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Abstract. An unknown fraction of mercury that is de- atthe third (arctic). Oceanic emissions are postulated to pro-
posited onto snowpacks is revolatilized to the atmosphereduce the observed summertime maximum in concentrations
Determining the revolatilized fraction is important since of surface-level atmospheric GEM at Alert in the Canadian
mercury that enters the snowpack meltwater may be conArctic and to generate the summertime volatility observed
verted to highly toxic bioaccumulating methylmercury. In in these concentrations at both Alert and Kuujjuarapik on
this study, we present a new dynamic physically-basedsubarctic Hudson Bay, Canada. We find that the fraction of
snowpack/meltwater model for mercury that is suitable for deposited mercury that is revolatilized from snowpacks in-
large-scale atmospheric models for mercury. It representgreases with latitude from 39 % between 30 and 45°N, to
the primary physical and chemical processes that deter57 % from 45 to 60° N, 67 % from 60 to 66.5° N, and 75%
mine the fate of mercury deposited onto snowpacks. Thepolewards of 66.5° N on an annual basis. Combining this lat-
snowpack/meltwater model was implemented in Environ-itudinal gradient with the latitudinally increasing coverage of
ment Canada’s atmospheric mercury model GRAHM. Forsnowpacks causes yearly net deposition as a fraction of gross
the first time, observed snowpack-related mercury concentragdeposition to decrease from 98 % between 30 and 45°N to
tions are used to evaluate and constrain an atmospheric me89 % between 45 and 60° N, 73 % between 60 and 66.5° N,
cury model. We find that simulated concentrations of mer-and 44 % within the Arctic Circle. The yearly net deposi-
cury in both snowpacks and the atmosphere’s surface layeion and net accumulation of mercury at the surface within
agree closely with observations. The simulated concentrathe Arctic Circle north of 66.5° N are estimated at 153 and
tion of mercury in both in the top 30 cm and the top 150 cm 117 Mg, respectively. We calculate that 58 and 50 Mg of mer-
of the snowpack, averaged over 2005-2009, is predomieury are deposited annually to the Arctic Ocean directly and
nantly below 6 ng £1 over land south of 66.5° N but exceeds indirectly via melting snowpacks, respectively. For terrestrial
18 ng L1 over sea ice in extensive areas of the Arctic Oceansurfaces within the Arctic Circle, we find that 29 and 16 Mg
and Hudson Bay. The average simulated concentration obf mercury are deposited annually directly and indirectly via
mercury in snowpack meltwater runoff tends to be higher onmelting snowpacks, respectively. Within the Arctic Circle,
the Russian/European sideZ0 ng L™1) of the Arctic Ocean  multi-season snowpacks on land and over sea ice gained, on
than on the Canadian side {0 ng L~1). The correlation co-  average, an estimated 0.1 and 0.4 Mglymercury, respec-
efficient between observed and simulated monthly mean attively, from 2000-2005. The developed snowpack/meltwater
mospheric surface-level gaseous elemental mercury (GEMinodel can be used for investigating the impact of climate
concentrations increased significantly with the inclusion of change on the snowpack/atmosphere exchange of mercury.
the new snowpack/meltwater model at two of the three sta-

tions (midlatitude, subarctic) studied and remained constant

Published by Copernicus Publications on behalf of the European Geosciences Union.



9252 D. Durnford et al.: Modelling the fate of mercury deposited onto snowpacks

1 Introduction mean (Fén et al., 2008), or during climatologically cold pe-
riods (Jitaru et al., 2009), or in individual layers (Schuster et
Mercury is emitted by anthropogenic processes as gaseowa., 2002; Planchon et al., 2004; Witherow and Lyons, 2008).
elemental mercury (GEM), reactive gaseous mercury (RGM)Moreover, even in locations where mercury concentrations in
and oxidized mercury adsorbed onto particles (PHg). GEMlong-term cryospheric records are low, the seasonal accumu-
is also emitted from terrestrial and aquatic surfaces from natlation of mercury and its delivery to the meltwater may be
ural sources and through the revolatilization of previously-important.
deposited mercury. Once in the atmosphere, mercury is trans- Processes involving mercury within the snowpack are
ported, undergoes chemical reactions and is deposited. Aomplex. Since GEM is highly labile (Bartels-Rausch et al.,
fraction of the mercury that is deposited onto snowpacks2008) it is likely revolatilized from the snowpack immedi-
is revolatilized rapidly (Lalonde et al., 2002). The frac- ately. In contrast, there is strong evidence that PHg is re-
tion of mercury retained by snowpacks may be transportedained by the snowpack (Balogh et al., 2000; Schuster et al.,
by the snowpack meltwater runoff to aquatic environments2002; St. Louis et al., 2005; Cobbett et al., 2007; Loewen
such as oceans, freshwater wetlands and peatlands wheeg al., 2007; Poulain et al., 2007a, b; Witherow and Lyons,
methylation can occur (Loseto et al., 2004; Goulet et al.,2008; Jitaru et al., 2009; Durnford and Dastoor, 2011). How-
2007; Mitchell et al., 2008a; Sunderland et al., 2009). Sinceever, RGM that is deposited to the snowpack may be reduced
methylmercury is a potent bioaccumulating neuro-toxin andand revolatilized. Reduction is primarily through photore-
since a high proportion of the Aboriginal peoples’ diet in duction by UV-B radiation in the 305-320 nm wavelength
Arctic countries consists of country foods that include largerange (Lalonde et al., 2003; Poulain et al., 2004; St. Louis et
marine mammals and fish (Van Oostdam et al., 2005), theal., 2005; Dommergue et al., 2007;ir&t al., 2007; Johnson
fate of mercury deposited onto snowpacks is an issue of greatt al., 2008; Sherman et al., 2010). Prior to revolatilization,
concern. the produced GEM may be reoxidized (Lalonde et al., 2003;
In order to limit the amount of mercury bioaccumulated Ferrari et al., 2004b; Poulain et al., 2004, 2007b; Mann et
by marine life, its sources must be well understood. In theiral., 2005; Lahoutifard et al., 2006; Lin et al., 2006; Dom-
mass budget of total mercury for the Arctic Ocean, Out- mergue et al., 2007; Faet al., 2006, 2007, 2008). Further-
ridge et al. (2008) found that the net deposition of atmo-more, halides stabilize oxidized mercury within the snow-
spheric mercury was the single largest source (48 %) of topack (Lalonde et al., 2003; Ferrari et al., 2004binFet al.,
tal mercury in the Arctic Ocean. The magnitude of this 2006, 2008; Bartels-Rausch et al., 2011; Mann et al., 2011).
contribution was considered highly uncertain given that at-Revolatilization is also less active under canopies than in
mosphere/cryosphere and atmosphere/ocean mercury fluxesljacent open areas (Poulain et al., 2007b; Nelson et al.,
were not well understood. 2008). Although multiple factors are responsible (Fatnassi et
To date, the precise fraction of mercury that is revolatilized al., 2006; Poulain et al., 2007b; Yue et al., 2008), the pri-
from snowpacks has been hotly debated. St. Louis emmary factor is likely the canopy’s shadowing effect (Poulain
al. (2005), Kirk et al. (2006), St. Louis et al. (2007) and et al., 2007a, b), which diminishes photoreduction. It also
Hedgecock et al. (2008) suggested that net deposition assocseems likely that mercury is rendered unavailable for emis-
ated with high-latitude springtime Atmospheric Mercury De- sion through burial by fresh snowfalls (Witherow and Lyons,
pletion Events (AMDES) is low or insignificant. Similarly, 2008; Dommergue et al., 2010).
Outridge et al. (2008) concluded that there is no firm evi- The GEM that forms within the snowpack must be trans-
dence that AMDEs exert a significant influence on mercuryported to the pack’s surface prior to revolatilization. Several
concentrations in the Arctic Ocean. However, Lindberg etfield and laboratory studies have suggested that GEM is emit-
al. (2002), Dommergue et al. (2003), Loseto et al. (2004),ted from the top~2 centimeters of the snowpack (Brooks et
Bargagli et al. (2005), Steffen et al. (2005)jfat al. (2007), al., 2008a; Johnson et al., 2008; Dommergue et al., 2007;
Brooks et al. (2008a), Douglas et al. (2008), Johnson efdn et al., 2007). The transport is effected by molecular and
al. (2008), Mitchell et al. (2008b), Hirdman et al. (2009), turbulent diffusions (Albert and Shultz, 2002). The former
and Dommergue et al. (2010), who conducted field cam-transport is slow but ubiquitous (Albert and Shultz, 2002).
paigns at a variety of polar and lower latitudes, all determinedThe latter transport, which is also known as snowpack ven-
that mercury deposited onto snowpacks was only partiallytilation, is forced by atmospheric surface-level turbulence.
revolatilized and could have an important impact on the en-Existing turbulence may be imported or induced locally by
vironment. The partial revolatilization was reported for mer- flow over rough terrain and radiationally-forced thermal in-
cury deposited both in and not in association with AMDESs. stability (Kuhn, 2001; Albert and Shultz, 2002; Anderson
A further indication of the ability of snowpacks to re- and Neff, 2008).
tain deposited mercury is provided by long-term cryospheric At the onset of snowmelt, the rates of photoreduction and
records. Although concentrations of mercury in firn and icerevolatilization of GEM to the atmosphere increase signifi-
cores can be extremely low or undetectable (Boutron et al.cantly (Dommergue et al., 2003;iRaet al., 2007; Sommar et
1998; Larose et al., 2010), they can also be significant in theal., 2007; Brooks et al., 2008b; Douglas et al., 2008), causing
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a surge in the concentration of atmospheric surface-levetived from these estimated values and the observed snowpack
GEM. Simultaneously, oxidized mercury is rapidly trans- mercury concentration.
ferred from the snowpack to the meltwater’s ionic pulse. The Thus, no one, to our knowledge, has yet simulated the fate
ionic pulse (Bales et al., 1990; Bishop et al., 1995; Allan et of mercury deposited onto snowpacks in anywhere near its
al., 2001; Kuhn, 2001; Lindberg et al., 2002; Dommergue etfull complexity. In the present study, a dynamic model that
al., 2003, 2010), which lasts a few days (Bales et al., 1990predicts the fate of mercury deposited onto snowpacks ac-
Bishop et al., 1995; Dommergue et al., 2003), contains ioniccording to the local physical and chemical environments is
concentrations that are higher than in the snowpack and thatresented (Sect. 2) and its performance verified (Sect. 3).
are 5-10 times higher than average meltwater concentrationSection 4 provides a summary and the primary conclusions.
(Bales et al., 1989, 1990). Suggestions for future work are presented in Sect. 5. Given
Field data demonstrate that concentrations of cryospherithe described snowpack/meltwater model’'s dynamism, it is
mercury and the fate of mercury deposited onto snowpacksvell suited to numerical studies on the impact on mercury
are highly heterogeneous (Garbarino et al., 2002; Kirk et al.net deposition from changing climate and/or emission sce-
2006; Poulain et al., 2007a, b; St. Louis et al., 2007; Brooksnarios.
et al., 2008b; Johnson et al., 2008; Nelson et al., 2008).
Moreover, field data are only valid at the location and time
of observation. Hence, extrapolating results from individual2 Model
studies either temporally or spatially is difficult (Steffen et
al., 2008). Durnford and Dastoor (2011) compiled dataset®.1 GRAHM
of observed concentrations of cryospheric mercury. Durn-
ford et al. (2012) used these datasets in a statistical studERAHM is an Eulerian model built on top of Environment
that explored relationships between snowpack-related mer€anada’s Global Environmental Multiscale — Global Deter-
cury observations and the environment. These authors corministic Prediction System (GEM-GDPS). GEM-GDPS is an
cluded that halogens within snowpacks exert a strong influ-atmospheric general circulation model. It is used to produce
ence over mercury in snowpacks. In the absence of this inEnvironment Canada’s daily weather forecasts. The GEM-
fluence, mercury deposition explains 84 %, 52 %, 52 % andGDPS utilises a semi-Lagrangian advection scheme to pro-
20 % of the variability in observed concentrations of mercury mote stability, and an implicit time scheme to control high
in surface snow, seasonal snowpacks, the snowpack meltwdrequency oscillations (&€ et al., 1998a, 1998b). The radia-
ter's ionic pulse, and long-term snowpack-related recordstive transfer scheme, which is based on Fouquart and Bonnel
respectively; the influence of other environmental factors(1980) and Garand and Mailhot (1990), is calculated every
seemingly strengthens over time. 1.5h. Stratiform precipitation is calculated by a Sundgqvist-
Numerical models are useful in that they are able to esti-based scheme (Sundqvist, 1978). Deep convective precip-
mate the fate of mercury deposited onto snowpacks over exitation is calculated by a Kain-Fritsch scheme (Kain and
tended spatial and/or temporal scales. However, their usefulFritsch, 1990). The turbulent mixing of meteorological and
ness depends on the accuracy of the representation of the prozercury species in the boundary layer is based on turbulent
cesses involved. In a global three-dimensional model, Daskinetic energy. Both turbulent kinetic energy and cloud liquid
toor et al. (2008) described a representation of AMDEs, theirwater/ice content are prognostic model variables.
associated deposition and the revolatilization of the deposited Meteorological and mercury processes are fully integrated
mercury. However, this representation was simplistic. Also inin the GRAHM online chemical transport model. At each
a global atmospheric mercury model, Holmes et al. (2010)}timestep, mercury emissions are added to the atmospheric
constructed a snowpack reservoir to accumulate depositethodel concentrations, the meteorological processes are sim-
mercury. Revolatilization was based on a set lifetime. ulated, and the atmospheric mercury species are transported,
Concerning small-scale process models, Ferrari etransformed chemically and deposited. The simulations of
al. (2004b) and Ha et al. (2008) modeled the diffusion of the mercuric chemical transformations and depositional pro-
GEM in the interstitial air of snow. Fa et al. (2009) used cesses use information calculated by the meteorological
a diffusion model to deduce atmospheric GEM concentra-component of the model during the same timestep, includ-
tions from 1940 to 2006 from concentrations of GEM in ing boundary layer stability, the behaviour of cloud water/ice,
firn air. Poulain et al. (2007b) presented a mass balance foand precipitation. GRAHM has been seen to perform well in
mercury in snowpacks that considered wet and dry depopast studies (Ryaboshapko et al., 2007a, b; Dastoor et al.,
sitions and throughfall as sources and revolatilization and2008; Durnford et al., 2010).
snowmelt as sinks. Values of wet deposition, revolatiliza- In GRAHM, gaseous oxidation of mercury by ozone
tion and snowmelt were estimated from observations of wetoccurs throughout the atmosphere with a temperature-
deposition, the concentration of mercury in the springtimedependent rate constant following Hall (1995). The gaseous
snowpack, and calculated rates of reduction under differenbxidation of mercury by halogens, including atomic and
canopies. The sum of dry deposition and throughfall was deimolecular chlorine and bromine as well as bromine oxide
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occurs in the marine boundary layer only. Rate constants Lowest

