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[1] In this study, we present evidence that Antarctic and Arctic sea ice act as sink for
atmospheric CO, during periods of snowmelt and surface flooding. The CO, flux measured
directly at the flooded sea ice surface (Fjo0q) constituted a net CO, sink of —1.1 = 0.9 mmol
Cm ?d ' (mean + 1 SD), which was an order of magnitude higher than the flux measured
at the snow-air surface (Fi,o) and bare ice surface (Fi..). The Fgow/Firiood atio decreased
with increasing water equivalent of snow and superimposed-ice, suggesting that the
properties of snow and superimposed-ice formation affect the magnitude of the CO, flux.
The Fnow/Frood Tatio ranged from 0.1 to 0.5, illustrating that 50-90% of the potential flux at
the flooded surface was reduced due to the presence of snow/superimposed-ice. Hence,
snow cover properties and superimposed-ice play an important role in the CO, fluxes across

the sea ice-snow-atmosphere interface.
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1. Introduction

[2] The ocean plays a crucial role in regulating atmos-
pheric CO, through physical, chemical, and biological
processes [Takahashi et al., 2009 and references therein].
Exchange of CO, occurs at the air-water interface. Hence,
to understand the global carbon cycle, it is important to
constrain the CO, sources and sinks in the world’s oceans.
So far, CO, flux studies have been largely restricted to
open, ice-free areas of the ocean [McNeil et al., 2007]. This
is mainly due to the fact that the presence of sea ice ham-
pers ship-born observations. However, recent icebreaker
cruises have added new data from ice covered seas [Frans-
son et al., 2011] and polynyas [Else et al., 2013]. Although
effects of sea ice formation and melting on the carbon cycle
of polar oceans have been highlighted [Rysgaard et al.,
2011], processes related to the freezing and melting of sea
ice still represent large unknowns to the exchange of CO,
with the atmosphere [Parmentier et al., 2013].

[3] Although sea ice covers 12% of the world’s ocean
surface [Comiso, 2010], it has not been considered in esti-
mates of the global carbon budget because of the assump-
tion that sea ice impedes exchange of CO, with the
atmosphere. Ice covered oceans were therefore not taken
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into account for the air-sea CO, flux in model [Yager et al.,
1995; Sun and Matsumoto, 2010] and observational studies
[Bates, 2006]. However, recent air-sea ice CO, flux meas-
urements indicate that gas exchange of CO, occurs through
sea ice [Semiletov et al., 2004 ; Delille, 2006 ; Nomura et al.,
2006; Zemmelink et al., 2006; Nomura et al., 2010a, 2010b;
Loose et al., 2009; Miller et al., 2011a; Papakyriakou and
Miller, 2011; Sejr et al., 2011; Geilfus et al., 2012].
Although many unresolved issues remain, there seems little
doubt that sea ice is permeable to CO, and other gases.
Based on the limited data obtained from field observations
in the Arctic, Antarctic, and Sea of Okhotsk as well as labo-
ratory experiments conducted at different surface conditions
and seasons (temperature) and with different methods
[Semiletov et al., 2004 ; Delille, 2006; Nomura et al., 2006,
Zemmelink et al., 2006; Nomura et al., 2010a, 2010b; Loose
et al., 2009; Miller et al., 2011a; Papakyriakou and Miller,
2011; Sejr et al., 2011; Geilfus et al., 2012], one can con-
clude that the air-sea ice CO, flux depends on (i) the gradient
of the partial pressure of CO, (pCO,) between the sea ice
surface and overlying air and (ii) sea ice surface conditions
including the snow deposited on sea ice.

[4] Because the variation of pCO, in air is generally
small compared to that in sea ice [Delille, 2006; Miller
et al., 2011Db], it is reasonable to assume that the air-sea ice
CO, flux is driven by the pCO, at the sea ice surface. The
pCO, in sea ice (brine) varies due to carbonate chemistry
[Delille et al., 2007 ; Fransson et al., 2011], biological ac-
tivity [Delille et al., 2007; Thomas et al., 2010], and
CaCO; (ikaite) formation/dissolution [Dieckmann et al.,
2008; Papadimitriou et al., 2012]. If brine pCO, is higher
(lower) than that in the air, sea ice brine has the potential to
release (absorb) CO, to (from) the atmosphere.

[5] Also the physical condition at the ice surface affects
the magnitude of the air-sea ice CO, flux [Delille, 2006,
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Nomura et al., 2010a; Miller et al., 2011a; Geilfus et al.,
2012]. For bare ice (no snow cover), the gas exchange
occurs at the open brine channel-atmosphere interface
[Delille, 2006 ; Nomura et al., 2006]. Brine volume fraction
decreases with decreasing ice temperature [Cox and Weeks,
1983], and air-sea ice gas exchange is more or less inhib-
ited at less than 5.0-7.5% brine volume fraction due to the
reduction of permeability of sea ice [Golden et al., 1998;
Pringle et al., 2009; Zhou et al., 2013]. Generally, air-sea
ice CO, flux is at its minimum in the winter season due to
low sea ice temperatures and consequently reduced perme-
ability [Delille, 2006; Miller et al., 2011a; Geilfus et al.,
2012].

