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ABSTRACT: Sea ice (including overlying snow) is a dynamic interface
between the atmosphere and the ocean, influencing the mercury (Hg) cycling in
polar oceans. However, a large-scale and process-based model for the Hg cycle
in the sea ice environment is lacking, hampering our understanding of regional
Hg budget and critical processes. Here, we develop a comprehensive model for
the Hg cycle at the ocean—sea ice—atmosphere interface with constraints from
observational polar cryospheric data. We find that seasonal patterns of average
total Hg (THg) in snow are governed by snow thermodynamics and deposition,
peaking in springtime (Arctic: 5.9 ng/L; Antarctic: 5.3 ng/L) and minimizing —
during ice formation (Arctic: 1.0 ng/L, Antarctic: 0.5 ng/L). Arctic and = L i
Antarctic sea ice exhibited THg concentration peaks in summer (0.25 ng/L) and - < - Leetetg
spring (0.28 ng/L), respectively, governed by different snow Hg transmission _ T

pathways. Antarctic snow-ice formation facilitates Hg transfer to sea ice during

spring, while in the Arctic, snow Hg is primarily moved through snowmelt. Overall, first-year sea ice acts as a buffer, receiving
atmospheric Hg during ice growth and releasing it to the ocean in summer, influencing polar atmospheric and seawater Hg
concentrations. Our model can assess climate change effects on polar Hg cycles and evaluate the Minamata Convention’s
effectiveness for Arctic populations.

Ocean Surface
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1. INTRODUCTION Hg in the Arctic system.” Hg dynamics, however, are more active
within FYI than MYI due to the difference in the brine volume
fraction.”®"® The dynamic brine pockets and drainage channels
in FYI promote permeability and facilitate the transport of
gaseous and dissolved Hg.15 In contrast, MYI undergoes severe
desalination and crystal retexturing, leaving less brine pockets,
and the Hg content in MYT is primarily determined by particle
processes involving particulate matter that has been retained
from sediment, snow, or other aerosol sources.” The overlying
snow is especially effective in receiving Hg deposited from the
atmosphere, especially during the springtime mercury depletion
events (MDEs).'”"® Although a considerable amount of the
deposited Hg in snow can be re-emitted back to the atmosphere
following rapid photoreduction,lé’17 some of the deposited Hg is
retained in the snowpack'® and enters the marine ecosystem
upon the melting of the snowpack and ice.

Meteorological factors, especially sunlight and temperature,
are primary drivers for the transport and transformation of Hg

The concentrations of mercury (Hg), a potent neurotoxin, in
polar regions (the Arctic and Antarctic) have increased
remarkably since the industrial revolution, which is often
associated with the long-range transport of Hg from lower
latitudes.'™* After being deposited in the polar marine
environment, inorganic Hg can be converted to highly
neurotoxic methylmercury (MeHg), which can be bioaccumu-
lated and biomagnified in the food chain.”~* This has raised a
great concern for indigenous people, especially in the pan-Arctic
communities, because they rely on marine mammals and fish as
part of their traditional diet."” A better understanding of Hg
cycling in the polar regions is thus needed to better estimate the
exposure risk of Hg and make effective mitigation and
adaptation strategies.

A unique feature of the polar marine environment is the
presence and dynamics of the sea ice environment (including
the overlying snow), which is known to play a major role in the
biogeochemical processes of Hg in the polar environ-
ment.""*'°7"> Sea ice is a reservoir of Hg with greater Received: June 30, 2023
(~twofold) Hg mass per unit volume than surface seawater."” Revised:  August 3, 2023
Recently, the Arctic sea ice environment has undergone a Accepted:  August 4, 2023
dramatic regime shift from predominantly multi-year ice (MYI)
pack to one composed primarily of first-year ice (FYI),"*
indicating a potential change in the biogeochemical cycling of
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across the ocean—sea ice—atmosphere (OSA) interface in the
polar marine environment. In the cold seasons, continuous
snowfall scavenges atmospheric Hg, which can be transformed
into sea ice Hg through the formation of snow ice and via gas/
brine migration. The Hg’ in the snowIpack can be transported via
molecular and turbulent diffusions.”® The former is slow but
ubiquitous, while the latter is potentially faster but controlled by
atmospheric turbulence, which is more variable and influenced
by meteorological factors.'®~>° Most of the dissolved Hg species
are rejected during the seawater freezing process, with the
remainder enriched in the brine pocket of newly formed ice.'>"*
In warm seasons, snow melts, and the Hg in snow can be leached
to the underlying ice surface. Rising temperature also alters the
interior of newly formed ice, and Hg can be discharged from the
sea ice to the underlying seawater along with the desalination
process.11’21’22 The exposure of supersaturated Hg0 concen-
trations under contiguous ice also enhances evasion during sea
ice melting.”’