are from Ariya et al. (2002), Raofie and Ariya (2003) and  fyw™"""

Donohoue et al. (2005). In the Arctic, atomic bromine is the I

primary oxidant followed by bromine oxide. Mercury is re- GEM CEM

duced in the aqueous phase photochemically and by the sul R molocular dopmation:
fite anion and the hydroperoxyl radical using rate constants wet tuf‘sz’em dry and wet
ffom Xiao et al. (1994), Pehkonen and Lin (1998) and Van =~ e I processes -
Loon et al. (2000). Global three-dimensional monthly clima- | | |
tological concentrations of oxidants and reductants are used -, le | !

Dry deposition is based on the resistance approach (Zhan¢ snoupack Elomantol Net o)lgitid
etal,, 2001, 2003). In the wet deposition scheme, GEM and Mercury *] photochermical ™ mercury
RGM are partitioned between cloud droplets and air using maxsocm | (CEM) | (OxHg)

a temperature-dependent Henry’s law constant. Scavenging T F T
of GEM is only by cloud droplets, while RGM and PHg are \ Snowmelt \
scavenged by both cloud droplets and raindrops below cloud. -« o MOIBOUIAI i et Molocular ..
PHg is the only mercury species that is scavenged by solid gottom ‘ ‘
hydrometeors both in cloud and below cloud. pac v !

Atmospheric Mercury Depletion Events (AMDES) are  peptr: max| CEM OxHg
simulated in springtime at high latitudes (Dastoor et al., '20°m |
2008) Three diStinCt processes are inVOIVed, the relative ............................................................................. Snowmelt [seeee
importance of which likely varies by location: (1) GEM Processes active in meltwater: J’
undergoes significant oxidation, which involves represent- Snowpack | Deposition from the atmosphere in
ing springtime “bromine explosions” (Wennberg, 1999). moar o | "® 2bsence ofasnowpack " OxHg
These explosions are periodic, localized releases of oxidiz- peptn: Net photochemical reduction
ing bromine species to the atmosphere; (2) the oxidized mer- ¥a"@'e | Emission fo the atmosphere
cury produced is deposited onto snowpacks and subsequentl Transfer to the underlying surface
revolatilized: 3) simultaneously, the mercury-depleted ajr =~
masses are transported. Fig. 1. A schematic of processes represented in the snow-

We use the global anthropogenic mercury emission fieldspack/meltwater model for mercury.
produced by AMAP for 2005 (Pacyna et al., 2010). Non-
anthropogenic terrestrial and oceanic emissions of GEM are
based on the global mercury budget of Mason (2009). Terresef mercury between the top snowpack layer and the atmo-
trial non-anthropogenic emissions are divided into direct nat-sphere, and between the two active snowpack layers (Fig. 1).
ural emissions, and emissions of previously-deposited merOnce mercury is transferred to the inactive snowpack layer
cury. The former are distributed according to the natural ge-through snow accumulation, there is no further exchange of
ological enrichment of mercury. The latter are allocated ac-this mercury; it has been buried by fresh snowfalls (With-
cording to the distribution of gross deposition of mercury for erow and Lyons, 2008; Dommergue et al., 2010). The model
historic years. The ratios of simulated nonanthropogenic taalso includes a single layer of snowpack meltwater runoff, or
anthropogenic emissions agree with published estimates fomeltwater that has exited the snowpack but that has not yet
North America (Gbor et. al., 2007) and East Asia (Shettybeen absorbed by the underlying surface nor entered a larger
et al., 2008). The seasonal and diurnal variations of terresbody of water.
trial emissions are based on the leaf area index and incoming The minimum depth of both the top snowpack layer and
direct solar radiation, following Shetty et al. (2008). Ocean the snowpack meltwater runoff is 2 cm. At lesser depths, the
emissions occur in areas where gaps are found in the sea iaffect of the snowpack or runoff on fluxes of mercury be-
cover (Kirk et al., 2006; St. Louis et al., 2007) and atmo- tween the underlying surface and the atmosphere is assumed
spheric temperatures are at leagt°C; evasion decreases to be minimal. The maximum depth of the top snowpack
with temperature (Poissant et al., 2000; Andersson et al.layer is 30cm. With a shallower top layer, the simulated
2008a). The variation of oceanic emissions by month intro-revolatilization of mercury via turbulent diffusion generates
duces a further, implicit dependence on sea surface temperamrealistic spikes in the concentration of atmospheric GEM.

ture. However, a deeper top layer is undesirable given that Ferrari
et al. (2004b) reported that, at Station Nord in Greenland, lit-
2.2 Snowpack/meltwater model tle of the GEM that is produced at depths of 20 to 40cm

is subsequently emitted. It is possible that the transfer of
The snowpack/meltwater model consists of two active snow-mercury to the atmosphere during their study was primarily
pack layers overlying a burial layer. We track the exchangevia molecular diffusion. The maximum depth of the bottom
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active snowpack layer (hereafter the bottom layer) is 120cm. Concerning mercuric chemical transformations, it is
Snowpack ventilation can, depending on the snowpack’s perknown that oxidized mercury is reduced within the snow-
meability and the strength of the ventilation-driving turbu- pack both photolytically (Lalonde et al., 2003; Poulain et al.,
lence (Kuhn, 2001; Albert and Shultz, 2002; Domine et al.,2004; St. Louis et al., 2005; Dommergue et al., 2007nFa
2008), extend to depths of 50—100 cm (Domine et al., 2008)et al., 2007; Johnson et al., 2008; Sherman et al., 2010) and
Molecular diffusion, which is active at even greater depthsin the dark (Lalonde et al., 2003; Ferrari et al., 2004b, 2008;
(Fain et al., 2009), continuously transfers mercury vertically. Dommergue et al., 2007; Faet al., 2007; Mann et al., 2011).