[6] Snow on sea ice also affects the air-sea ice CO, flux
[Nomura et al., 2010a; Geilfus et al., 2012]. Nomura et al.
[2010a] showed that melting snow on sea ice (>9 cm) acts
as physical barrier for CO, exchange between the air and
sea ice even though the brine within the sea ice has the
potential to exchange CO,. However, studies that examined
the air-soil CO, flux on snow covered soil [Sommerfeld
et al., 1993, 1996; Winston et al., 1995; Takagi et al.,
2005; Elberling, 2007; Schindlbacher et al., 2007 ; Bowl-
ing and Massman, 2011] have shown that the snow cover
deposited over soils acts as a porous medium for CO,.
While CO, concentrations in soils drive the overall CO,
flux through the snow cover, temporal and spatial variabili-
ty of the CO, flux would be caused by specific snow prop-
erties [e.g., Schindlbacher et al., 2007]. Thus, snow
properties over sea ice are also an important factor affect-
ing the air-sea ice CO, flux. However, there is no study to
date that has focused on the role of snow properties for the
air-sea ice CO, flux. Snow properties (e.g., temperature,
density, and salinity) do not only change on seasonal but
also shorter time scales due to variations in air temperature
and solar radiation that drive snow metamorphosis. There-
fore, detailed measurements of snow properties are neces-
sary to improve the assessments of the air-sea ice CO, flux.

[7]1 Another characteristics of the sea ice surface during
heavy snow load or snowmelt is the formation of a slush
layer [Haas et al., 2001 ; Kattner et al., 2004 ; Ackley et al.,
2008; Zemmelink et al., 2006, 2008 ; Papadimitriou et al.,
2009; Nomura et al., 2012, 2013]. High biological activity
[Kattner et al., 2004] and meltwater supply from snow and
ice surface melting [Nomura et al., 2012] alter the biogeo-
chemical properties of the slush layer. The slush layer
therefore has a strong effect on the air-sea ice CO, [Zem-
melink et al., 2006] and dimethylsulfide (DMS) flux [Zem-
melink et al., 2008; Nomura et al., 2012]. The exchange
process through the slush layer would be promoted by
active gas exchange at the slush-atmosphere interface com-
pared to only partially open brine channels at the ice sur-
face. It is important to note that the formation of slush
layers likely occurs frequently during spring melt [Haas
et al.,2001; Kattner et al., 2004 ; Ackley et al., 2008 ; Zem-
melink et al., 2006, 2008; Papadimitriou et al., 2009;
Nomura et al., 2012, 2013] and these processes may
become more prevalent in the future.

[8] In this study, we examined the air-sea ice CO, flux
over Antarctic multiyear land-fast ice in Liitzow-Holm
Bay, castern Antarctica during the austral summer of 2010
and over Arctic first-year pack ice north of Svalbard in bo-
real spring 2011. For CO, flux measurements over sea ice,

we developed a new system composed of three automatic
open-close chambers with an integrated CO, measuring
system, which allow us to evaluate the influence of differ-
ent surface conditions at the same time as well as temporal
variations in the air-sea ice CO, flux. The objectives of this
study were to examine: (1) the effect of ice surface condi-
tions (including snow properties) on the air-sea ice CO,
flux and (2) the temporal variations in the air-sea ice CO,
flux. Our results provide a useful baseline for future studies
as the ongoing drastic changes in polar climate and sea ice
extent are likely to alter the air-sea ice CO, flux in polar
oceans.

2. Materials and Methods

2.1. Study Area

[o] The Antarctic study was part of the 51st Japanese
Antarctic Research Expedition (JARES1) to the land-fast,
multiyear sea ice station in Liitzow-Holm Bay, Antarctica
(68°56'-68°59'S, 38°57'-39°37'E) from January to Febru-
ary 2010 (Figure 1 and Table 1). Measurements and sam-
pling were performed on 2, 5, 11, 18, and 19 January 2010
at the fixed ice stations (JARE51-M) near Syowa station
and on 10 February 2010, about 30 km west of Syowa sta-
tion (JARES1-S). The air temperature and the wind speed
measured at Syowa station (Japan Meteorological Agency;
http://www.data.jma.go.jp/obd/) during the observation pe-
riod were +0.4 +1.8°C (mean £ 1 SD) and 7.1 £6.1 m
s~!, respectively. The sea ice surface was flooded at all sta-
tions because the heavy snow load resulted in a negative
freeboard (Table 1). In addition, freshwater supply from
the melting snow and ice surface also contributed to the
formation of a flooded surface slush layer (Table 1). Addi-
tionally, at the bottom of the snow cover, we observed
superimposed-ice (an ice layer formed by the freezing of
snow meltwater) (Table 1). Further details on site charac-
teristics are described in Nomura et al. [2012].

[10] The Arctic study was performed during the Centre
for Ice, Climate and Ecosystems cruise (ICE11) with R/V
Lance to the pack ice north of Svalbard (80°47'-81°09'N,
12°26'-16°27'E) from April to May 2011 (Figure 1 and Ta-
ble 1). Measurements and sampling were carried out on 29
and 30 April and 2, 3, 6, and 11 May 2011. During the ob-
servation period the air temperature and wind speed, meas-
ured at the mast of R/V Lance, were —5.5+4.9°C and
6.8 3.3 m s ', respectively. At some stations the sea ice
was flooded but no superimposed-ice was observed (Table
1). Further details on site characteristics are described in
Nomura et al. [2013].

2.2. Sealce CO, Flux Chamber Measurements

[11] The air-sea ice CO, flux was measured with a closed
chamber approach, allowing direct determination of the in
situ gas flux over sea ice [Delille, 2006; Nomura et al.,
2010a, 2010b; Geilfus et al., 2012]. In this study, we used
a new chamber system composed of three automatic open-
close chambers and a gas analyzer (Figure 2), which
allowed us to study the different surface conditions simul-
taneously as well as temporal variations of the air-sea ice
CO, flux. This system was originally developed at Hok-
kaido University for soil CO, flux measurements. For oper-
ation on sea ice and snow, a collar with a serrated bottom
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edge was developed (Figure 2b). Three chambers (each 40
cm in diameter and 12 cm in height) were made from a
polyvinyl chloride pipe (Figure 2b). Temperature in the
chamber was measured using a temperature data logger
(RTR 52, T & D Corp., Nagano, Japan).