Our knowledge about the cycling of Hg in the polar marine
cryosphere is improved by the accumulating field measure-
ment.”">**~*” New techniques such as stable Hg isotopes also
begin to elucidate the redox chemistry of Hg in the polar marine
cryosphere.”*** Nonetheless, large-scale process-based models
are needed to describe the overall budget of Hg in the polar
cryosphere, given the stronig spatial and temporal heterogeneity
of the polar environment.'” Several studies have undertaken
process-based atmospheric models to study the interaction
between the atmosphere and the underlying snow surface or
ocean.”® *° However, these studies focused on the atmosphere
or snowpack but neglected the sea ice, which is a key component
of the polar cryosphere. In this study, we develop a new model
for the Hg cycle in the polar sea ice and snow to integrate the
field measurements and the understanding of Hg processes. The
model is based on the sea ice module developed by Losch et al.*®
in the MIT General Circulation Model (MITgcm). Losch et al.
demonstrated the application of a realistic, eddy-admitting,
global ocean and sea ice configuration to showcase results from
the Arctic and Antarctic regions.”® They examined the
performance of B-grid and C-grid dynamic solvers, along with
other numerical details of the parameterized dynamics and
thermodynamics, using a regional Arctic configuration. In
addition, the original sea ice model components inherited
from current-generation climate models were also reformulated
on an Arakawa C-grid to align with the MITgcm oceanic grid,
allowing it to better capture the intricate dynamics of the sea ice
system within the model. This model is coupled with a global
seawater Hg model within the same model framework
developed by Zhang et al.>”*® The model results are evaluated
against available measurements. A budget of Hg is also
calculated to further explore the role of snow and sea ice in
the polar cryospheric Hg cycle.

2. METHODOLOGY

2.1. MITgem. The global three-dimensional MITgcm is used
to simulate the chemistry and transport of Hg in the ocean.
Advection and diffusion of oceanic Hg are calculated based on
the ocean state estimation from the Estimating the Circulation
and Climate of the Ocean (ECCO v4) configuration.” The
finite-volume discretization of the momentum equation is
formulated on the Arakawa C—grid.36 The model has a horizontal
resolution of 1° X 1° and 50 uneven vertical layers ranging from
10 m near the surface to approximately 450 m at a maximum
model depth of 6150 m. The resolution is higher over the polar

regions (about 36 km X 36 km) to better represent the ocean
currents.

2.2. Sea Ice Model. The MITgcm sea ice model is based on
a variant of the viscous-plastic dynamic—thermodynamic sea ice
model first introduced by Hibler.""~* Ice thermodynamics is
represented by a zero-heat-capacity formulation. Heat, fresh-
water fluxes, and surface stresses are computed from the
atmospheric state and modified by the ice model at every time
step (1 h). The ice temperature is further calculated based on the
net flux of heat and freshwater, and the changes in the ice
thickness are determined. The parameterization of lateral and
vertical growth of sea ice follows that of Hibler."”*" The
dynamic and thermodynamic interactive sea ice model is tightly
coupled to the ocean component of the MITgecm. The model
uses the third-order direct space—time (DST) scheme for the
horizontal advection.

The model performance is evaluated against the observed sea
ice extents from the National Snow and Ice Data Center
(NSIDC). We find that the model can capture the interannual
and seasonal variability of sea ice extent (Figures S1—S3),
indicating the reliability of the sea ice simulation in the model.*”*
The sea ice model successfully reproduces both interannual and
seasonal variations of the sea ice extent.”> Moreover, the model
generates ice concentration and thickness distributions that
closely resemble observed values. Notably, the simulations
demonstrate a significant correlation (p < 0.01) with
observations in both March and September, as indicated by a
correlation coefficient ranging from 0.83 to 0.95. In addition, the
age of sea ice is also considered in the model (Figure S4). Sea ice
that is less than 1 year old is assumed to be FYI, while sea ice that
survives the summer melt is considered as MYI. The MITgcm
model, although not able to fully reproduce the accurate sea ice
age as compared to the data product from the NASA National
Snow and Ice Data Center Distributed Active Archive Center
(NSIDC DAAC), successfully captures the boundary between
FYI and MYI (Figure S4). In addition, our model also shows that
MYI is mainly located in the north of the Canadian Arctic
Archipelago (CAA), which is also comparable with a previous
study.™

Above the ice, there is a layer of snow also modifying the heat
flux and the albedo as described in Zhang et al.** Precipitation
data from 6-hourly ERA-Interim reanalysis fields are taken as the
snow precipitation input. If enough snow is accumulated, its
weight submerges the ice and the snow is flooded. The
transformation of snow to ice is modeled by a simple mass
conserving parameterization of snow ice formation (a flood-
freeze algorithm following Archimedes’ principle).*® Snowmelt
tendency is also calculated based on the atmospheric forcing and
heat available from the ocean.

2.3. Atmospheric Hg Deposition. The Hg in sea ice and
snow is mainly from the atmospheric dry and wet deposition,
which is taken from the output of the GEOS-Chem model. The
deposition flux is strongly associated with the bromine chemistry
in polar regions, especially during the atmospheric MDEs."”"**
The bromine chemistry over polar sea ice is calculated following
Fisher et al.’* In GEOS-Chem, atmospheric Hg® is oxidized by
the bromine (Br) atom, with Br concentrations specified by the
photochemical steady state. BrO concentrations in the boundary
layer are a function of air temperature from Modern Era
Retrospective-analysis for Research and Applications
(MERRA). BrO, radicals (BrO, = Br + BrO) are assumed to
generate in a polar 4° X 5° grid square in spring with adequate
sea ice cover and incident shortwave radiation.’* Both the re-
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Figure 1. Schematics of Hg transport and transformation in the polar atmosphere—snow—sea ice—ocean environment (modified from Wang et al,,
2017)."" The red color represents the Hg migration in snow. The blue color stands for the behavior of sea ice Hg. The orange color represents the
photochemical transformation of Hg in snow and sea ice. K ¢is the effective distribution coeflicient of Hg during freeze rejection. Kox and Kggp are the
photo-oxidation and photoreduction rate coeflicients of Hg, respectively, in snow and sea ice. FYI is short for first-year ice, and MY is short for multi-

year ice. This study only considers the Hg behavior in FYL

emission and melting processes are also considered in the
GEOS-Chem model. Specifically, the model assumes that 60%
of the deposited Hg on the surface of snow and sea ice is rapidly
re-emitted back into the atmosphere. Subsequently, the
remaining 40% of the deposited particles are re-emitted during
snow melting. The re-emissions from snow are parameterized
based on solar radiation, using the effective rate constant
estimated by Durnford and Dastoor."”