Mercuric chemical transformations have been observed aGEM is also oxidized within the snowpack in the presence of
a depth of 1.02 m (Dommergue et al., 2003). However, givensunlight (Ferrari et al., 2004b; Poulain et al., 2004; Mann et
that GEM is not consistently emitted at depths greater tharal., 2005; Fén et al., 2008) and in the dark (Poulain et al.,
30cm (Ferrari et al., 2004b), mercury is transformed chemi-2004, 2007b; Fa et al., 2008). Furthermore, halides stabi-
cally only in the top layer of the snowpack model. In contrast, lize oxidized mercury within the snowpack (Lalonde et al.,
since the depth of the snowpack meltwater runoff is expecte®003; Ferrari et al., 2004b; Faet al., 2006, 2008). However,
to be less than 10 cm, a single layer is provided. Mercury isvery little, if anything, is known about either the reaction
transformed chemically in this layer and the GEM producedrate or the reactants of the individual reactions. Therefore,
is transferred to the atmosphere. the model only represents the net photoreduction of oxidized

As suggested by Fig. 1, the concentration of GEM in themercury, which is described as follows:
top snowpack layer varies according to Eq. (1):

NI:’Otop = CinscokaPotop (5)

d/dt (Gop) = De + NPotop — Emigtop + Diff ghot — SMIt 1 . - - I
/1 (Grop) = DERgatm + NFotop = EMictop + Diff oot aor (D here Gns is the coefficient describing the availability of

where Degam is deposition of atmospheric GEM Solar radiation, or insolation, & the coefficient describing
(Sect. 2.1), NByp the net photoreduction of the top the snowpack’s_ content of oxidants and_ stabilizing hal_ides,
snowpack layers oxidized mercury, Eggip the emission and kyp the basic rate of net photoredgctlon. The magnitude
of GEM from the top snowpack layer to the atmosphere,Of poth Gns and Gy is constrained to lie between zero and
Diff ghot the diffusion of GEM from the bottom to the top UNIty: o _
snowpack layer, and SMitop the transfer of GEM fromthe ~ The greatest sensitivity in the snowpack model, by far, is
top snowpack layer to the atmosphere during snowmelt. Fof0 the value of Gs. Simplistic definitions of ¢xs produce a
the sake of simplicity, conversion factors are not shown insignificantly overenergetic revolatilization of mercury from

this or any of the following equations. high-latitude snowpacks during spring. Thus, the Bouguer-
Similarly, the concentration of oxidized mercury in the top Lambertlaw (King and Simpson, 2001) was used to calculate

snowpack layer is defined by Eq. (2): the magnitude of the actinic flux at snowpack depth d:

d/d1(Otop) = DeMoaim— NPotop+ Diff oot — SMitorgp (2) ~ AF(D = C0S2) x FSx exp(=d/e (1)) ©)

where Z represents the solar zenith angle, FS the solar flux
absorbed at the surface, and.) the e-folding depth at radi-
ation wavelength.. The product of cos(Z) and FS yields the
magnitude of the downwelling component of the solar radi-
ation as it penetrates the surface of the snowpack, or the in-
cident actinic flux. The-folding depth is the depth at which
the actinic flux is 14 of its incident value (Perovich, 2007).
The actinic flux is the amount of solar radiation reaching a

- . , given point, integrated over a sphere. Since the actinic flux
know that spiking snow with salt decreases the fraction Ofdepends on the solar zenith angle (Eq. (6)), the amount of

mercury that is associated with particles (Mann et al., 2011)'radiation available within the snowpack to drive net pho-

The concentrations of GEM and oxidized mercury in thetoreduction increases only gradually at high latitudes dur-

ggggtT/eSISPWpaCk layer are defined by Egs. (3) and (4), re'ing spring. This gradual increase is crucial for the realistic,

non-overenergetic revolatilization of mercury pooled in the
d /dt (Gpop) = —Diff Gpot 3) snow dgring polar night (Steen et al., 2009) or deposited dur-
d/dt (Ore) — —Diff 4 ing springtime AMDESs (Lu et al., 2001; Berg et al., 2003;
/dt(Opot) = —Diff obot (4) Ariya et al., 2004; Christensen et al., 2004; Heidam et al.,
The relative simplicity of Eqgs. (3) and (4) versus Egs. (1) EOO4|;(SkOV let ggb%(.)%;kFerraln (52?(1)'6-2((;)05; Travmkolv, ;88?
and (2) reflects the fact that in the bottom layer no chemicalsroo seta "I 2067'IrJ eht al., ’I c;résc,)tg.ntsetf? " I’
conversions are represented, as discussed above. zggg;lar etal, » Johnson et al., ; Steffen et al,,

where Depaim is deposition of atmospheric oxidized mer-
cury (Sect. 2.1), Diffpot the diffusion of oxidized mercury
from the bottom to the top snowpack layer, and Swls the
transfer of oxidized mercury from the top snowpack layer to
the snowpack meltwater during snowmelt. Oxidized mercury
within the snowpack currently combines both RGM and PHg
since little information is available on mercury’s adsorption
to and desorption from particles within snowpacks. We do
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In the snowpack model, the value of,&dn Eq. (5) isequal  oxidants and stabilizing halides in the snowpacks exam-
to, within the above-mentioned zero to unity constraint, theined during the field studies. It may also reflect variations
value of AF(d), as calculated by Eqg. (6), with d set to half the in the chemical transformations occurring at the different
depth of the top snowpack layer. The values of Z and FS inlocations. The value of \¢ used in the snowpack model
Eq. (6) are provided by GRAHM. The e-folding depth of a is 7.0x10° 7 s, which falls within the calculated range of
snowpack, which is determined by the radiation wavelengthrates. This value, in combination withifgand Gy, yields
of interest and snowpack characteristics (King and Simpsonthe most realistic results over all latitudes: higher rates yield
2001; Galbavy et al., 2007; Perovich, 2007), can range fronoverenergetic surges in emission at high latitudes, while
1 to ~50 cm for wavelengths of 300 to 400 nm in a variety lower rates yield overly high concentrations of mercury in
of snowpack types (Durnford and Dastoor, 2011). We deterthe snowpack at all latitudes and depress simulated concen-
mined 7.5 cm to be an appropriate value §6x) in Eq. (6), trations of atmospheric GEM noticeably at midlatitudes.
as it represents an average e-folding depth over a variety In Eq. (5), several assumptions are made. It is believed
of snowpack types for the wavelengths of greatest interesthat ionic solutes and impurities in snow are generally lo-
for the photoreduction of mercury in snowpacks, or 305 tocated toward the outside of the snow grain and are, there-
320 nm (Dommergue et al., 2007). fore, available for chemical reactions (Kuhn, 2001; Albert

The Bouguer-Lambert law is valid only below the very top and Shultz, 2002; Dommergue et al., 2003). Following this
layer of a snowpack. The very top layer, which is up to 2 cmreasoning, and in the absence of further guidance, we assume
thick for UV radiation (Lee-Taylor and Madronich, 2002; Pe- that molecules of oxidized mercury occupy no more than a
terson et al., 2002), is characterized by an actinic flux thatmonolayer on the outer surface of snow grains. In this con-
is up to~4-fold greater than the magnitude of the incident figuration they can be photoreduced without interference and
downwelling UV radiation (Warren, 1982; King and Simp- the resulting GEM molecules can be transferred to the inter-
son, 2001; Simpson et al., 2002). This high actinic flux layer,stitial air of snow easily. Furthermore, net photoreduction is
combined with molecular diffusion, likely explains why sev- then independent of the specific surface area of the snow-
eral studies determined that GEM is emitted from the toppack. We also assume that all GEM within the snowpack re-
2-3 centimeters of the snowpack (Dommergue et al., 2007sides in the interstitial air, while all oxidized mercury resides
Fain et al., 2007; Brooks et al., 2008a; Johnson et al., 2008)on the snow grains, given that the former is hydrophobic and
However, the emission of GEM from such a thin source layerthe latter hydrophilic. We further assume, in the absence of
likely occurs only under fairly calm conditions; snowpack guidance from the literature, that there is an unlimited supply
ventilation, which flushes mercury from deeper in the snow-of reductants within the snowpack.
pack into the atmosphere and which is driven by atmospheric Concerning the transfer of mercury from the snowpack to
turbulence, can, as mentioned above, extend to depths of 5@he atmosphere, the diffusive flux of GEM from the top snow-
100cm. The snowpack model does not currently represenpack layer to the lowest atmospheric layer is defined as:
the complex high actinic flux layer and its ability to promote
revolatilization. The neglect of this layer is likely compen- EMictop = KtopaX (Gtop — Gatm) (7)
sated for by the 30-cm depth of the top snowpack layer, given . .
that Ferrari et al. (2004b) reported that litle GEM was emit- Where Kopa is the transfer coefficient from the top snowpack
ted from depths of 20—40 cm at Station Nord, Greenland. layer, and Ginthe concgntratllon of GEM in the surface layer

The value of Gy in Eq. (5) is set to unity except over ©Of the atmosphere.dpa is defined as:
first-year sea ice and under canopies. Over first-year se
ice, snowpacks can contain significant amounts of oxidiz—ﬁ1t0pA= (Dmot + Duurb) /L (8)