[12] A nondispersive infrared gas (NDIR) analyzer
(Model 800, LI-COR Inc., Lincoln, NE, USA) was used for
CO, concentration measurements (see Figure 2c). The
NDIR analyzer and chambers were connected to a system
controller (SC), including a data logger (Model 10x, Camp-
bell Scientific Inc., Logan, UT, USA) that controls the
opening/closing of the chambers. These devices were in-
stalled in a portable polypropylene box (62 x 38 x 33 cm).

Southern Ocean

O/ JARE51-S
f 1

JARES1-M

Litzow-Holm
Bay

Antarctica

Antarctic continent
80°S

39°E

40°E

180°W

Location map of the sampling area for the Liitzow-Holm Bay, Eastern Antarctica and north

Electricity was supplied by a portable electric generator
(Model EU16i, Honda Motor Co., Ltd, Tokyo, Japan) dur-
ing JARES1 and a battery (Model 8012-254, Optima Bat-
teries Inc., Milwaukee, WI, USA) during the ICE11 study.
To avoid contamination by CO,, the electric generator,
used during JARES1, was installed at the downwind side
more than 20 m away from the chambers. To calibrate the
CO, measuring system before and after observations, four
standards (mixing ratio of 324, 341, 363, and 406 ppm)
traceable to the World Meteorological Organization
(WMO) mole fraction scale [/noue and Ishii, 2005] were
used. Each CO, flux measurement was generally carried
out from morning to afternoon. For the temporal study on

Table 1. Station, Date for CO, Flux Measurement and Sampling, Position, Air Temperature, Wind Speed, and Thickness of Snow,

Superimposed-Ice, Flooded Slush Layer, and Sea Ice

Thickness
Air Wind

Temperature Speed Slush Sea
Station Date Position “C)? (ms "y Snow Superimposed-Ice Layer Ice
JARES1-M 2 Jan 2010 68°59'44"'S,39°37'24"E -0.2 10.8 30.0 13.0 17.0 188.0
JARES1-M 5Jan 2010 68°59'44"S,39°37'24"E +1.7 29 34.0 11.0 14.0 157.0
JARES51-M 11 Jan 2010 68°59'44"'S, 39°37'24"E +2.9 2.5 30.0 9.0 38.0 155.0
JARES51-M 18 and 19 Jan 2010° 68°59'44"'S, 39°37'24"E +1.4 1.5 9.0 6.0 11.0 152.0
JARESI-S 10 Feb 2010 68°56'21"S, 38°57'08"E +1.2 4.0 68.0 15.0 30.0 430.0
ICE11-11 29 and 30 Apr 2011°¢ 80°47'38"N, 12°26'05"E -0.9 6.5 15.0 0.0 6.0 88.0
ICE11-20 2 May 2011 81°03'09"N, 16°27'00"E —0.1 2.1 19.6 0.0 7.0 58.0
ICE11-21 3 May 2011 81°09'43"N, 16°02'41"E -83 8.5 25.0 0.0 0.0 125.0
ICE11-22 6 May 2011 80°55'47"N, 15°16'44"E —1.2 8.5 30.0 0.0 0.0 119.0
ICE11-27b 11 May 2011 80°48'01"N, 16°17'27"E —10.3 3.0 1.0 0.0 10.0 31.0

*Mean value during the period of CO, flux measurements.
®Sea ice coring was conducted on 19 January 2010.

“Sea ice coring and CO, flux measurements were performed on 29 and 30 April 2011, respectively.
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Figure 2. (a) Photographs of the CO, flux chamber sys-
tem at station ICE11-11 north of Svalbard on 30 April
2011 and (b) scaled close up of one of the chambers. (c)
Schematic diagram of the CO, flux chamber system. Sam-
ple air from the chambers was passed at a flow rate of 1.0 L
min~' by a diaphragm pump (P) through 1/4 in. Teflon
tubes connected to a nondispersive infrared gas (NDIR) an-
alyzer, a chemical desiccant column of Mg(ClO,), (CDC),
solenoid valves (SV), and a mass flow controller (MFC).
Solid and dashed lines indicate the closed loop of flowing
air for measuring the air CO, concentration in the chambers
and the electric circuit, respectively.

Collar with serrated edge

Antarctic sea ice (JARES1-M), the chambers were installed
over an undisturbed area of approximately 25 m® and
brought back to the lab after each day, except for continu-
ous measurements on 18 and 19 January 2010. To examine
the CO, flux under different surface conditions, we per-
formed simultaneous chamber measurements within an
area of 4 m” under three different surfaces (e.g., Figure 2a).
Generally, chambers were installed over undisturbed snow,
ice surface (superimposed-ice and sea ice), and flooded
slush surface, the latter two after removing the snow and
superimposed-ice (see below).

2.3. CO, Flux Measurements Over the Snow
Surface (Fpow)

[13] Snow surface CO, flux (Fg,ow) measures CO, flux at
the snow-atmosphere interface. First, a collar with a ser-
rated bottom edge was inserted 3 cm into the snow 30—60
min before measurements in order to avoid the disturbance
by installation. Then, the measuring chamber was placed
on top of the preinstalled collar.