Different redox chemistry and emission inventories are
considered in four GEOS-Chem model simulations for
sensitivity analysis. The first one is based on the results from
Horowitz et al.*” with the global total emission from the WHET
emission inventory for 2010.°° Results from Song et al.’' are
taken as the second scenario, which is based on the scaled
EDGARv4.tox2 inventory with other model setups following
Horowitz et al.**" In the third scenario, Hg emissions are also
from WHET, while the atmospheric Hg redox mechanisms are
updated by Shah et al.>> For the last scenario, the chemical
mechanism from Shah et al. and the scaled EDGAR v4.tox2
inventory are considered. To evaluate the impact of different
atmospheric deposition schemes, we conduct a sensitivity test
among four schemes (Figures SS and S6). The sensitivity test
reveals a similar monthly variation of snow Hg concentrations
across all four schemes. Although the parameterization of
atmospheric chemistry from Shah et al. results in higher spring
atmospheric Hg deposition due to the improved OH-initiated
oxidation of Hg’ to HgH,52 there are no significant differences
among the four schemes (p-values are 0.26 and 0.91 for the
Arctic and Antarctic, respectively), indicating the robustness of
our model with regard to the atmospheric input data.

2.4. Hg in Sea Ice. The transformation processes of Hg in
sea ice and snow are illustrated in Figure 1. While our model
includes sea ice of different ages, which influences the behavior
of Hg, this study primarily focuses on the biogeochemical
cycling of Hg in FYI due to the limited resolution of our model.
Tracking the age of sea ice Hg and parameterizing the particle
processes is not feasible with our current model. On the other
hand, the decreasing trend in MYI coverage would ultimately

lead to an ice-free summer Arctic, leaving only FYL>*** We,
thus, choose to neglect the particle processes in MYI and
consider three 5pathways for Hg input to the FYI as suggested by
Chaulk et al.:" (i) residual from seawater after freeze rejection,
(ii) scavenged from the atmosphere at snow-free ice surfaces,
and (iii) transported from the above snow cover. During sea ice
formation, a fraction of dissolved Hg and particulate Hg can be
trapped in the brine pockets, leading to their accumulation and
enrichment within sea ice. The initial Hg content in newly
formed sea ice is parameterized based on the initial ice salinity as
suggested by Cox and Weeks.”

Hg, = Kg X Hg (1)
where Hg; is the initial concentration of Hg in the bulk sea ice,

Hg,, is the concentration of Hg in seawater, and K. is the
effective distribution coeflicient

3 026
0.26 + 0.74 exp(—7243V)’
V>36x107°

K eff

K. = 0.8925 + 0.0568 In V/,
20X10°<V<36x%x10°

—6
K = 0.12, V<20x 10 @)

where Vis the ice growth velocity in cm/s.

The model considers two ways in which sea ice obtains Hg
from the above snow cover: snow ice formation due to snow ice
formation and snowmelt leaching. The thickness of snow ice is
determined by snow precipitation. The snowmelt is modeled as
a function of thermodynamic variables from the force field. Hg
leaves sea ice mainly via ice melting, re-emission, and
desalination. We assumed 67% of the Hg” deposited to the sea
ice environment is re-emitted back to the atmosphere, based on
studies on Hg’ re-emission fractions from Arctic snowpack,
which typically range from 40 to 90%.'7>%*"3>5¢ A sensitivity
test examining the impact of three re-emission fractions (77, 67,
and 57%) reveals consistent seasonal patterns and minor
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Figure 2. Seasonal average of Hg” (A to H) and THg (I to P) concentrations within snow in polar oceans. Summer refers to June—August
(November—February), autumn refers to September—November (March—April), winter refers to December—February (May—August), and spring
refers to March—May (September—October) in the Arctic (Antarctic). Observed concentrations of Hg® and THg in snow from previous studies are

. 13,23,71,72
shown as circles.

MYT calculated from 2002 to 2011.

Note the different color scales for Hg® and THg. The thick black contour marks the simulated boundary between FYI and

variations in summer Hg re-emission from ice (Figure S7). Salt
in sea ice is dissolved within liquid inclusions of brine. The ice
desalinates when this brine is progressively drained.”"*” There
are several pathways of desalination including brine expulsion,
gravity drainage, and flushing.”® Here, we only consider the
gravity drainage process, which represents the influence of
gravity on the interconnected brine network. The desalination
rate is used as a proxy for the Hg releasing rate from sea ice
interior

% =51 -n) 2k
ot 0z (3)
where S is the salinity of sea ice and 6 and # are empirical
coefficients. & is set to 5.88 X 107® °C™"m-s™", and 7 equals 20
according to Vancoppenolle et al.*® ¢ is the relative volume of

oo . T | . .
brine inclusions. ‘;— is the temperature gradient of sea ice. Due to
'z

the limitation of models in representing different sea ice layers,
we approximate the temperature gradient by using the ratio of

temperature difference before and after ice growth, along with
the ice thickness.