ing and stabilizing halogen species (Simpson et al., 20073, hare Dnol and Durp are, respectively, the effective rates
b). Therefore, for snowpacks over first-year sea ice, whichyt mojecular and turbulent diffusions of GEM within the
is here defined as being less than 3 m thick 8 set 10 gpqypack, and L is the characteristic path length. L is val
0.97: Q,)_( is valueq. at unity in snowpacks over multl-ye_ar ued at ghy/2, where g, is the depth of the top snowpack
sea ice in recognition of these packs’ lower concentrauonslayer (Hansen et al., 2006). The value of.§is set to
of halogen species (Yang et al., 2010). Under coniferousg nx10-6 m2s1 (Albert and Shultz, 2002; Faet al., 2008).
and mixed coniferous/deciduous canopiegy 1S valued at The value of Q is calculated as follows:
0.97 and 0.98 respectively, based on results from Poulain et
al. (2007b). Diurb = 1.0x107°x Crke x TKE amm (9)
The value of Eq. (5)'s kp is based on rates of net pho-
toreduction of snowpack mercury from Durnford and Das- where Gke is the turbulent kinetic energy coefficient, and
toor (2011). These rates, which were calculated from pub-TKEgmis atmospheric surface-level turbulent kinetic energy.
lished reports of field studies, ranged from 1.9%4Go The value of Gkg is set to unity except for snowpacks under
1.7x10*s~1. The wide range of rates likely reflects dif- coniferous and mixed coniferous/deciduous canopies. Un-
fering availabilities of solar radiation and varying loads of der the former and latter canopy types it is set to 0.4 and
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0.6, respectively; canopies absorb momentum (Fatnassi €fthe remaining fraction of the exiting meltwater enters the
al., 2006; Yue et al., 2008). The value of Tkk used in  snowpack meltwater runoff. The meteorological component
Eq. (9) is provided by GRAHM. The use of TKR, elim- of GRAHM calculates the respective fractions. Over ice-
inates the need to represent explicitly within the snowpackcovered bodies of water and glaciers and in urban areas, all
model the mechanisms that generate snowpack-ventilatingneltwater exiting the snowpack enters the runoff immedi-
atmospheric surface-level turbulence. These mechanisms irately. The meltwater model represents the net photochemi-
clude wind blowing over a rough surface and thermal insta-cal reduction of oxidized mercury in runoff, the emission of
bility (Kuhn, 2001; Albert and Shultz, 2002; Anderson and GEM to the atmosphere, and the transfer of the runoff and its
Neff, 2008; Durnford and Dastoor, 2011). mercury content to the underlying surface (Fig. 1). Once the
The bidirectional diffusive transfer of GEM between the snowpack has melted, atmospheric mercury is deposited onto
two snowpack layers is driven by molecular diffusion alone: the runoff. The meltwater model does not include rainwater
. runoff, which might dilute the snowpack meltwater runoff, as
Diff Gbot = Ksnowx (Gpot — Grop) 10 weare only interested in the mercury budget of the snowpack
where knowis the transfer coefficient. Given the current lack and its meltwater runoff.
of knowledge, oxidized mercury is transferred bidirection- The meltwater model's calculation of the net photoreduc-
ally between the two snowpack layers as per the transfer ofion of oxidized mercury in runoff is similar to Eq. (5). Con-
GEM. The calculation of &win Eq. (10) is analogous to the  sidering that the outer surface of snow grains, where impuri-
calculation of the bidirectional transfer coefficient for snow- ties tend to be located (see above), is a quasi-liquid medium
pack/atmosphere (Hansen et al., 2006) and water/atmosphe(@bbatt, 2003), whereas the runoff is an actual liquid, it is
(Loux, 2001) fluxes: not unreasonable thaik be identical in both media. The
o kt_l k-l (11) calculation of Gy is also identical in the snOV\_/pack and melt- _
snow™ TtopS T "botS water models; the runoff presumably contains the same oxi-
where kops and ks are the transfer coefficients from dants and stabilizing halides as the parent snowpack. In the
the top and bottom snowpack layers, respectivelypskin meltwater model, a5 is valued at unity in the presence of
Eq. (11) is defined as: sunlight, and zero otherwise. Since the depth of the runoff is
presumed to be less than 10 cm, a simple formulation f@r C

kiops = DmolL ™+ (12) is considered sufficient.

where Dno and L have the same values as in EqQ. (@K The emission of GEM from the runoff occurs only un-
is calculated as per Eq. (12), but with a value for L g§u2, der melting conditions to prevent emission from temporar-
where gt is the depth of the bottom snowpack layer. ily refrozen runoff. Melting conditions are defined as an at-

In a melting snowpack, following Dommergue et mospheric temperature greater thad °C in the presence
al. (2003), all GEM contained in the melted portion is trans- of sunlight or greater than 0°C at any time. The calcula-
ferred to the atmosphere while oxidized mercury is trans-tion of the emission is similar to Eq. (7). The definition of
ferred to the snowpack meltwater. These processes are rephe transfer coefficient, a, was adapted from Soerensen
resented by Eq. (1)'s SMitop and Eq. (2)'s SMibop. The et al. (2010) for fresh water at 0°C using data from Wilke
uptake of mercury by the snowpack meltwater is seen to beand Chang (1955), Poissant et al. (2000), Loux (2001), and
~2.4 times higher than the snowpack’s mean mercury conAndersson et al. (2008a):
centration (Bales et al., 1990; Kuhn, 2001). This process is
referred to as the ionic pulse (Bales et al., 1989, 1990; Bishopruna = 9.7x10™4|v10/>%* (13)
et al., 1995; Allan et al., 2001; Kuhn, 2001; Lindberg et al., ) )

2002; Dommergue et al., 2003, 2010). Since it is believedVNerelviol represents the atmospheric 10-m wind speed.

that oxidized mercury resides primarily on the outer surface 1€ transfer to the underlying surface of the runoff's mer--
of the snow grains (see above), it is likely flushed out of CUTY content depends on the nature of the surface. Over soil

the pack at the onset of snowmelt as the outer surface ofthd glaciers, the runoff and its_ mercury content are assumed
the grains melt. Thus, following observations and theoreticall® P& absorbed by the underlying surface or a larger body of
considerations, the ionic pulse is modeled by transferring 2.4vater within 48 h. In contrast, over ice-covered bodies of wa-
times the oxidized mercury content of the melted portion of (€7 in the presence of melting conditions, which are defined

the top snowpack layer to the meltwater by drawing oxidizeg@PoVve, the runoff is assumed arbitrarily to escape to the un-

mercury from the rest of the snowpack layer. Consequentlyderlying body of water through cracks in the ice at a rate of
m per 12 h. At atmospheric temperatures belel® °C,

this process affects the concentration of oxidized mercury in3m : - atuie
the unmelted portion of the top snowpack layer. all runoff over ice (glaciers or sea/lake ice) is assumed to re-

The model's treatment of meltwater as it exits the snow-"€€2€ and its mercury content is reabsorbed by the pack at
pack varies according to the underlying surface. Over soil-the ice/snowpack interface (Poulalp et al., 2007b; Larose et
covered surfaces, a fraction of the exiting meltwater is im-&l- 2010). In urban areas, all runoff is assumed to be captured

mediately absorbed, with its mercury content, into the soil. mmediately by the drainage system.
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2.3 Simulations 3 Results and discussion

We performed three simulations to test the performance3.1 Snowpack-related mercury
of the snowpack/meltwater model: the base (BRun), snow-
ocean (SORun) and snow (SRun) runs. BRun, SORun andhe verification of simulated snowpack-related mercury con-
SRun use identical versions of GRAHM (Sect. 2.1) apartcentrations employs datasets that were compiled by Durn-
from the treatment of snowpack and oceanic emissionsford and Dastoor (2011). These datasets are based on ob-
BRun uses an earlier version of the parameterization ofservations from numerous field studies performed in all ar-
the revolatilization of mercury deposited onto snowpackseas of the globe. From the published reports of the field
(Dastoor et al., 2008). The revolatilization of mercury from studies, Durnford and Dastoor (2011) calculated sample-size
snowpacks in SORun is calculated dynamically using theweighted means of the concentrations of mercury in surface
new snowpack/meltwater model (Sect. 2.2). Oceanic emissnow, throughout the depth of the snowpack, and in snow-
sions are increased in SORun over those in BRun from Maypack meltwater. The reader is referred to Durnford and Das-
through August in the Hudson Bay area (70° to 100° W, 50°toor (2011) for a detailed discussion on the calculation of
t0 66.5° N), the low Arctic (66.5° to 80° N), and the high Arc- the mean concentrations and on the contributing observa-
tic (polewards of 80°N). In SORun, the prescribed evasiontions. The observed mean concentrations are based mainly on
varies by month and sector. It is activated in the presencepringtime observations and are provided by reports of field
of an incomplete sea ice cover and an atmospheric tempesktuydies that date from 1975 to 2010. Moreover, the observed
ature of —4°C or greater; sea ice appears to inhibit atmo- concentration at a given location may be based on anywhere
sphere/ocean fluxes while evasion is temperature-dependeffom a few to over a hundred published observations. Finally,
(Klrk et al., 2006; Andersson et al., 2008a, 2008b) It was*“syrface snow” is defined as anywhere from 1 to 15¢cm by
found that simulated and observed concentrations of atmofield studies and as 30 cm by the model.
spheric mercury (Sect. 3.2) agree best under a prescribed eva- Figure 2a and b present the five-year (2005-2009) aver-
sion that is strongest in the Hudson Bay area, followed by theage of SORun’s simulated concentrations of mercury in the
High then Low Arctic. The prescribed evasion is activated top snowpack layer and the top and bottom snowpack layers
later at higher latitudes compared to lower latitudes duringcombined, respectively. Simulated data points characterized
spring as a result of the sea ice cover and atmospheric tenpy at least a 2-cm deep snowpack were included in the cal-
perature requirements. The activated evasion increases witgylation. The simulated and observed concentrations are not
latitude in the Arctic as observed (Hirdman et al., 2009). Theexpected to match perfectly as too many differences exist be-
impact on atmospheric concentrations from oceanic emistween the datasets. Mean and maximum observed values are
sions north of 66.5°N and from Hudson Bay is investigatedrepresented in Fig. 2 as colored circles and squares, respec-
in SRun by removing these emissions completely from Maytively.
through August. In both the top layer of the snowpack (Fig. 2a) and in
BRun, SRun and SORun use a global domain at a 1the top and bottom layers combined (Fig. 2b), the simulated

degree Iatitude-longitude horizontal resolution and a 30-minconcentration of total mercury exceeds 10 er lover sea
timestep. The vertical resolution is 28 levels prior to October,jce around the edges of the Arctic Ocean, in the Canadian
2006 and 58 levels afterwards. The model top is constant aArchipe|agO, between Canada and Greenland, and in Hud-
10 hPa. The vertical resolution follows that of the host model,son Bay. Simulated concentrations surpass 20Hgrorth
GEM-GDPS. The vertical resolution of GEM-GDPS was in- of Siberia and Alaska, between the Canadian Archipelago
creased in 2006 as part of a technical update of the model &nd Greenland, and over Hudson Bay. Observations sup-
the Canadian Meteorological Centre (CMC). We perform aport these significant concentrations. With the exception of
series of interconnecting 48-h simulations, where each Simtwo observed concentrations of mercury in Snowpackg (46
ulation is initialised using observed meteorological analysesand 494 ng 1), which are at inland locations in Green-
from CMC. Initial mercury concentrations for each 48-h sim- jand where AMDESs are not expected to have any influence
ulation are provided by the previous simulation. Steady-statéand which are of questionable validity (Jackson, 1997), both
initial concentrations of mercury in non-seasonal snowpackssimulated and observed concentrations of total mercury are
were generated for SORun and SRun by a 10-yr spin-up petess than 10ngt! in snowpacks over Greenland and on-
riod starting from zero. All three simulations started with shore in the Canadian Archipelago. In contrast, the simulated
identical steady-state atmospheric mercury concentrations op~7 ng L) and observed (44.5ng1) concentrations of
29 September 2004. To each of the three simulations an inimercury in surface snow at N&[esund (to the east of north-
tial 3-month spin-up period was applied. The simulation pe-ern Greenland at the edge of the plotted simulated concentra-
riod was from January, 2005 to December, 2009. tions) disagree. However, of the 17 field studies contributing

to the observed concentration plotted at }illpsund, only

2 studies occurred outside of spring (Durnford and Dastoor,

2011); the observed concentration is typical of the AMDE
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Fig. 2. Plotted, as simulated by SORun af@)the 5-year average (2005 to 2009) concentration ("4 bof total mercury in the top snowpack

layer, andb) in the top and bottom snowpack layers combirelithe 5-yr average of each year's maximum monthly concentration {riy L

of total mercury in snowpack meltwater runoff; and d) the 5-yr average of the fraction (%) of total mercury in the top and bottom snowpack
layers combined that is GEM. Colored circles and squares represent mean and maximum observed values, respectively.