2.4. CO, Flux Measurement on Bare Ice Surface (Fijc)

[14] CO, flux measurements over the ice (Fj..) were sim-
ilar to measurement of Fj, ., except that the chamber was

placed directly over the ice surface. Within 2 m of the
F 0w chamber, approximately 1 m? of snow was removed
by a snow shovel. A collar with a serrated bottom edge was
inserted 3 cm into the ice surface 30—60 min before the
chamber was placed on top of the preinstalled collar, and
only then measurements were started. After removing the
snow, surface conditions were representative of
superimposed-ice for the Antarctic ice stations and non-
flooded ice (bare ice) for the Arctic ice stations ICE11-21
and 22 (Table 1). Measurements of Fj,. over
superimposed-ice were examined at JARES1-M on 5 Janu-
ary 2010 and at JARES1-S on 10 February 2010.

2.5. Flooded Slush Surface CO, Flux (Fig0q)

[15] CO, flux measurements over the flooded slush layer
(Frooq) Were similar to measurement of Fy,.., €xcept that
the chamber was placed directly over the slush after the
overlying snow or superimposed-ice had been carefully
removed without disturbing the slush layer. This chamber
was within 2 m of the two other chambers. After snow and
superimposed-ice removal, ice crystals in the flooded slush
layer were removed with a net. A 15 cm high collar was
inserted into the slush layer 30—60 min before measure-
ments started.

2.6. CO; Flux Calculation

[16] Each of the three chambers were closed in sequence
for 20 min, with the two other open, and in the closed
chamber the CO, concentration was measured every 5 s.
Thus in 1 h, one 20 min measurement period was per-
formed for each chamber. As an example, the CO, concen-
tration over the snow (Fgnow), superimposed-ice (Fic.), and
flooded slush layer (Fgooq) at JARES1-M on 5 January
2010 is shown in Figure 3. The air CO, concentration in
the chamber decreased with time (e.g., Fpooq), indicating
that CO, was absorbed from air to the slush surface. The
CO, flux was calculated according to:

F = p(273.15/T)(dC/dr)(V | A) (1)

where F is the flux (mmol C m~2 d™") (negative value indi-
cates CO, being absorbed from air to ice surface), p the
CO, density at standard temperature and pressure (=44.5
mol m > x (12/44)), T the temperature in the chamber
(°K), dC/dt the rate of time variation (ppm d~ ') of CO,
concentration in chamber (e.g., slope of Figure 3b), V" the
volume (m®) of the chamber headspace adjusted for the
volume occupied by the solid phase, and 4 the surface area
(m?) covered by the chamber. The values of 12 and 44 indi-
cate the atomic mass of carbon and molecular mass of CO,,
respectively. The ratio of 273.15/T corrects for the temper-
ature effect relative to the standard state. The stability of
our NDIR sensor has been verified during CO, concentra-
tion measurements. The standard error of the regression
line between the CO, concentration and elapsed time was
<0.1 ppm (Figure 3b). The precision of CO, flux measure-
ments based on the repetitive measurements (n = 5) within
the same time frame (1-2 h) and at the same surface condi-
tion, was *=7%. The uncertainty of the CO, flux measure-
ments, estimated from the standard error of the regression
line between the CO, concentration and elapsed time was
+0.1mmolCm2d".
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Figure 3. (a) Example of the temporal variation in CO,
concentration in the chambers installed over the slush
(Chamber A, Exps. 1 and 4), snow (Chamber B, Exp. 2),
and superimposed-ice (Chamber C, Exp. 3) at station
JARE51-M on 5 January 2010. (b) ACO, indicates the
change in CO, concentration inside the chamber since the
chamber was closed. The regression lines were based on
the data obtained after each measurement. The horizontal
dashed line indicates ACO,=*0 ppm. The slope was
expressed as ppm min .

2.7. Sampling of Snow, Slush Water, Brine, Sea Ice,
and Under-Ice Water

[17] Snow, collected for salinity measurements, was
sampled every 10 cm using a polycarbonate shovel, and
placed into polyethylene zip-lock bags. Snow samples were
melted at room temperature (4-20°C) in the laboratory. Snow
temperatures and densities were measured in situ every 10
cm using a needle-type temperature sensor (Testo 110 NTC,
Brandt Instruments, Inc., USA) and a snow density sampler
(Climate Engineering, Niigata, Japan), respectively.

[18] In order to characterize the ice surface condition
combined with snow depth and density, the water equiva-
lent of snow was calculated by multiplying snow depth by
snow density [Jonas et al., 2009]. For stations where
superimposed-ice was formed over the flooded slush layer,
water equivalent of superimposed-ice was also evaluated.
For the calculation of the water equivalent of
superimposed-ice, a density of 862 kg m > was used based
on sea ice measurements from the Ross Sea in summer
[Kawamura et al., 2004]. For the diurnal variation experi-
ment from 18 to 19 January 2010, the temperature data log-
ger (RTR 52, T & D Corp., Nagano, Japan) was installed in
the top 2 cm of the snow (snow surface) and at the
snow-sea ice interface (snow bottom). Snow sampling and
measurements of snow temperature and density were
examined at the downwind side and 2 m away from the
CO, chambers.

[19] Flooded slush water was collected for salinity and
dissolved inorganic carbon (DIC) measurements with a dia-

phragm pump (EWP-01, AS ONE Corporation, Osaka, Ja-
pan) via an attached Teflon tube connected to the
installation hole of the chamber. For salinity measure-
ments, samples were placed into 12 mL glass screw-cap
vials (Nichiden-Rika Glass Co. Ltd, Kobe, Japan) during
JARES1 and 100 mL polypropylene bottles (I-Boy, AS
ONE Corporation, Osaka, Japan) during ICE11. For DIC
measurements, samples were collected into 120 mL amber
glass vials (Maruemu Co. Ltd, Osaka, Japan) during
JARES] and into 2 mL glass vials (Zinsser Analytics
GmbH, Frankfurt, Germany) during ICE11. Immediately
after DIC sampling, a 6.0% (wt.) mercury chloride (HgCl,)
solution (200 pL for a 120 mL vial and 5 pL for a 2 mL
vial) was added to stop biological activity. Samples were
stored in a refrigerator (4+4°C) until analysis. Slush water
temperature was measured in situ by the same sensor as
described for snow above. For diurnal variations in CO,
flux, the slush water temperature was measured continu-
ously by the same data logger as described for snow above.