2.5. Hg in Snow. The input of snow Hg mainly originates
from atmospheric deposition. The snowfall can accelerate the
scavenging of atmospheric Hg including the gaseous form Hg"
and those absorbed by particles.””*° The Hg concentrations of
newly precipitated snow are calculated based on the wet
deposition of Hg from GEOS-Chem and snow depth. Hg in
snow would transport to sea ice via either snowmelt or snow
flooding depending on the thermal variation of snow within the
snowpack model. Normally, snowmelt supplies freshwater to
form melt ponds.”’ When the snow melts, all the Hg in snow
melting water is assumed to enter the sea ice.

We consider the molecular diffusion transport of Hg’ in our
model. The fractions of Hg" re-emission from snow on sea ice
are lower than those on coastal land because the elevated
chloride levels derived from marine sources can suppress the
Hg!" photoreduction.”” Hence, the re-emission processes only
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involve the newly deposited Hg on the active snow layer of 30
cm. An e-folding depth (i.e., the depth where the intensity of
solar radiation decreases by a factor of ¢) of 7.5 cm is also set for
incident shortwave radiation following Durnford et al.’® The
transfer of Hg from the snow surface to the atmosphere is
calculated based on Durnford et al.*®

EmiGtop = KtopA X (Gtop - Gatm) (4)

where Emi,,, is the emission of Hg" from the active layer to the
atmosphere, K, is the transfer coefficient from the top snow
layer, and G, and G, are the concentrations of Hg’ in the
active layer and the atmosphere, respectively.

Dmol
‘KtopA = L

©)

where D, is the effective rate of molecular diffusion of Hg’
within the snow and the value of D, is set to 6.0 X 107 m?s~,

and L is the characteristic path length valued at H,, /2, with
H,,,, being the height of the active snow layer.
¢ surface
D ,=—XD
‘mol T (T,P) ( 6)
P T 185
Dirpy" = Dy p X = X (_]
p Ty (7)

where DE‘%%)Ce is the Hg" diffusivity in the atmosI)here.,63’64 Dr,p,
is the coefficient of diffusivity at standard temperature and
pressure (STP) with the value being set to 0.1243,°* ¢ is the
snow porosity with the value being set to 0.637, and 7 is the firn
tortuosity with the value being set to 2.0.”

The model includes the photochemistry of Hg in the snow
and sea ice. The photo-oxidation (Kqy, s™') and photoreduction
(Kggp, s™) rate coeflicients are calculated based on radiation
intensity (R, W m_z).?’O

Kox = 432X 10 X R (8)

Kggp = 8:35 X 10 X R 9)

2.6. Hg in Seawater. The simulation of inorganic Hg
species in seawater is based on the MITgem-Hg model built by
Zhang et al.”’ Aqueous Hg species (Hg" and Hg") undergo
photo-biological-mediated transformation following Soerensen
et al.%® The dissolved Hg", adsorbed to suspended matters, can
form particulate-bound mercury (Hg"), and the absorbed
fraction is calculated based on a constant partition coefficient
and local particulate organic carbon (POC) concentrations. Hg"
sinks to the deeper ocean by POC scavenging. The marine
biogeochemical and ecological parameters (e.g., POC concen-
trations and sinking fluxes) are from the Darwin model.®® More
details about the configuration of the ocean model can be found
in Zhang et al?®

2.7. Observation Data Sets. To evaluate our model, the
observed Hg concentrations in sea ice environments were
obtained from multiple expeditions in the Arctic and Southern
Oceans, as shown in Table SI. For instance, ice core samples
collected by Chaulk et al. in the southern Beaufort Sea of the
Arctic from March to September 2005 provided valuable data on
Hg concentrations in sea ice."” Surface snow THg concen-
trations from the GEOTRACES Arctic Ocean cruise in 2015
were included as another data set for evaluation.” Hg°
concentrations in the sea ice environment were derived from

Nerentorp Mastromonaco et al. (sampling conducted from
December 2010 to January 2011 and August to October
2013)."* The observation data also include some limited ice
cores collected from MYI regions.”'® Given the limited
availability of such data, we used the average Hg concentrations
across the entire MYI core as a representative measure of Hg
content in FYL.

2.8. Models Running. The atmospheric forcing data that
serve as the upper boundary layer of the ocean (e.g., near-surface
wind speed, air temperature, short-wave and long-wave
radiations) are from the ERA-interim reanalysis, a climate
reanalysis dataset, spanning 1992—2017.°” The input of H%
from river freshwater runoff to coastal oceans is from Liu et al.’
To ensure computational efficiency, we run the model for 20
years from 1992 to 2011 with a time step of 3600 s. The initial 10
years served as a spin-up period, allowing the surface ocean (0—
50 m)*® and sea ice components to reach a steady state. This
critical step ensured the accuracy and reliability of our analysis.
To establish a solid foundation for our conclusions, we
exclusively considered the average results obtained during the
final 10 years of the simulation.