season, which is characterized by important mercury depotal effects. In midwestern Canada, SORun fails to reproduce
sition (Lu et al., 2001; Berg et al., 2003; Ariya et al., 2004; the high observed concentration of mercury in snowpacks
Christensen et al., 2004; Heidam et al., 2004; Skov et al.(520 ng L~1) that is associated with the Flin Flon smelting fa-
2004; Ferrari et al., 2005; Travnikov, 2005; Brooks et al., cility. It is likely that a much higher model horizontal resolu-
2006; Kirk et al., 2006; Constant et al., 2007; Sommar et al. tion (~5km) is required to reproduce the extremely high ob-
2007; Johnson et al., 2008; Steffen et al., 2008). Since, durserved concentration. Indeed, gross deposition simulated by
ing April/May, the average simulated concentration of mer- GRAHM increased at Flin Flon from 26 to 293 pgAyr—1
cury in surface snow is only 9ngi at Ny-AIesund but  with an increase in horizontal resolution from 1 to 0.15 de-
rises to 50 ng L within 150 km to the north, a finer hori- grees. Furthermore, the concentration of mercury in humus
zontal resolution may be required to reproduce the observedithin 5 km of the smelter was measured at 100 000 ppb or
elevated springtime mercury concentration in surface snowb00-fold the regional background value (Henderson et al.,
at Ny-Alesund itself. Interestingly, the agreement between1998). The concentration of mercury in humus decreased
the observed (8.5ng1!) and annually-averaged simulated with distance from the smelter, returning to the background
(~8ng L~1) concentrations of mercury over the entire depth value at a distance of 85km (Henderson et al., 1998, Mc-
of the snowpack at Nydesund is extremely close. Martin et al., 1999). Given the site’s significant contamina-
At lower latitudes, the majority of the observed concen- tion and given the fact that mercury can be transferred from
trations of mercury in both surface snow and throughoutthe underlying soil and litter to the snowpack (Nelson et al.,
the snowpack’s depth are less than 10 nd I(Fig. 2). Al- 2008), the entrainment of mercury from the underlying hu-
though the observed (4.5 ngt) and simulated¢3ngL™1) mus near Flin Flon into the snowpack may have augmented
concentrations of mercury throughout the snowpack’s deptithe snowpack’s mercury content. Such entrainment is not
agree closely in the Himalayas, simulated concentrationsepresented in the snowpack model. In the Alps, the high ob-
tend to agree with the lowest observations in North Amer-served means (68 and 1311 for surface snow and through-
ica; the model may not be capturing all local environmen-out the snowpack, respectively) are based predominantly
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on springtime observations. Convection, which is active intions plotted in Fig. 2c represent the mean concentration in
spring and summer, lifts regional pollution (Maupetit et al., the snowpack meltwater’s ionic pulse, which lasts for a few
1995; Cozic et al., 2008; Marusczak et al., 2011). Newly pub-days (Bales et al., 1989, 1990; Bishop et al., 1995; Allan et
lished results from Marusczak et al. (2011), which are notal., 2001; Kuhn, 2001; Lindberg et al., 2002; Dommergue et
included in the plotted observed mean, provide a mean conal., 2003, 2010), we expect the simulated concentration to be
centration of total mercury in Alpine surface snow during the as great as that observed if the simulated runoff depth reaches
first four months of 2009 of-3.5 ng L1, which agrees well 2 cm during the ionic pulse. Otherwise, we expect the simu-
with this region’s simulated concentration of mercury in both lated concentration to be less than that observed.
the top snowpack layer and the top and bottom layers com- In Fig. 2c, the simulated concentration of mercury in
bined (2 ng L™1). These authors observed concentrations ofrunoff tends to be below 10ngi! in North America and
total mercury in surface snow above 6 ngllonly after mid ~ above that in Europe and northern Siberia. It is difficult to
April, with the greatest concentrations found after mid May. compare the simulated and observed concentrations given
Unfortunately, at a 1-degree horizontal resolution, the snow-how little the two datasets overlap. However, the simulated
pack simulated by GRAHM vanishes during March in this concentrations do appear to be consistent with the observa-
region. tions shown. Interestingly, the simulated concentrations also
An interesting feature of Fig. 2a and b is the fact that show good agreement with the concentrations of dissolved
GRAHM predicts the existence of a snowpack of at leastgaseous mercury shown in Andersson et al. (2008b).
2cm depth over terrestrial surfaces as far south as 30°N at The five-year average (2005-2009) of the fraction of total
least once during the five-year period. At these low lati- mercury that is GEM in the top and bottom snowpack layers
tudes, it is not expected that snowpacks outside of mountaineombined, as simulated by SORun, is presented in Fig. 2d.
ous regions are long-lived. By definition, mercury depositedTo date, only 4 observations of this fraction are available
through wet processes contributes to the snowpack’s mercurin the literature for the verification of the simulated frac-
burden from the onset. Moreover, mercury deposited throughions. Moreover, only one of the studies provides an actual
wet processes is retained by snowpacks more strongly thamalue (Fan et al., 2007). The remaining three studies sim-
mercury deposited through dry processes (Durnford et al.ply specify that the fraction that is GEM is no greater than
2012); mercury deposited through wet processes appears the value provided (Dommergue et al., 2003; Ferrari et al.,
be more centrally located within snow grains than mercury2004a, 2005). Thus, the guidance provided by the observa-
deposited through dry processes (Seigneur et al., 1998; Douions is somewhat limited.
glas et al., 2008; Durnford et al., 2012). Consequently, for In Fig. 2d, the simulated fractions of total mercury in the
these short-lived snowpacks, even though the deposition aénowpack that is GEM show excellent agreement with the
mercury through dry processes is continuous (Lin et al.,few available observed fractions. This indicates that the rates
2006), the fraction of the snowpack’s mercury burden thatof net photoreduction and revolatilization are well balanced
is contributed by wet deposition is probably significantly in the snowpack model. However, more observations are re-
higher than that contributed by dry deposition. quired to confirm or reject the distinctly latitudinal distribu-
Figure 2c presents the five-year (2005-2009) average ofion to the simulated fractions, where the fractions are well
each year’s greatest monthly average concentration of memelow 1 % in the Arctic but are 1% to 5% in midlatitudes.
cury in snowpack meltwater runoff as simulated by SORun.
To be included in the calculation, the depth of the runoff must3.2 Atmospheric mercury
be at least 2 cm. The representation of horizontal flow, which
would permit the simulation of the accumulation of runoff in During the development of the snowpack/meltwater model,
low-lying areas, is not currently included in the model. Con- GRAHM'’s simulated atmospheric surface-level GEM con-
sequently, to represent the assumption that, within 48 hoursgentrations were compared to hourly observations at 18 sta-
the runoff is either absorbed by the underlying surface and/otions around the Arctic and across Canada. In the interests
enters alarger body of water, the depth of the runoff is reset taf brevity, here we present verification for 3 sample stations
zero every 48 hours over soil and glaciers (Sect. 2.2). To repat widely differing latitudes (Fig. 7a). The latitudinal varia-
resent the drainage of meltwater from ponds on sea and lakgon is important as the snowpack model’s sensitivity varies
ice through cracks in the ice, meltwater is transferred in thelatitudinally (Sect. 2.2). Figure 3 presents concentrations of
model to the underlying body of water at a constant rate. Theatmospheric surface-level GEM at Alert in the Canadian Arc-
uneven distribution of data points in Fig. 2c indicates that thetic (82.5°N, 62.3°W, 210 m a. s. l.), Kuujjuarapik on sub-
simulated runoff reaches a depth of 2.cm infrequently. Thearctic Hudson Bay, Canada (55.3°N, 77.7°W, 14ma.s.l.)
greater frequency of data points at higher latitudes suggestand Point Petre in mid-latitude Canada (43.8°N, 77.2°W,
that the snowpack melts more rapidly at higher than mid lati-77 ma.s.l.). The longitudes and elevations of the three sta-
tudes; the day is longer during the snowmelt period at highettions are similar. Alert and Kuujjuarapik are remote from an-
latitudes. Since no minimum depth applies to the observedhropogenic sources of mercury but experience long-range
concentration of mercury in runoff and since the observa-transport events (Poissant and Pilote, 2003; Steffen et al.,
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Fig. 3. Presented are time series of concentrations (ﬁ&)mf surface-level atmospheric GEM &) Alert in 2005, (a) Kuujjuarapik in
2007, andc) Point Petre in 2005 as observed (red) and as simulated by BRun (green), SORun (blue) and SRun (black).