[20] Near-surface brine was collected at nonflooded sea
ice surface at stations ICE11-21 and 22 using the sack hole
method [Gleitz et al., 1995]. The sack holes (25 and 50 cm
deep) were drilled using an ice corer with an inner diameter
of 9 cm (Mark II coring system, KOVACS Enterprises,
Inc., Lebanon, NH, USA). The sack holes were covered
with a 5 cm thick urethane lid to reduce heat and gas trans-
fer across the brine-atmosphere interface. After the brine
accumulated at the bottom of the hole over a period of
approximately 10—15 min, the brine was pumped with a di-
aphragm pump and sampled for salinity and DIC in the
same manner as for the slush water above. Brine tempera-
ture was measured in situ by the same sensor as described
for snow above.

[21] Sea ice was collected at the same location as snow
and was characterized for temperature, salinity, and ice tex-
ture. Immediately after collection of the first ice core, tem-
perature was measured by inserting the same sensor as
described for snow in holes drilled at 10 cm interval into
the core, and the whole core transferred into a polyethylene
bag and stored in a freezer (—20°C) for texture analysis. A
second ice core for salinity measurement was also collected
within 10 cm of the sea ice texture and temperature core
and cut into 10 cm sections with a stainless steel saw and
the ice sections placed into polyethylene zip-lock bags. Sea
ice samples for salinity measurements were melted at room
temperature (+20°C) in the laboratory and stored in the
same manner as the slush water samples.

[22] Under-ice water samples were collected 1 m below
the bottom of the sea ice for salinity and DIC measure-
ments through an ice core hole with a Teflon water sampler
(GL Science Inc., Tokyo, Japan). Samples were treated in
the same manner as for the slush water above. Water tem-
perature was measured immediately after water collection
by inserting the same sensor as described for snow.

2.8. Sample Analysis, Calculation, and Thin Section
Analysis

[23] The salinity of melted snow and sea ice, slush water,
brine, and under-ice water was measured with a salinity ana-
lyzer (SAT-210, Toa Electronics Ltd., Tokyo, Japan) for the
samples collected during JARES1 and a conductivity sensor
(Cond 3154, WTW Wissenschaftlich-Technische
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Werkstatten GmbH, Weilheim, Germany) during ICE11.
Measurements were calibrated with International Associa-
tion for the Physical Sciences of the Oceans (IAPSO) stand-
ard seawater (P series; Ocean Scientific International Ltd,
Havant, UK).

[24] The DIC of slush water, brine, and under-ice water
was determined by coulometry [Johnson et al. 1985] using
a coulometer (CM5012, UIC Inc., Binghamton, NY, USA)
for the samples collected during JARES1. Measurements
were calibrated by using reference materials for seawater
(Batch AG; KANSO Technos Co., Ltd., Osaka, Japan)
traceable to the Certified Reference Material distributed by
Prof. A. G. Dickson (Scripps Institution of Oceanography,
La Jolla, CA, USA). For the samples collected during
ICE11, DIC was determined with the flow injection method
[Hall and Aller, 1992] using a conductivity detector (Model
1056, Amber Science Inc., Eugene, OR, USA). Measure-
ments were calibrated by standards made from Sodium
Hydrogen Carbonate (CAS-No. 144-55-8, AppliChem
GmbH, Darmstadt, Germany).

[25] Brine volume of sea ice was calculated from the
temperature and salinity of sea ice according to Cox and
Weelks [1983] for temperature below —2°C, and according
to Lepparanta and Manninen [1988] for temperatures
within the range 0 to —2°C.

[26] For sea ice texture analysis, the ice core was split in
half lengthwise with an electric band saw and sliced in sec-
tions of 0.7 cm thickness in a cold room (—20°C). Each ice
section was attached to a glass plate and further sliced to a
thickness of 0.1 cm with a microtome (Model SM2400,
Leica Microsystems, Wetzlar, Germany). The ice crystallo-
graphic structures were photographed by illuminating the
thin sections under polarized light. Based on the photo-
graphs, ice texture was categorized as granular, columnar,
or a mixture of granular and columnar ice (g/c) [Eicken and
Lange, 1989].

3. Results

3.1.

[27] The characteristics of snow and sea ice are summar-
ized in Tables 1 and 2. The thickness of snow and sea ice
ranged between 1.0 and 68.0 and 31.0 and 430.0 cm, respec-
tively (Table 1). The sea ice surface was flooded both during
JARES1 and ICE11 and a slush layer of 6.0—38.0 cm depth
was observed. During JARES1 the thickness of the
superimposed-ice layer ranged from 6.0 to 15.0 cm (Table
1). Snow and the upper 20 cm of the sea ice were relatively
warm, particularly during JARESI, ranging from —1.1 to
+0.6°C (Table 2). Snow salinity was zero during JARES],
while higher snow salinities of up to 18 were observed at the
snow bottom during ICE11. Sea ice salinity was generally
low for Antarctic fast ice, ranging from 0.0 to 2.0, compared
to Arctic first-year pack ice, ranging from 4.1 to 10.6 (Table
2). Snow density and water equivalent (snow and
superimposed-ice  combined) was 297.0—545.2 and
57.2—420.3 kg m 2, respectively, and values for Antarctic
fast ice were generally higher than those for Arctic pack ice.
Brine volume fraction varied from 2.1 to 31.6% with higher
values observed for Arctic pack ice (Table 2).

