value of the correlation coefficient was at least 0.35 (i.e.,
(|R| ≥ 0.35) and the confidence level of the significance at
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least 70 %p-value≤ 0.30), subsequently participated in mul-
tiple linear regressions for the given observation type.

The first set of calculations, Set1, involved all available
snowpack-related mercury observations. Observations that
are known or are considered likely to have been strongly af-
fected by the oxidation and/or stabilization of mercury within
the snowpack by the snowpack’s halogen content were ex-
cluded from the second set of calculations, Set2. Since no ob-
servations of mercury in long-term snowpack-related records
were known or deemed likely to have been affected by halo-
gens, this group of mercury observations was assigned to
Set2 alone.

For each of the four types of snowpack-related mercury
observations participating in both Set1 and Set2, the aver-
age correlation of the sufficiently strongly and significantly
correlated model environmental variables increased for Set2
over Set1. The number of correlated model environmental
variables also increased for Set2 over Set1 for all four mer-
cury observation types. Furthermore, the collection of model
environmental variables that are sufficiently strongly and sig-
nificantly correlated with Set2 is far more closely aligned
with theoretical considerations than Set1’s collection. Fi-
nally, the ability of multiple linear regression models to
predict snowpack-related mercury values improved consid-
erably for Set2 (averageR2 = 0.79, averagep-value = 0.03)
over Set1 (averageR2 = 0.37, averagep-value = 0.19). Since
the only difference between Set1 and Set2 is the presence
of halogens in the snowpack, these results suggest strongly
that the oxidation and stabilization of mercury in snowpacks
by the snowpack’s burden of halogens have a significant im-
pact on the behavior of the mercury. This result has important
implications for climate change. In a warmer climate, leads
would likely appear more frequently in the sea ice pack. Con-
sequently, the deposition of halogens onto snowpacks would
increase. As a result of the greater retention of deposited mer-
cury by the affected snowpacks, the eventual transfer of mer-
cury to the underlying surface with the snowpack’s meltwater
would be enhanced.

The best multiple linear regression model from Set2 for
each of the five mercury observation types is able to ex-
plain from 70 % to 84 % of the observations’ variability.
These models are significant at the 94 % to> 99 % confi-
dence level. The models for the concentrations of mercury in
surface snow and the snowpack meltwater’s ionic pulse are
the most successful at explaining the observations’ variabil-
ity. The model for the concentration of mercury in long-term
snowpack-related records is the least successful.

The best models for four of the five mercury observation
types include the wet deposition of oxidized mercury. Three
of the best models also include the dry deposition of oxi-
dized mercury. Consequently, the two deposition variables
are the model environmental variables that are included the
most frequently in the best regression models. Two of the
five best models involve total precipitation. The importance
of precipitation reinforces the impact of the wet deposition

of oxidized mercury on snowpack-related mercury values.
Other variables appearing in a single best model include
surface temperature, short-wave radiation and surface pres-
sure. These results are realistic. Interestingly, the best regres-
sion model for the concentration of mercury in long-term
snowpack-related records involves neither a mercury depo-
sition variable nor a precipitation variable. This mercury ob-
servation type appears to be determined to a certain extent
by latitude. This may reflect the importance either of midlat-
itude anthropogenic sources of mercury or of strong midlati-
tude upper-level zonal winds.

This study’s results suggest that snowpacks retain oxi-
dized mercury deposited through wet processes preferen-
tially over oxidized mercury deposited through dry pro-
cesses. This preferential retention may reflect the impor-
tance of the burial of deposited mercury by fresh snow-
falls (Witherow and Lyons, 2008; Dommergue et al., 2010)
and/or the more central location within a snowpack’s snow
grain of mercury deposited through wet versus dry processes
(Seigneur et al., 1998; Douglas et al., 2008). The preferential
retention by snowpacks of mercury deposited through wet
processes has important implications for climate change. If
precipitation patterns change in a changing climate, the spa-
tial distribution of wet deposition will also change. As a re-
sult, the spatial distributions of snowpack mercury concen-
trations and of the transfer of mercury to the underlying sur-
face with the snowpack’s meltwater will also change.

The success of each mercury observation type’s best
model indicates that snowpack-related mercury observations
do, indeed, have the potential to further constrain and help
improve atmospheric mercury models. However, observa-
tions at a wider variety of locations are required to validate
the developed regression models. Moreover, as snowpack-
related mercury observations become available at new loca-
tions, the regression models can be refined; more environ-
mental variables will be able to be included before the mod-
els become over-fitted. In the future, including concentra-
tions of the snowpack’s content of halogens and other ox-
idants and stabilizing agents in the multiple linear regres-
sions would permit an explicit evaluation of the importance
of these chemical processes to snowpack-related mercury ob-
servations.
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