2005; Durnford et al., 2010). Point Petre is a rural site thatning mean is applied to the observed concentrations, while
is affected by regional pollution episodically (Blanchard et a 12-h running mean is applied to the simulated concentra-
al., 2002; Kellerhals et al., 2003; Temme et al., 2007; Wentions. The observations are smoothed more since they are
et al., 2011). Thus, although the latitudinal difference is notpoint values, whereas the simulated concentrations represent
the only difference between these three stations, it is likelyan area of up te~100 km by~100 km and, thus, are already
the most important difference. The plotted concentrations asmoothed spatially.

these three locations (Fig. 3) have been smoothed in order to At Alert, SORun reproduces the observed wintertime
eliminate noise following Durnford et al. (2010): a 24-h run- background atmospheric GEM concentrations better than the
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base run, BRun (Fig. 3a). Mercury concentrations simulatedhrough August (Sect. 2.3), is unable to reproduce the ob-
by SRun are overwritten by those of SORun at the start angerved summertime maximum in atmospheric GEM concen-
end of the year in all three panels of Fig. 3 as SRun andrations at Alert (Fig. 3a). The origin of this maximum is not
SORun differ only in their summertime oceanic emissionsyet known; it is simply known that air masses passing at low
from Hudson Bay and north of 66.5° N (Sect. 2.3). In spring, altitudes over the central Arctic tend to be characterized by
the simulation by SORun of the revolatilization at Alert of higher concentrations of GEM (Hirdman et al., 2009). Fig-
AMDE-associated deposition is far more accurate than thatire 3 demonstrates that the revolatilization of mercury from
by BRun snowpacks and runoff is responsible only for the surge in
At the onset of snowmelt in June at Alert, both SORun emissions at the onset of snowmelt. The significant differ-
and BRun generate overly large spikes of GEM (Fig. 3a).ence between concentrations simulated by SORun and SRun
However, atmospheric GEM concentrations that are considstrongly suggests that the observed summertime maximum is
erably higher than the hemispheric background and that areaused by mercury emitted from the Arctic Ocean itself. The
known as Atmospheric Mercury Emission Events (AMEES) maximum in SORun is supported by elevated emissions from
(Cole and Steffen, 2010) are observed at high-latitudes athe open ocean (Hirdman et al., 2009). In reality, evasion in
the onset of snowmelt (Dommergue et al., 2003nket al.,  the Canadian Arctic Archipelago may also provide support;
2007; Sommar et al., 2007; Brooks et al., 2008b; Douglasconcentrations of mercury in both runoff (Fig. 2c) and sur-
et al., 2008). It has been hypothesized that these spikes aface waters (Kirk et al., 2008; Andersson et al., 2008b) are
generated by an increased rate of mercury reduction withirelevated locally in the Archipelago. Concerning the shapes
the snowpack (Dommergue et al., 2003). It is suggestedf the observed and simulated time series, it is highly likely
that reactions are faster in the quasi-liquid medium that surthat the volatility of the summertime GEM concentrations is
rounds individual snow grains so that, when this layer thick-driven by oceanic emissions; onshore and offshore winds al-
ens during snowmelt, the reaction site expands and the ovemost definitely coincide with maxima and minima, respec-
all rate of reaction increases (Durnford and Dastoor, 2011)tively, in the observed time series. It is probable that the
In the snowpack model's representation of net photoreducextremely high concentrations of marine mercury that have
tion within the snowpack (Eqg. (5)) Ne, the base rate of net been observed in wholly or partially ice-covered regions of
photoreduction, is held fixed at all times while the value of arctic waters and Hudson Bay in April and May (Kirk et
Cins, the coefficient representing the availability of solar ra- al., 2006; Sommar et al., 2007; St. Louis et al., 2007) and
diation, increases with the solar zenith angle (Eq. (6)). ThisJuly through September (Andersson et al., 2008b) gain ac-
suggests strongly that the spikes in high-latitude atmosphericess to the atmosphere through cracks in the sea ice (Kirk et
GEM concentration observed at the onset of snowmelt arel., 2006; St. Louis et al., 2007). The end of the summertime
related purely to the increased availability of solar radiation.maximum coincides with the arrival of colder atmospheric
The thickening of the quasi-liquid layer itself does not seemtemperatures. Colder temperatures promote the formation of
to increase the rate of net photoreduction. This supports ousea ice; gaps in the sea ice close. They also reduce the emis-
assumption that the molecules of oxidized mercury occupysion of marine mercury through the temperature dependence
no more than a monolayer on the outer surface of snow grainsf the Henry’s law constant for GEM (Poissant et al., 2000;
(Sect. 2.2). Andersson et al., 2008a). The relative importance of snow-
SORun’s overly large simulated spikes in atmosphericpack and oceanic emissions in the Arctic will be discussed
GEM concentration at the onset of snowmelt at Alert further in Sect. 3.3.3.
(Fig. 3a) may indicate that the calculation of the snowpack’s At Kuujjuarapik, SORun is again able to reproduce the
net photoreduction (Eq. (5)) needs further refinement. Forobserved wintertime background atmospheric GEM concen-
instance, the partitioning of the snowpack’s content of oxi- trations more accurately than BRun (Fig. 3b). Furthermore,
dized mercury into fractions that are and are not available fothe timing by SORun of the springtime peaks and troughs
reduction according to the halide content of the snowpackis excellent at Kuujjuarapik. Thus, the snowpack/meltwater
may be required. On the other hand, the fact that the overlymodel is seen to perform well at this site. During summer, the
large concentration spikes of Fig. 3a coincide with the onsetdifference between the concentrations simulated by SORun
of snowmelt may indicate that it is the snowpack model’s and SRun suggests that oceanic mercury emissions are im-
processing of melting snowpacks that is most relevant tgportant at Kuujjuarapik, in terms of their contribution both to
the overprediction of these spikes. Currently, following the the mean GEM concentration and its variability.
present state of knowledge, all GEM in the melted portion of At Point Petre, the wintertime atmospheric GEM concen-
the snowpack is emitted to the atmosphere (Sect. 2.2). It igrations simulated by SORun are noticeably closer to the ob-
possible that a fraction of this GEM should actually be trans-servations than those of BRun (Fig. 3c); the seasonality of the
ferred to the snowpack meltwater. simulated atmospheric GEM concentrations improves signif-
From mid-June through the end of August, SRun, whichicantly. Experiments with atmospheric chemical transforma-
uses the snowpack/meltwater model and no oceanic mercurjons were unable to produce the same degree of seasonality.
emissions from the Arctic Ocean or Hudson Bay from May Interestingly, while the difference between SORun and SRun

Atmos. Chem. Phys., 12, 9258274 2012 www.atmos-chem-phys.net/12/9251/2012/



D. Durnford et al.: Modelling the fate of mercury deposited onto snowpacks 9263

w
w
u
w

GEM (ng m*)
N

R=0.82 R=0.82

o

IS
IS

Obs
BRun

SORun

I 2 2
é!ﬂ;u é%é%% ;LH; S

R=064 R=0.78

; . ng ; -
i?g e N R N

GEM (ng m™)
N ~
—(— .-
B o B ]
13—
— T
—{T
+—H—+
——=
-
+ =
-
HI—
N ~
HH
+{-
-

Obs
BRun
SORun

s 25 25 25 25

SIS %%f%é%;;;%

05 0.5 0.5 05
Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov

Month - _Month B Month. Month

—

R=0.33 R=0.63

o
o

GEM (ng m*)
s
—DO—%
- =
+ =
- %
——+
—1—+
—{1—
—T
() —
D~
I+
P

Fig. 4. The first three columns present boxes consisting of, for atmospheric surface-level GEM, each month’s median, 25th and 75th percentile
concentrations (box’s centre line and boundaries). The whiskers represent the mean + 2.7 standard deviations;&8lésihdata points

in a normally distributed dataset. Outliers are plotted using “+". The first coli@ne, i)presents statistics based on observed concentrations.

The second colum(b, f, j) presents statistics based on BRun. The third col@eng, k) presents statistics based on SORun. The fourth
column provides monthly mean concentrations and correlation coefficients between the observed and simulated monthly means, following
the color-coding of the legend. The first r¢a+~d) presents statistics for Alert, based on 5 yr (2005—-2009) of concentrations. The second row
(e—h)presents statistics for Kuujjuarapik, based on 3 yr (2007—2009) of concentrations. The thirdy@resents statistics for Point Petre,

based on 3 yr (2005-2007) of concentrations.

extends only through September/October at Alert and Kuu-excellent coefficient of 0.82; SORun’s wintertime monthly
jjuarapik, this difference extends right through December atmean atmospheric GEM concentrations agree more closely
Point Peter; although the lack or presence of high-latitudewith the observed means than those of BRun.
summertime oceanic mercury emissions affects atmospheric At Kuujjuarapik, SORun reproduces the distribution of the
GEM concentrations more strongly at high latitudes duringmonthly median concentrations more accurately than does
summer, the impact of these emissions is felt for longer atBRun (Fig. 4e—g). The unfortunate drop in SORun’s median
midlatitudes. mercury concentration in September, along with that month’s
Figure 4 provides an objective analysis of the ability of decline in variability, suggests that important oceanic mer-
BRun and SORun to reproduce observed concentrations afury emissions from Hudson Bay continue past the end of
atmospheric GEM over multiple years. At Alert, both the August; they were provided in SORun only until the end
shape of SORun’s distribution of monthly medians and theof August. Nonetheless, the overall degree of variability in
degree of variability are more accurate than BRun's (Fig. 4a-SORun agrees most closely with the observed variability.
¢). SORun also does an excellent job of reproducing the obfurthermore, the correlation coefficient between the simu-
served distribution of monthly means at Alert (Fig. 4d), apartlated and observed distributions of monthly means (Fig. 4h)
from a slight forwards shift of the summertime peak. It is is distinctly higher for SORun (0.78) than for BRun (0.64).
possible that transferring a fraction of the GEM contained in At Point Petre, the seasonal cycle in the distributions of
the melted portion of the snowpack to the snowmelt insteacboth the monthly median (Fig. 4i-k) and mean (Fig. 4l) con-
of releasing it immediately to the atmosphere, as discussedentrations of atmospheric GEM as simulated by SORun
above, would delay the emission of GEM somewhat and re-agrees more closely with the observed cycle than as sim-
duce the forwards shift of the maximum monthly mean con-ulated by BRun. This improvement in the seasonal cycle
centration. Nonetheless, despite this forwards shift, the correby SORun causes the correlation coefficient between the
lation coefficient between the distribution of monthly means monthly distribution of mean GEM concentrations as ob-
as observed and as simulated by SORun matches BRunserved and as simulated by SORun to jump to 0.63 from
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Fig. 5. Shown is the 5-yr (2005—-2009) average from SORun of revolatilization of GEM from snowpacks as a function of the locgld)our at
Alert, (b) Kuujjuarapik andc) Point Petre.

BRun’s coefficient of 0.33. Both SORun and BRun fail to the yearly net deposition is the re-emission of mercury that
capture the full extent of the observed variability as repre-was deposited prior to the current year. Environmental com-
sented by the distributions of the 25th and 75th concentrapartments containing such legacy pools of deposited mercury
tions and the outliers, particularly in summer and fall. This include soils, bodies of water, multiyear snowpacks, glaciers
suggests that soil/atmosphere fluxes, which are not dynamand permafrost. GRAHM currently represents the emission
ically represented in GRAHM, have an important effect on of legacy pools of mercury from soils and bodies of water.
atmospheric mercury concentrations.