3. RESULTS AND DISCUSSION

3.1.Snow Hg. The modeled snow Hg concentrations exhibit
clear seasonal variation (Figure 2). In general, snow Hg
concentrations increase from winter and peak in spring for
both the Arctic Ocean and the Southern Ocean (hereafter, we
refer to their local seasons, i.e., boreal and austral for the north
and south hemispheres, respectively) due to the enhanced Hg
deposition (Figure S8). In the Arctic spring, the spatial pattern
of snow Hg’ concentrations reflects the atmospheric deposition
and the re-emission of Hg". The simulated deposition flux of
THg is predominant along the Arctic coastal region. Our results
show a similar spatial distribution of Hg’ re-emission as
observed for THg deposition, suggesting a net production of
Hg® through photoreduction processes in the Arctic coastal
region, attributed to higher levels of shortwave radiation.®®”°
Furthermore, our findings indicate an intense re-emission of Hg0
in the Arctic coast region, resulting in lower concentrations of
Hg0 in the snow within the FYI area. Overall, the modeled snow
Hg® concentrations are 2.3 + 0.6 ng/L during the Arctic spring.
Hg’ re-emissions from snow are higher in lower latitude regions
corresponding to the intensive photoreduction of oxidized Hg
(Figure S9). Most of the snow starts to melt with the rising
temperature in summer, and snow Hgo concentrations decrease
to 0.37 £ 0.11 ng/L and even lower in autumn (0.24 +0.07 ng/
L). The modeled THg concentrations exhibit a seasonal pattern
that closely resembles that of Hg’ concentrations. Specifically,
snow THg concentrations show a substantial increase of more
than twofold from the dark winter (2.3 + 0.70 ng/L) to the
sunlit spring period (5.9 + 1.6 ng/L). This observed increase is
consistent with a previous study, which reported a similar
fourfold rise in snow Hg concentrations from winter to spring.”’

In the Southern Ocean, the modeled snow THg concen-
trations have a similar seasonal variation to the Arctic, peaking in
spring (5.3 + 1.7 ng/L) and dropping to the minimum in
autumn (0.52 + 0.20 ng/L). However, during winter, the snow
TH concentrations in the Southern Ocean (1.3 + 0.42 ng/L) are
only half of those modeled in the Arctic Ocean (2.5 0.7 ng/L).
Interestingly, in summer, the snow TH concentrations show a
different pattern, with the Southern Ocean (1.70 + 0.60 ng/L)
exhibiting nearly 50% higher levels compared to the Arctic
Ocean (0.95 + 0.27 ng/L). This seasonal difference can be
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Figure 3. Comparison of simulated Hg concentrations (ng/L) in the snow (A) and sea ice (B) with observations. RMSE is the root-mean-square error
with the base-10 logarithm-transformed values. R* is the coefficient of determination. Both R* and RMSE are calculated based on the difference
between modeled and observed concentrations. The blue and red colors represent the Arctic Ocean and the Southern Ocean, respectively.
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Figure 4. Seasonal average of Hg” (A—H) and THg (I—P) concentrations within sea ice in polar oceans. Summer refers to June—August (November—
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March—May (September—October) at the Arctic (Antarctic). Observed concentrations of Hg® and THg in sea ice from previous studies are shown as
circles.”*'*'* The thick black contour marks the simulated boundary between FYI and MYI calculated from 2002 to 2011.
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variation.

explained by the difference between the sea ice and snow
environments in the Arctic and the Southern Ocean. The
Antarctic sea ice extent is substantially smaller than its
counterpart around the Arctic right after the melting season,
leaving less place for snow cover.”” From winter to spring,
prominent deposition induced by heavier snowfall surges the Hg
concentrations in Antarctic snow, reducing the hemispheric
differences in snow Hg concentrations. Such clear seasonal
variation of snow Hg would inevitably affect the snow-involved
transmission of Hg and hence alter the Hg distribution between
the overlying atmosphere and underlying sea ice.

Observational data for the Hg distribution in the polar
cryosphere remain sparse. Figure 3 shows a comparison between
simulated Hg concentrations and observations in sea ice
environments. The data points cluster around the 1:1 line
with a statistically significant correlation relationship (p < 0.0S).
The root-mean-square errors (RMSEs) are 0.22 and 0.43 for the
snow and sea ice Hg concentrations, respectively, with
coefficients of determination (R*) of 0.48 and 0.39, indicating
a reasonable agreement between the model and observations.
The model-observation discrepancy mainly occurs in snow THg
concentrations in autumn and winter, especially for the
Southern Ocean. For instance, measurement data show that
winter snow THg concentration in the northern Weddell Sea is
39 ng/L, larger than that in the Arctic Ocean (21 ng/L).">”"
Thicker snow cover was observed in the Weddell Sea area with
second-year ice.”* The higher THg concentrations could thus be
attributed to the longer accumulation period in the Antarctic.

Our model probably underestimates the atmospheric Hg
deposition in the Antarctic during winter because the model
only considers the BrOx generation in the springtime, which
favors the oxidation of Hg" and leads to higher Hg" deposition
flux.>* Besides, unique physical and chemical processes in the
cryosphere can also enrich Hg concentrations in polar snow that
consists of multiple distinct Iayers.”’75 However, our model only
contains a single snow layer with zero heat capacity. The
seasonal variability of the thickness of the snow could be
exaggerated, leading to an underestimation of the long-term
accumulation of Hg.

3.2. Sea Ice Hg. Figure 4 shows a distinct seasonal variation
of modeled Hg concentrations in sea ice in the Arctic Ocean and
the Antarctic Ocean. The modeled Arctic sea ice THg
concentrations peak in summer (0.25 + 0.07 ng/L) right after
the spring maximum of snow Hg, while the highest THg
concentrations in Antarctic sea ice occur in spring (0.26 = 0.09
ng/L). The lowest value of sea ice THg is modeled in winter

(0.07 £ 0.02 ng/L) in the Arctic and in autumn (0.03 + 0.02 ng/
L) in the Antarctic. The hemispheric difference in the seasonal
transmission of snow Hg primarily drives such a pattern. Arctic
sea ice Hg concentrations maximize in summer mainly due to
the loss of melting snow cover. The melting snow would, on the
one hand, transfer the snow Hg to the underlying sea ice and
would, on the other hand, uncover the sea ice allowing
atmospheric Hg to deposit directly on snow-free sea ice. The
spring maximum of Hg concentrations in Antarctic sea ice is,
nevertheless, associated with the more pronounced snow-ice
formation from snow flooding. Oxygen isotope signature (5'%0)
showed considerable proportions (8—38%) of snow ice in
Antarctic ice cores, while the formation of snow ice was relatively
uncommon in the Arctic.”””” The snowpack becomes saltier as
brine is wicked up, carrying more Hg than the sea ice below.
Therefore, the formation of snow ice greatly increases the Hg
concentrations in Antarctic sea ice. Later, the Hg concentrations
in polar sea ice start to decrease as the ice melts, releasing sea ice
Hg into the ocean.