[28] At all stations collected during JARES1-M (19 Janu-
ary 2010), and ICE11, vertical thin sections of ice cores

Characteristics of Snow and Sea Ice

showed that granular ice composed less than 21.0%, while
columnar ice dominated the middle and lower parts of the
cores (72.6—100.0%) for the samples collected (Figure 4).

3.2. Physicochemical Properties of Slush Water,
Brine, and Under-Ice Water

[29] Temperature, salinity, and DIC of slush water,
brine, and under-ice water are summarized in Table 3.
Slush water temperatures, ranging from —1.8 to +3.2°C,
were generally warmer than those measured in the under-
ice water column (range from —1.8 to —0.3°C). Slush
water salinity varied from 4.6 to 45.5, while salinity of
under-ice water was relatively constant (33.5*0.7)
(mean = ISD). DIC ranged widely for slush water
(199.1-3136.3 pumol kg_l), while DIC was relatively con-
stant for the under-ice water (2113.0 = 103.1 pmol kg™ ).
Generally, Antarctic slush waters were characterized by
higher temperature and lower salinity and DIC than those
for the Arctic (Table 3). For the brine samples (25 and 50
cm depth) collected at stations ICE11-21 and 22 for the
Arctic ice, temperature (<—3.6°C) was much lower and sa-
linity (>66.8) and DIC (>3812.1 umol kg~') were much
higher than those for the slush layer and under-ice water
column.

3.3. CO, Flux

[30] The air-sea ice CO, fluxes of all measurements
obtained for the different ice surfaces ranged from —4.0 to
+0.5 mmol C m 2 d~'. Table 4 summarizes the CO, flux
measurements for each surface. The mean CO, flux meas-
ured over the snow surface (Fipow) Was —0.2 = 0.3 mmol C
m~2d~!, and a similar mean flux value measured over the
bare ice surface (Fice) (—0.1 0.2 mmol C m % d"). On
average higher negative CO, fluxes were obtained for
the flooded slush surface (Fipoq) (—1.1 £ 0.9 mmol C m 2
d™"), with peak values as high as —4.0 mmol C m % d "
The ratio Fyow/Frood ranged from 0.1 to 0.5 (Table 4).

[31] The Fyow/Firood ratio was strongly correlated with
water equivalent of snow (=0.88, p<0.006),
superimposed-ice (> =0.99, p<0.004), and snow and
superimposed-ice combined (+*=0.95, p <0.002) (Figure
5). The Fg,ow/Frood ratios decreased with increasing water
equivalent (Figure 5).

3.4. Temporal Variation in CO, Flux

[32] Temporal variation in snow, slush water, and under-
ice water properties and CO, flux was examined between 2
and 19 January 2010 at the JARES51-M time series station
(Figure 6). During the study period, thickness of snow and
superimposed-ice decreased with time from 34.0 to 9.0 and
13.0 to 6.0 cm, respectively (Figure 6a and Table 1). On
the other hand, snow temperature and snow density
increased with time from +0.1 to +0.5°C and 445.3 to
506.1 kg m >, respectively (Figure 6b and Table 2). Varia-
tions in water equivalent of snow and superimposed-ice
combined were similar to those in snow depth, which
decreased from 261.0 to 97.3 kg m ™ during the study pe-
riod (Figure 6¢ and Table 2).

[33] Salinity of slush water decreased significantly
from 27.4 to 7.6 during the study period while salinity of
under-ice water was almost constant at 33.2 += 0.8 (Figure
6d and Table 3). Moreover, the temporal variations in
DIC of slush water and under-ice water were similar to
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those in salinity of slush water and under-ice (Figures 6d
and 6e). DIC in the slush water decreased significantly
from 1529.6 to 318.1 pmol kg~', while DIC in the under-
ice water was almost constant at 2031.3 = 80.4 (Figure 6e
and Table 3). Temporal variations of salinity and DIC in

slush water were highly correlated (+*=0.99, p < 0.002)
re 7). Fgooq changed from —2.3 to —0.5 mmol C

d™', while Fq, was almost constant (—0.2 = 0.3
mmol C m~2 d™") during the study period (Figure 6f and

Sea ice top

Sea ice bottom

Granular ice
Columnar ice

(b) Arctic sea ice

-130 -

Photographs of ice core thin sections in polar-

[34] The continuous diurnal measurements of air, snow,
and slush water temperature, solar radiation, salinity, and

ICE11-21 on 3 May 2011. The g/c indicates the mixture of

ized light for (a) the Antarctic sea ice at station JARES1-M
on 19 January 2010 and (b) the Arctic sea ice at station
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DIC
(pmol kg™
2116.9
2079.4
1944.1
1985.0
2183.6
2214.1

Under-Ice Water”
Salinity
34.1
33.6
327
32.3
34.2
33.8

O
—1.8

—-1.3
—0.3
—1.6
-1.0

Temperature

DIC
(pmol kg™

Brine
Salinity

c
c
c

Temperature (°C)

DIC (umol kg™
1529.6 (1448.9 to 1610.2)
1010.3 (842.1 to 1178.5)

610.0 (593.9 to 626.1)
318.1 (199.1 to 548.6)
1084.2°
3100.2 (3064.0 to 3136.3)

Slush Water
Salinity
19.0 (16.1 to 21.9)
11.0 (10.7 to 11.2)
20.3°
45.1 (44.7 to 45.5)
40.2 (39.9 to 40.4)
38.9 (38.5 t0 39.3)