3.3.3 Results
3.3 Deposition and emission

The five-year average (2005-2009) of the revolatilization
For the sake of clarity, we commence the discussion on depopf mercury deposited onto snowpacks as a function of the
sition and emission by dEﬁning the yearly net depOSition anqoca| hour, as simulated by SORuUN at A|ert, Kuujjuara_
yearly accumulation at the surface as these terms are used filk and Point Petre, is presented in Fig. 5. The simulated
Sect. 3.3.3. revolatilization at all three locations peaks near or just after
local noon, agreeing with observations (Steffen et al., 2002;
Ferrari et al., 2005, 2008; Brooks et al., 2006jrFat al.,

We define the yearly net deposition as the amount of neV\FOO7; Sommar et al., 2007, Johnsqn ?t al., 2008),‘ Intgrest-
mercury that is added to the surface within the same yealj.ngly' the shapes of the three distributions are quite differ-
It is calculated as the total yearly gross deposition minusent. The distinct increase of revolatilization with latitude sug-
the portion of that deposition that is revolatilized the same¥°Sts that the greater deposition associated Wi?*.‘ high-latitude
year. This will include rapid revolatilization from snow- AMDEs tends to be followed by greater revolatlllzaFlpn.The
packs, snowpack meltwater runoff, soils, vegetation and bodfact that the average amount of m't_arcury.re\{olatlllzed per
ies of water. At this point, we do not have knowledge of hour at midday IS grea.\tes't. at Kuujjuarapik I|!<ely reflect;
the rapid revolatilization of mercury from soils, vegetation the f_act that t_h_e site's '_5|gn|f|cant AMDE-associated deposi-
and bodies of water from the model. Thus, our current esti-'°" 1S revolatilized during days that are ess than 24h long.
mate of yearly net deposition is calculated by removing mer-m cont.r_ast,_ at Alert, which Experiences 2‘.1'.h dgyllght,_ the
cury revolatilization from snowpacks and snowpack meltwa- revolatilization of AMDE-assomated_ dep(_)smon Is continu-
ter runoff from total yearly gross deposition and therefore it °US- In consequence, less mercury is emitted per hour on av-

3.3.1 Yearly net deposition

represents an upper limit. erage at midday and the midday emission peak is less pro-
nounced.
3.3.2 Yearly accumulation at the surface The horizontal seasonal distributions of gross deposition,

the revolatilization of deposited mercury from snowpacks
We define the yearly accumulation at the surface as howand runoff, and net deposition of mercury, as simulated by
much mercury is accumulated on the Earth’s surface in aSORun and averaged over 2005 to 2009, are presented in
given year. It explains the change in mercury concentratiorFig. 6. Each season extends over three months with win-
at the surface as a result of exchanges with the atmospheréer defined as December/January/February. Midlatitude wet
It is calculated as the total yearly gross deposition minus to-mercury deposition, as simulated by SORun, was found
tal surface non-anthropogenic emissions for that year. Anto verify against Mercury Deposition Network data from
thropogenic emissions are excluded since they represent thibe National Atmospheric Deposition Network (Prestbo and
mobilization of mercury from under the surface to the sur- Gay, 2009) better than that simulated by BRun in Canada
face; no mercury is removed from the surface. Thus, in-and the northern US (not shown). Performance was compa-
cluded in the yearly accumulation at the surface but not inrable in the southern US. In midlatitudes, gross deposition
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Table 1. Deposition and emission for the area polewards of 66.5° N.

Season  Emission: Emission: Emission: Other Gross Net Net
snowpack (Mg) runoff (Mg) oceanic (Mg) emission (Mg) deposition (Mg) deposition (Mg) accumulation (Mg)
winter 12 0 3 0 29 17 13
spring 142 0 4 1 205 63 58
summer 35 1 22 2 78 43 19
fall 8 0 4 0 38 30 27
year 197 1 33 3 350 153 117

Fig. 6. From left to right by column are, in pgT, gross depositiofa, d, g, j), the revolatilization from snowpacks and rungift e, h, k),
and net depositio(c, f, i, I) based on 5yr (2005-2009) of seasonal data from SORun. The firgara)presents data for winter (December

through February), followed by sprir{d—f), summer(g—i), and fall(j-1).
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Fig. 7. Presented are annual averages based on 5yr (2005-2009) of data from SQRutheffraction (%) of mercury deposited onto
snowpacks that is revolatilized. The blue, brown and red crosses indicate the location of Alert, Kuujjuarapik and Point Petre, respectively;
(b) total mercury emission from the surface as a fraction (%) of gross mercury depogiioet mercury deposition (pg‘rﬁ yr_l); and

(d) net mercury accumulation (ugmAyr—1).

is greatest in summer and spring whereas net deposition ible 1), revolatilization from snowpacks and runoff is 1.6-fold
greatest in summer, followed by spring, as a result of thestronger than evasion from oceans.
springtime revolatilization of mercury deposited onto snow- Also of interest is the seasonal distribution of net depo-
packs (Fig. 6). The impact of snowpacks on midlatitude netsition and net accumulation (Fig. 6, Table 2) for the Hud-
deposition will be discussed further below. son Bay System, which consists of Hudson Bay, Foxe Basin
In the Arctic, as a result of AMDES, we estimate that grossand Hudson Strait (Hare et al., 2008). We estimate that
deposition is 2.6-fold greater in spring than in summer, whichthe yearly net deposition for this region is 14 Mg, with the
is, in turn, 2.0-fold greater than in fall (Table 1). Despite net deposition distributed evenly between the seasons. The
significant revolatilization of mercury deposited onto snow- measurement-based estimate from Kirk et al. (2006) of a net
packs, springtime net deposition is important everywhere indeposition to Hudson Bay alone of 0.26 £ 0.20 Mg from the
the Arctic except Greenland (Fig. 6), amounting to an esti-entire snowpack season is lower than our estimate for the
mated 63 Mg north of 66.5° N. This represents 41 % of the re-entire Hudson Bay System of8 Mg for the same period.
gion’s yearly net deposition. During fall, net deposition in the The heterogeneity of both AMDE-associated mercury depo-
Arctic is half that during spring. In winter, net deposition is sition (Ferrari et al., 2005; Kirk et al., 2006; Steffen et al.,
minimal. During summer, the Arctic as a whole experiences2008) and the fraction of mercury deposited onto snowpacks
net deposition (43 Mg north of 66.5°N). However, despite that is revolatilized (Fig. 7a) could explain this discrepancy.
greater summertime gross deposition in the High than LowWe further estimate that the region experiences a yearly net
Arctic, we estimate that the High Arctic experiences a neg-accumulation at the surface of 1 Mg; the revolatilization of
ative net deposition during summer, as does Greenland, asmercury from snowpacks (14 Mgyt, with 12 Mg in spring)
result of the strong revolatilization of mercury deposited ontoand oceanic evasion (13 Mgk, with 11 Mg in summer)
snowpacks during both summer and the previous seasonbalance gross atmospheric deposition (28 Mgtyralmost
Indeed, we estimate that, even in summer, when oceaniperfectly on an annual basis. Similarly, Hare et al. (2008)
emissions north of 66.5° N are at their greatest (22 Mg; Ta-estimated a yearly net accumulation at the surface in the
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Table 2. Deposition and emission for the Hudson Bay System.

Season Emission: Emission: Emission: Other Gross Net Net
snowpack (Mg) runoff (Mg) oceanic (Mg) emission (Mg) deposition (Mg) deposition (Mg) accumulation (Mg)
winter 2 0 0 0 5 3 3
spring 12 0 2 0 15 3 1
summer O 0 11 0 5 5 -6
fall 0 0 0 0 3 3 3
year 14 0 13 0 28 14 1

Hudson Bay System of 1.5 Mg. These authors estimated thaihg so rapidly that their mercury content is transferred to the
rivers provide 1.9 Mgyr! to the system. The importance of underlying surface or a nearby body of water before signif-
the riverine source for this system is supported by Fig. 6,icant revolatilization can occur from either the snowpack or
which suggests significant net deposition to the extensivats meltwater runoff.
(over 3.7x16 km?) watershed of this system. During sum-  Considering the impact of snowpacks on mercury deposi-
mer, we estimate that the strong oceanic evasion generatdé®n within four northern hemispheric latitude bands (30 to
a net accumulation of -6 Mg in the Hudson Bay System. In45° N, 45 to 60° N, 60 to 65° N, 65 to 90° N) using five years
Sect. 3.2, summertime oceanic emissions were found to con2005-2009) of output from SORun, we estimate that, on an
tribute significantly to atmospheric GEM concentrations atannual basis, the fraction of gross deposition that is received
Kuujjuarapik. Although Strode et al. (2007) also found net by snowpacks increases continuously with increasing lati-
evasion over Hudson Bay in July, Soerensen et al. (2010jude band from an average of 6 % (30 to 45° N) to 20 % (45 to
estimated net accumulation in Hudson Bay during summer60° N) to 41 % (60 to 65° N) to 75 % (polewards of 66.5° N;
Both studies used the GEOS-Chem model. Table 3). As suggested by Fig. 7a, the average fraction of
Figure 7a presents the horizontal distribution, as simu-mercury deposited onto snowpacks that is revolatilized annu-
lated by SORun, of the 5-yr (2005-2009) average of theally also increases continuously with latitude band from 39 %
fraction (%) of mercury deposited onto snowpacks that is(30 to 45°N) to 57 % (45 to 60° N) to 67 % (60 to 66.5°N)
revolatilized. Not surprisingly, given the much longer life- to 75 % (polewards of 66.5° N). Consequently, yearly net de-
time of snowpacks versus runoff, the annually averagedposition is 98 % of gross deposition from 30 to 45° N, 89 %
revolatilization of mercury from runoff is insignificant com- of gross deposition from 45 to 60°N, 73 % of gross depo-
pared to that of snowpacks (e.g., Tables 1, 2). Thereforesition from 60 to 66.5° N, but only 44 % of gross deposi-
Fig. 7a will be discussed in terms of revolatilization from tion within the Arctic Circle. During spring, the latitudinal
snowpacks alone. The fraction revolatilized is greatest ovegradients of both the fraction of gross deposition that is re-
Greenland £100 %), possibly as a consequence of the re-ceived by snowpacks and the fraction of mercury deposited
gion’s low deposition (Fig. 6). Fractions greater than 100 % onto snowpacks that is revolatilized tend to be stronger than
indicate that mercury deposited during the previous year(spn an annual basis. Therefore, while net deposition as a frac-
is being revolatilized. Over the Arctic Ocean, the fraction tion of gross deposition is still, on average, 98 % from 30 to
is ~70% to 80 %, which suggests efficient snowpack ven-45°N, it decreases to 83 % from 45 to 60° N, 52 % from 60
tilation forced by windy conditions over the relatively flat to 66.5° N and 31 % polewards of 66.5° N during spring. In
terrain. The fractions are likely higher in the central Arc- the Hudson Bay System, net deposition as a fraction of gross
tic Ocean than around its edges as a result of the greateteposition is estimated to be 51% on an annual basis and
saltiness of snowpacks over first-year than multi-year se®7 % during spring. Thus, according to the dynamic snow-
ice. As mentioned in Sect. 2.2, halogen species both oxipack/meltwater model, snowpacks provide the surface with a
dize and stabilize mercury within the snowpack, promotingfairly effective barrier against atmospheric mercury, with the
its retention. The lesser fractions in the area of Siberia ancefficacy increasing with latitude. Stocker et al. (2007), using
Alaska north of 66.5° N{65 %) suggest less efficient snow- a box model, found that snowpacks also transfer semivolatile
pack ventilation; wind speeds are likely reduced through fric-organic compounds to the underlying surface more at lower
tion with the rougher terrain. The variability of the fractions than at high latitudes.
between 45 and 65° N~50 % to 80 %) is likely produced As mentioned above, we estimate, using the dynamic
by varying amounts of snowpack ventilation related to ter- snowpack model, that 75 % of mercury deposited onto snow-
rain differences, varying degrees of mercury burial causedacks polewards of 66.5°N is revolatilized annually (Ta-
by a range of snowpack depths, and the varying retention oble 3). Dastoor et al. (2008) and Holmes et al. (2010) pro-
snowpack mercury by different canopy types. The smallestvided estimates of 59 % and 60 %, respectively. For the area
revolatilization fractions, which are found mainly south of north of 66.5° N, we estimate the yearly accumulation at the
45° N (~10 % to 50 %), may be produced by snowfalls melt- surface and the yearly net deposition at 117 (58 Mg during
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Table 3.Impact of snowpacks on deposition.