Sea ice covers start to expand in autumn when the
temperature is dropping. Nevertheless, the impact of sea ice
expansion on the THg concentrations of sea ice is also different
between the Arctic Ocean and the Southern Ocean. In the Arctic
Ocean, sea ice THg concentrations decline from autumn (0.13
+ 0.04 ng/L) to winter along with pronounced ice growth.
Freeze rejection happens as sea ice volume increases, which
dilutes the Hg concentrations in sea ice and results in the lowest
value of Hg in winter. Nevertheless, the sea ice THg
concentrations in the Antarctic are elevated from autumn to
winter (0.06 + 0.02 ng/L) along with sea ice formation. The
Antarctic sea ice thickens from autumn to winter corresponding
to the increasing snow accumulation’® and, accordingly, the
enhanced snow-ice formation elevates the Hg concentrations in
Antarctic sea ice by transmitting Hg from Hg-enriched snow to
sea ice.

Our model captures the seasonal variation of sea ice Hg as the
observation. The concentrations of Hg” in Antarctic ice cores in
three seasons (winter, spring, and summer) were analyzed by
Nerentorp Mastromonaco et al.'"” with the values increasing
from 0.07 to 0.12 ng/L. This increasing pattern in the Hg0
concentrations is also simulated by our model from winter
(0.013 + 0.00S ng/L) to summer (0.11 + 0.04 ng/L) (Figure
4E—H). However, the simulated THg concentrations of the
southern Beaufort Sea during the summer season exhibit an
underestimation, possibly attributed to the atmospheric MDEs.
Chaulk et al."> measured the THg concentrations of the Arctic
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newly formed ice in four stations, and the values ranged from
0.22 to 0.53 ng/L. Higher Hg concentrations (0.45—0.53 ng/L)
were spotted in three stations undergoing MDEs, while the Hg
concentration was 0.22 ng/ L in the station with no occurrence
of MDEs. However, our model is unable to capture the spring
peak of sea ice Hg due to the incomplete MDE process in the
current GEOS-Chem model. This could decrease the Hg input
from the atmosphere to the sea ice, causing lower simulated Hg
concentrations in sea ice.

3.3. FYl and MYl in the Arctic Ocean. The mass of Hg in
the Arctic sea ice environments (including the above snow
cover) is strongly influenced by the ice content and the age and
thickness of the snow cover. Newly formed sea ice tends to carry
more Hg than older ice. As illustrated in Figure 5, the total mass
of Hg in Arctic sea ice increases from 2.4 to 8.4 Mg with the
expansion of the sea ice area. As FYI grows, the boundary
between FYI and MYI shows a rapid increase in Hg
concentrations in FYI (Figure 2IL) due to enhanced deposition
induced by snow precipitation (Figure S8), while Hg
concentrations in MYI decrease (Figure 4I,L). Abundant brine
pockets and channels in FYI retain the Hg from freeze rejection
and atmospheric deposition in new ice, causing a net increase in
Hg mass. The Hg content is continuously enriched after the sea
ice extent reaches its maximum, and the Hg mass in sea ice starts
to diminish due to the melt process. About 60% of the enriched
Hg is removed from FYI via ice melting during the summer. The
Hg mass of Arctic sea ice reaches its minimum after September
when nearly all the FYI melts away, only leaving MYT that has
survived through the melt seasons. This result also indicates a
higher Hg mass in FYI than that in MYI, consistent with
observations.” However, our model cannot track the age of sea
ice Hg or differentiate the Hg behavior between FYI and MYI

(Figure S4). We thus focus on the total Hg transport in the sea
ice environments. As previously mentioned, the Hg processes
have the same influence on both Hg concentrations and mass in
sea ice. However, their seasonal patterns differ due to the distinct
thermodynamic properties of snow and ice.

3.4. Fluxes of Key Processes. Seasonal waxes and wanes of
sea ice determine Hg concentrations by greatly impacting the
transport and transformation of Hg. Figure 6 (Figure S10)
provides insights into the Hg fluxes within sea ice (snow) across
different seasons. During Arctic spring, MDEs contribute (~4
Mg) to Hg input in the snow cover, resulting in a doubling of
springtime snow THg concentrations compared to winter levels.
As summer arrives, the rising temperatures trigger the transfer of
Hg (~6.7 Mg) from snow to sea ice through snowmelt. This
pathway accounts for approximately 70% of the total Hg input in
sea ice, causing a more than twofold increase in sea ice THg
concentrations and a reduction of over 80% in snow THg
concentrations. Additionally, the snow-free sea ice accumulates
deposited Hg (~3 Mg) from the atmosphere, contributing to
the major input of sea ice Hg mass in mid-late summer.
Concurrently, a fraction of deposited Hg (~2 Mg) is re-emitted
back into the atmosphere from the snow-free sea ice surface.
Despite a substantial release of Hg (~5.9 Mg) into the ocean
during ice thawing, the larger input of Hg from snowmelt and
atmospheric deposition leads to a net Hg input into the sea ice.
As the ice season commences, ongoing sea ice melting results in
a net release of Hg (~1.9 Mg) from the ice to the ocean.
However, the overall Hg mass in the sea ice environments
gradually accumulates (Figure S) alongside sea ice growth and
snowfall. The accumulated snowfall contributes to increased
THg concentrations in snow, while the general sea ice THg
concentrations experience a slight reduction due to the rapid
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expansion of sea ice volume, indicating an inverse relationship
between the growing sea ice environments and THg
concentrations during the ice season.