27.4 (25410 29.3)
7.6 (4.6 to 10.1)

+0.7°
—1.7(~18t0 —1.7)

Temperature (°C)

~0.6 (0.6 to —0.6)
~0.6 (1.0 to —0.1)
122 (+1.9t0 +2.4)
1.1 (~0.8 to +3.2)

Date
2 Jan 2010
5Jan 2010
11 Jan 2010
18 and 19
Jan 2010¢
10 Feb 2010
30 Apr 2011

Table 3. Temperature, Salinity, and DIC for Slush Water, Brine, and Under-Ice Water®

JARES1-M
JARES1-M
JARES1-M
JARES1-M
JARES1-S
ICE11-11

Station

NOMURA ET AL.: SEA ICE IS A CO, SINK DURING MELT

DIC in slush water and CO, flux were obtained between 18
o and 19 January 2010 at the JARES1-M time series station
(Figure 8). Air temperature fluctuated from +0.1 to +2.9°C
over the daily cycle, in synchrony with the fluctuations in
solar radiation ranging from 5.6 to 783.3 W m ™2 (Figure
o 8a). Temperature of snow and slush water also changed in
synchrony (Figure 8b) with the fluctuations in solar radia-
tion and air temperature (Figure 8a). Snow temperature at
the surface changed dramatically compared to those at the
snow bottom and slush water, and reached up to 4+1.3°C at
the snow surface (Figure 8b).

[35] Salinity and DIC in slush water decreased with
time from 10.1 to 4.6 and 548.6 to 224.4 pumol kg ',
respectively, during the study period (Figure 8c), and they
were highly correlated (+*=0.84, p <0.03) (Figure 7).
Fiow and Fpooq changed in synchrony with the fluctua-
tions in solar radiation and temperature of air, snow, and
slush layer, ranging from —0.7 to +0.2 mmol C m > d~'
for Fyow and from —1.5 to —0.2 mmol C m* d~' for
Fio0q (Figure 8d).

2167.2
2213.9

335
339

—1.4

3999.0
(3863.4 to 4132.5)
38737
(3812.1 t0 3917.6)

C

4. Discussion

(77.6 to 79.6)
68.7
(66.8 to 71.4)

[36] During both studies in the Antarctic and Arctic,
snow and sea ice were relatively warm and the sea ice sur-
face frequently flooded due to heavy snow cover (Tables 1
and 2). In addition, meltwater supply to the ice surface
from melting snow and ice surface also contributed to the
formation of a flooded surface layer (Figures 6 and 8 and
Table 3). Formation of a flooded slush surface has been
widely observed in heavily snow covered sea ice during the
ice melting season [Haas et al., 2001 ; Kattner et al., 2004;
Ackley et al., 2008 ; Zemmelink et al., 2006, 2008 ; Papadi-
mitriou et al., 2009 ; Nomura et al., 2012, 2013]. High bio-
logical activity [Kattner et al., 2004] and meltwater supply
from the melting snow and sea ice [Nomura et al., 2012] al-
ter salinity and DIC in the flooded slush surface (Figures 6—
8 and Table 3).

[37] The strong correlation between slush water salinity
and DIC observed during the JARES1 time series study (Fig-
ure 7) indicated that the dilution effect by the freshwater sup-
ply from melting snow and sea ice, was primarily responsible
for the variations of the chemical components in the slush
water. A similar relationship was observed in the same sea-
son and area over the land-fast multiyear sea ice station in
Lutzow-Holm Bay, Antarctica [Nomura et al., 2012], show-
ing that DMS concentrations in the slush water decreased
dramatically with decreasing salinity. In comparison, salinity
and DIC in under-ice water were almost constant during the
study period (Figure 6 and Table 3). These results suggest
that melting of snow and the ice surface did not affect the
under-ice water properties. Water exchange between sea ice
and the under-ice water column can be mediated through
well-developed brine channels in sea ice [Tison et al., 2008
Nomura et al., 2009]. However, the different patterns in sa-
linity and DIC for slush and under-ice water (Figure 6 and
Table 3) suggests that there was no linkage between slush
and under-ice water, and that the slush water, dominating at
the top of sea ice, was isolated from the brine under-ice water
system during the time of observations.

[38] The air-sea ice CO, flux examined over various sur-
face types clearly show that the physical conditions at the

-39
(~3.9t0 —3.8)
38

(—4.0t0 —3.6)

2604.5 (2581.4 to 2627.6)
2559.7 (2513.3 t0 2606.2)

14 (~15t0 —13)
17 (~1.7t0 —1.6)

3 May 2011
6 May 2011
11 May 2011

2 May 2011
means no data.
9Slush observations were obtained from 18 to 19 January 2010 (every 6 h). Under-ice water was sampled on 19 January 2010.

“The range is indicated in brackets.

°Only one data.

Ce 2

ICE11-27b

ICE11-20
ICE11-21
ICE11-22
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Table 4. CO, Flux Measured Over the Snow (Fy,0w), Ice Surface (Fice), and Flooded Slush Surface (Fiooq), and the F,ow/Frooa Ratio

CO, Flux (mmol C m~2 d~") (mean *+ 1 SD)

anow/
Station Date Fenow Fice Fhiood Fhiood”
JARES1-M 2 Jan 2010 +0.1 0.1 _b —23+0.38 -
JARE51-M 5 Jan 2010 —02+02 —0.1%03 —22+06 0.1
JARE51-M 11 Jan 2010 —03*02 _b° ~1.8%0.6 0.2
JARE51-M 18 and 19 —02+03 _° —0.5+0.5 0.4