Region Gross Gross Fraction of Net Net Fraction of Rapid Net gain by Transfer to
depositionto all  deposition to gross deposition  deposition deposition to net deposition revolatilization snowpacks (Mg)  surfaces
surfaces (Mg) snowpacks (Mg) received by to all snowpacks (Mg)  received by as a fraction of underlying

snowpacks (%)  surfaces (Mg) snowpacks (%) gross deposition to snowpacks (Mg)
snowpacks (%)

Spring

30to 45°N 242 13 6 237 8 3 39 —0.4 9

4510 60°N 196 54 27 163 21 13 61 -2.8 23

60 to 66.5° N 59 38 65 30 10 34 73 -11 11

66.5t0 90°N 205 189 92 63 47 74 75 43 42

Arctic marine surfaces 171 157 92 53 39 73 75 45 34

Arctic terrestrial surfaces 34 32 94 10 8 78 76 —-0.1 8

Hudson Bay System 15 15 97 4 4 89 75 -0.3 4

Year

30to 45°N 867 49 6 848 30 4 39 0.0 30

45to 60°N 662 132 20 586 56 10 57 0.0 56

60 t0 66.5° N 172 71 41 125 23 19 67 0.0 23

66.5t0 90°N 350 263 75 153 66 43 75 0.5 66

Arctic marine surfaces 266 208 78 108 50 46 76 0.4 50

Arctic terrestrial surfaces 84 55 65 45 16 35 71 0.1 16

Hudson Bay System 28 21 74 14 7 49 66 0.0 7

spring) and 153 (63 Mg during spring) Mg, respectively (Ta- arctic terrestrial surfaces eventually reaches the Arctic Ocean
ble 1). This estimate of yearly net deposition is at the highthrough runoff. Terrestrial and marine snowpacks north of
end of the 80- to 140-Mg yr* estimate provided recently by 66.5° N are estimated to have gained an average of 0.1 and
four different models (AMAP, 2011). However, none of the 0.4 Mgyr1, respectively, over the 5-year (2005-2009) pe-
four models represents the dynamic revolatilization of mer-riod, likely through burial by snow accumulation.
cury from snowpacks. The dynamic snowpack model's esti- Figure 7b presents the distribution of total mercury emis-
mates of stronger revolatilization and greater net depositiorsion from the surface as a fraction of gross mercury de-
suggest that the cycling of mercury between the atmospherposition, as simulated by SORun and averaged over 2005—
and snowpacks within the Arctic Circle may be more active 2009. These emissions exclude anthropogenic emissions
than previously thought. (Sect. 3.3.2). The fraction is close to or exceeds 100%
Over marine and terrestrial surfaces north of 66.5°N,in Hudson Bay, the High Arctic and Greenland (discussed
yearly gross deposition is estimated at 266 and 84 Mg, reabove). In midlatitude regions, total emission amounts to
spectively (Table 3). Even though a substantially higher frac-~25 % to well over 100% of gross deposition. On aver-
tion of yearly gross deposition is received by snowpacks overage, the fraction emitted increases from 59 % polewards of
marine (78 %) than terrestrial (65 %) surfaces and the aver30.0° N to 67 % polewards of 66.5° N.
age annual rapid revolatilization of mercury deposited onto The yearly net deposition (Sect. 3.3.1) and the yearly accu-
snowpacks is slightly stronger over marine (76 %) than ter-mulation at the surface (Sect. 3.3.2) are presented in Fig. 7c
restrial (71 %) surfaces, we estimate that the yearly net deand d, respectively. Both fields tend to decrease with increas-
position is also considerably greater over marine (108 Mg)ing revolatilization fractions (Fig. 7a); snowpacks appear to
than terrestrial (45Mg) surfaces. Moreover, while 49% of have a significant impact on the biogeochemical cycling of
the yearly net deposition is received during spring over ma-mercury. The greatest net depositiesB0 pg n72) and accu-
rine surfaces, only 21 % of the yearly total is received overmulation 20 ug nt2) values are found near regions charac-
terrestrial surfaces during spring. This agrees with previougerized by elevated anthropogenic emissions. In midlatitude
findings that AMDE-associated deposition does not penetegions less affected by anthropogenic emissions, yearly net
trate significantly inland (Landers et al., 1995; Snyder-Conndeposition and the yearly accumulation at the surface are typ-
et al., 1997; Bargagli et al., 2005; Constant et al., 2007; Stically ~10 to 15 pg nm2 and~—10 to~15 pg nT2, respec-
Louis et al., 2007; Brooks et al., 2008b). We further estimatetively. In Hudson Bay, the Arctic, and Greenland, the net de-
that 58 Mg of yearly net deposition (14 Mg during spring) position and yearly accumulation range from 0~&5 and
enters ocean waters within the Arctic Circle directly while ~-5 to ~10 ug n2, respectively.
50 Mg (34 Mg during spring) enters indirectly via the melt-
ing of snowpacks (Table 3, Figs. 7b, 8). We also estimate
that 29 Mg of yearly net deposition (2Mg during spring) 4 Summary and conclusions

is deposited directly to terrestrial surfaces within the Arc- ) )
tic Circle while 16 Mg (8 Mg during spring) are deposited We have described a dynamic snowpack/meltwater model for

indirectly via the melting of snowpacks. It is unknown what Mercury that s appropriate for large-scale atmospheric mer-

fraction of the estimated 45 Mg of yearly net deposition to cury models. Deposited atmospheric mercury is received by
the top snowpack layer. The net photoreduction of oxidized
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mercury is represented in the same layer. Mercury is trans- Simulations performed by GRAHM and its new snow-
ferred from the top snowpack layer to the atmosphere vigpack/meltwater model for mercury strongly suggest that
molecular and turbulent diffusions, and between the top twooceanic evasion produces the observed summertime maxi-
snowpack layers via molecular diffusion. Mercury is buried mum in atmospheric GEM concentrations at Alert. Oceanic
in a third snowpack layer through snow accumulation. emissions also appear to generate the summertime volatil-
Oxidized mercury is transferred from the snowpack to ity observed in the atmospheric GEM concentrations at both
the snowpack meltwater runoff during snowmelt. Once theAlert and Kuujjuarapik. As a result of the strong oceanic
snowpack has melted, the runoff also receives atmospheriemissions, the Hudson Bay System is estimated to experi-
mercury deposition. Mercury within the runoff undergoes ence a net accumulation ef6 Mg during summer.
net photoreduction and is transferred to the atmosphere via
molecular diffusion. The runoff and its mercury content are
absorbed by the underlying surface. 5 Future work
The snowpack/meltwater model is seen to perform well
in GRAHM. Simulated concentrations of mercury in snow- The presented dynamic snowpack/meltwater model for mer-
packs and runoff agree well with observations. Furthermorecury represents a first attempt to develop such a model for
the fraction of total mercury within the snowpack that is inclusion in a large-scale atmospheric mercury model. Many
GEM agrees with the observations. The updated GRAHMrefinements are possible. For instance, a version could be
is better able to reproduce observed wintertime atmospheritested with multiple photochemically active layers. The re-
GEM concentrations. Consequently, the simulated seasorduction and oxidation of mercury in both the light and the
ality of atmospheric GEM concentrations improved sub- dark could be represented separately. The stabilizing effect of
stantially at Point Petre. At Alert, the updated GRAHM'’s halides, which promotes the retention of mercury within the
prediction of the revolatilization of AMDE-associated mer- snowpack, could be simulated. A representation of the for-
cury deposition improved significantly. Given its dynamic mation and dissolution of PHg within the snowpack could be
physically-based nature, this model is deemed appropriaténtroduced. Finally, the snowpack model’s e-folding depth,
for long-term numerical studies on the effects of changingwhich impacts the penetration of solar radiation, could be
climate and emission scenarios. However, considering thenade to vary according to the impurities in the snowpack.
limited number of snowpack-related observations available
at this time for model verification, additional evaluation of
the snowpack/meltwater model for mercury is required in de-AcknowledgementsThis study was funded by the projects
tailed case studies and under conditions of particular fieldNCATPA and CARA. The former project used funding from
measurements. Government of Canada Program for International Polar Year. We
Simulations by GRAHM and its new snowpack/meltwater are deeply indebted to aII_those who provided us with verifying
model for mercury suggest that, on an annual basis, the aRbservations of atmospheric surface-level concentrations of GEM.
erage fraction of mercury deposited onto snowpacks thaghe development of th_e snowpack/meltwat_er model would not
. . . . . ave been successful without these observations.
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