Although the Hg flux patterns in the Antarctic sea ice
environments exhibit similarities to those in the Arctic, the role
of snow is more vital in the Antarctic context. Notably, the
observed THg concentrations in Antarctic sea ice (4.7 ng/L) are
considerably higher than those in Arctic sea ice (0.42 ng/L)
during spring,'”"* despite the Antarctic being less influenced by
anthropogenic factors. This disparity is primarily attributed to
heavier snowfall and frequent snow flooding (i.e., the formation
of snow ice), which facilitate greater atmospheric deposition and
contribute to elevated THg concentrations in Antarctic sea ice.””
The Antarctic snowpack accumulates substantial amounts of Hg
starting from late winter, driven by the high reactivity of Hg” and
occurrence of Hg'" deposition.”® Our model reveals that snow
flooding accounts for 37.8% of the Hg input to Antarctic sea ice
while representing only 6.8% of the Hg input to Arctic sea ice.
Through the process of snow-ice formation, the Hg-enriched
snowpack leads to a more than fourfold increase in Antarctic sea
ice THg concentrations. Additionally, the hemispheric disparity
in the net flux of sea ice Hg during the melting season can be
attributed to the presence of MYI. Unlike the Arctic, the release
of Hg from Antarctic sea ice is greater and more facile due to the
absence of MYI, which otherwise retains particle-bound Hg and
inhibits its release.” By integrating the seasonal Hg transport
fluxes within the sea ice environment, we can construct a more
comprehensive Hg budget that captures the intricate dynamics
of Hg cycling.

3.5. Mercury Budget in Polar Sea Ice. Figure 7 illustrates
the annual budget of Hg in the polar sea ice. The sea ice
environment serves as a net source to both the Arctic Ocean and
the Southern Ocean. The unique wax and wane of this
environment facilitate the seasonal transport of Hg, which
distinguishes the polar marine Hg cycle from that observed in
ice-free open oceans. Within this environment, snow plays a

pivotal role in the transmission of Hg between the atmosphere
and sea ice. In the Arctic Ocean, snow receives most of the
atmospheric Hg from the deposition (27.4 Mg/a). The
deposited Hg on shallow snow undergoes a photochemical
transformation. Our model suggests a net photoreduction of 7.5
Mg/a Hg" from Hg" in the snowpack, and 15.6 Mg/a of Hg’ is
re-emitted back to the atmosphere through molecular diffusion.
Snowmelt is another pathway to transfer the snow Hg"' to sea ice
with a flux of 9.0 Mg/a. The overall residence time of snow Hg is
about 0.94 months. This means that most of the snow Hg
obtained from atmospheric deposition is rapidly transferred to
the atmosphere through re-emission or to the underlying sea ice
via snowmelt. Indeed, the Arctic sea ice is almost snow-free
during August, and snow begins to reaccumulate in
September.”” The short residence time and the low snow load
lead to a small Hg pool in the snow (2.2 Mg).

Sea ice plays a bigger role than snow does on the Hg exchange
at the air—sea interface. After the snow atop melts away, sea ice is
directly exposed to atmospheric deposition of Hg. Apart from
snowmelt, the largest input of sea ice Hg is from the atmospheric
deposition (~4.0 Mg/a), followed by snow flooding (~1.0 Mg/
a) and seawater freezing (~0.7 Mg/a). The low input from
seawater freezing is because most of the dissolved substances
(including Hg") are expelled during sea ice formation.*”
However, the Hg from the atmosphere can be only temporarily
retained in the sea ice environments, with 24% flowing into the
seawater through gravity drainage and ice melting from winter to
spring. Furthermore, the rising temperature in the following
summer eventually breaks the fragile storage by thawing the sea
ice. About 10.7 Mg/a of Hg leaves sea ice via melting, taking up
74% of the total output. Sea ice is, thus, an important Hg source
of surface seawater. The overall residence time of Hg in the
Arctic sea ice is about 1.8 months, approximately twofold longer
than that of snow Hg. In our study, the calculated residence time
of Hg represents the overall situation in sea ice environments,
which mainly consisted of FYT in both polar regions. This may
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potentially underestimate the residence time of Hg in the MYI
because the model did not include Hg processes specific to MY],
which is mainly in particle-bound form and less prone to brine
movement.'> The size of the Arctic sea ice Hg reservoir in this
study ranges from 1.5 to 5.7 Mg throughout the year with an
annual average of 2.6 Mg.

The results of our model generally agree with those of
previous studies (e.g., Dastoor et al.”) with similar Hg pool sizes.
Our model simulates an evasion flux of Hg” of 42.1 Mg/a from
the Arctic Ocean, which is also consistent with that reported by
Dastoor et al.’ (range 23—45 Mg/a). The total atmospheric
deposition flux of Hg to the Arctic Ocean (70.4 Mg/a) observed
in our model is similar to that of Dastoor et al.” (64.5 Mg/a). In
addition, we further calculate the deposition of Hg to both the
sea ice environment and the open ocean in the Arctic Ocean.
Our model shows only 39 Mg/a deposition to the open ocean,
with 27.4 and 4.0 Mg/a deposition to the snow and sea ice,
respectively (Figure 7). This different input pathway of Hg may
have important implications for the seasonal cycle of Hg"
evasions and atmospheric Hg concentrations. Overall, our
model simulates a 17.9 Mg/a re-emission flux of HgO from Arctic
sea ice and snow, and hence, the Arctic sea ice environment is a
net sink of Hg (10.6 Mg/a) for the atmosphere.

The Hg budget in the Southern Ocean is generally similar to
its Arctic counterpart. One difference is a larger fraction (37.8%)
of sea ice Hg from snow flooding (7.9 Mg/a), which is nearly 10-
fold higher than that of the Arctic sea ice. The annual average Hg
concentrations in Antarctic sea ice are, therefore, roughly 23%
higher than that in Arctic sea ice. In addition to, as we mentioned
before, the ubiquitous snow ice formation in the Antarctic, a
larger deposition rate of Hg (~47.4 Mg/a) provides more snow
Hg input owing to higher Hg" particle fraction at a lower
temperature.”” The net production of Hg” from Hg" in snow via
photo reaction is, accordingly, also twofold higher (19.0 Mg/a)
than its counterpart around the Arctic and thus results in 27.5
Mg/a of Hg® re-emitting back to the atmosphere. The thick
snow covering in the Antarctic sea ice is more capable of
resisting melting than the Arctic due to the roughly one-
magnitude-lower thermal conductivity than that of sea ice.*!
Thus, only 6.0 Mg/a of Hg in the Antarctic snowpack transfers
to the underlying sea ice via snowmelt. Besides, atmospheric
deposition provides 6.4 Mg/a of Hg to the snow-free ice surface.
Nevertheless, most Antarctic sea ice, unlike Arctic sea ice, melts
during summer and releases about 12.9 Mg/a of Hg to the
Southern Ocean. The rapid wax and wane of Antarctic sea ice
results in even smaller reservoirs of Hg (1.0 and 1.8 Mg in
Antarctic sea ice and snow, respectively) as well as shorter
residence times of Hg (0.6 and 0.9 months for snow Hg and sea
ice Hg, respectively). The sea ice environment in the Southern
Ocean also acts as a sink of atmospheric Hg with a net input
(23.9 Mg/a) to the ocean surface from the atmosphere (Figure
7).

3.6. Uncertainty and Implications. Our model is subject
to two primary uncertainties. First, the simple dynamics applied
in the sea ice models does not consider variable heat capacity in
the ice layer, resulting in a zero heat capacity that limits the
storage of heat and thus amplifies the seasonal variability in the
ice thickness. The upward conductive heat flux is parameterized
based on a linear temperature profile and a constant ice
conductivity. The conductive heat flux depends strongly on the
ice thickness and atmospheric/oceanic thermal forcing. This
could magnify the response of sea ice seasonal variability,
although it does not change its overall pattern.*}’6 Second, a lack

of detailed representation of MYI in our model constitutes an
additional source of uncertainty as particulate Hg from the air
and melt ponds can be significantly enriched in the surface of
MYL"" The retention of particle-bound Hg in the topmost layer
of MYI, where there is very little brine movement, contributes to
the underestimation of sea ice Hg in our model.” Furthermore,
particle entrapment, such as that promoted by rising ice crystals
in newly forming ice,””* also contributes to the uncertainty in
our results. The parameterization scheme for this mechanism is
limited, highlighting the need for further investigation. In
addition, there is some discrepancy between the GEOS-Chem
snow/ice Hg module and the MITgcm-Hg model, but it would
be a second-order term for the snow/ice Hg budget itself. We
will evaluate it by dynamically coupling these two models in our
future research.

Our study provides a more accurate assessment of the polar
ocean Hg budget, Earticularly for the Arctic, where the Hg cycle
is under debate,”*** by incorporating detailed transport and
transformation processes of Hg in snow and sea ice in our model.
Despite their relatively small storage capacity, snow and sea ice
play a crucial role in moderating the Hg cycle between the
atmosphere and the ocean in the polar regions. Snow cover
serves as a temporary sink for the atmospheric Hg and a source
of Hg to sea ice, with a majority of deposited Hg" gradually
transferred to the underlying sea ice via snowmelt. Sea ice also
effectively slows down the migration of Hg from the atmosphere
to the ocean by retaining Hg in the semi-enclosed brine channel
system inside. With rising temperatures, the retained Hg in sea
ice becomes a source of Hg to the surface ocean. Thus, snow and
sea ice in polar oceans function as a buffer between the
atmosphere and the ocean, retaining the net atmospheric Hg
input during cold seasons and releasing it during warmer
seasons, which has implications for air—sea exchange of Hg"
along with the variation of sea ice cover and Hg concentrations
in the surface ocean. Overall, our model provides a useful
framework for understanding the behavior of Hg in the polar
cryosphere, especially for the Arctic Ocean, which is rapidly
transitioning to an FYI regime with a greater capability of
carrying Hg, potentially affecting the biota in sea ice habitats.
The anticipated ice-free conditions in the Arctic Ocean du_rin%
summer by the mid-2050s, as projected by current models,*>~®
underscore the significance of our FYI Hg model. This model is
well-suited to investigate the potential alterations in polar Hg
cycling in response to climate change. Our findings can inform
assessments of Hg exposure to Arctic populations required by
the effectiveness evaluation of the Minamata Convention on
Mercury, facilitating the development of effective mitigation
strategies.
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