Jan 2010

JARE51-S 10 Feb 2010 —0.1%0.0 —0.1x0.1 —22%*05 0.1
ICE11-11 30 Apr2011 —0.6° —° ~12+03 0.5
ICE11-20 2 May 2011 —04*04 b —0.8+0.4 0.5
ICE11-21 3 May 2011 +0.1 2022 +0.0 = 0.2 _b° _b
ICE11-22 6 May 2011 +0.0+0.2 —0.1+02 - -
ICE11-27b 11 May 2011 —0.4+0.1 b ~1.0*0.7 0.4
Mean for all measurements —-02+0.3 —0.1+0.2 —1.1+0.9 0.3

*When F,o Was positive, Fyow/Friooq Was not estimated.
®«_» means no data.
“Only one data.

sea ice surface affect the magnitude of air-sea ice CO, flux
(Figures 5, 6, and 8 and Table 4). The CO, flux measured
directly over the flooded slush surface (Fpyoq) constituted a
net CO, sink with —1.1 + 0.9 mmol C m * d !, which was
an order of magnitude higher than the flux measured over
the snow surface (Fyyow: —0.2 * 0.3 mmol C m dfl) and
nonflooded bare sea ice surface (Fi..: —0.1 £ 0.2 mmol C
m 2 d~') (Table 4), illustrating that the flooded slush sur-
face acts as sink for atmospheric CO,. A sea ice CO, sink
was previously reported by Zemmelink et al. [2006], who
showed that CO, was absorbed by multiyear ice in the
Weddell Sea, and that the higher negative CO, flux (—18.2
to —4.6 mmol C m > d™'), measured by the eddy covari-
ance method, was driven by biological uptake within the
flooded slush layer at the snow-sea ice interface. In com-
parison, during JARES1 and ICE11, Chlorophyll-a concen-
trations were low (<1.1 pug L™') at the top of sea ice
[Nomura et al., 2013] and slush layer [Nomura et al., 2012]
observed in the same season and area as this study.

[39] Fsnow and Fj.. were less negative than Fpooq (Table
4). Furthermore, the Fg,ow/Fiooq ratio ranged from 0.1 to
0.5 (Table 4), illustrating that 50-90% of the potential CO,
flux across the flooded slush surface was reduced due to the
presence of the snow and/or superimposed-ice. Previous
studies have shown that snow accumulation and formation
of superimposed-ice over sea ice effectively impede CO,
[Delille, 2006; Nomura et al., 2010a] and DMS [Nomura
et al., 2012] gas exchange. Nomura et al. [2010a] reported
that snow thicknesses higher than about 9 cm effectively
shut down CO, exchange between air and sea ice. Other
studies examined the CO, exchange through snow pack de-
posited over soils [Sommerfeld et al., 1993, 1996; Winston
et al., 1995; Takagi et al., 2005; Elberling, 2007 ; Schindl-
bacher et al., 2007; Bowling and Massman, 2011] and gas
dynamics within the firn layer on the top of glacier [/keda-
Fukazawa et al., 2005; Kawamura et al., 2006]. These
studies concluded that the snow cover is a porous medium
for gas. However, in some cases, the snow properties (e.g.,
thickness, density, and presence of an ice layer in the
snow) are also important factors contributing to the gas
exchange processes in snow [e.g., Schindlbacher et al.,
2007]. Therefore, in our study, a new parameter “water

equivalent” that combines thickness with density of snow
and superimposed-ice was used as an indicator for the
snow and superimposed-ice properties and ice surface con-
ditions (Table 2). A strong relationship between the Fy,qw/
Fio0q ratio and water equivalent (Figure 5) suggests that
the CO, flux is clearly affected by snow and superimposed-
ice properties.

[40] Without removing the snow over the flooded slush
surface, more negative Fg,ow (—0.6 to —0.4 mmol C m >
d~') was measured for Arctic sea ice (Table 4), where the
snow bottom was flooded (Table 1). Because snow thick-
ness and density were generally low for Arctic stations

0.6 —
[}
[
[
v
T Snow
0.59 i tl ———————— Superimposed-ice i
'.I‘ Ve Snow + Superimposed-ice
[}
o O JARE51-M (5 January)
041 X X X JARE51-M (11 January) r
3 “\ \\ X JARE51-M (18-19 January)
e AU + JARE51-S
034 HERTA A ICE11-11 L
e RN O ICE11-20
L [ Y\
0.2- [N .
0.1 @ O\\\ RepNugg F
4 T TR
0.0 T T T T T T T T T
0 100 200 300 400 500
Water equivalent [kg m=2]
Figure 5. Relationships between the Fl,ow/Frood ratio

and water equivalent of snow (green symbol and dashed
line), superimposed-ice (blue symbol and dashed line), and
snow and superimposed-ice combined (red symbol and
dashed line). Symbols represent JARE51-M (circle: 5 Jan-
uary 2010, star: 11 January 2010, cross: 18 and 19 January
2010), JARES1-S (plus), ICE11-11 (triangle), and ICE11-
20 (square). Dashed lines indicate the fitting curve used to
describe the relationship.
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Figure 6. Temporal variations of (a) snow and superimposed-ice thickness, (b) temperature and den-
sity of snow, (c) water equivalent, (d) salinity of slush and under-ice water, (e) DIC in slush and under-
ice water, and (f) CO, flux, during JARES1. The horizontal dashed line in Figure 6f indicates CO,
flux = =0 mmol Cm *d "
(Tables 1 and 2), the water equivalent was also low com- between the snow and slush layer in Arctic (Table 1).
pared to Antarctic stations (Table 2). The Fgnow/Firooq ratio  Because superimposed-ice had a low salinity [Nomura
for Arctic sea ice was thus higher than for Antarctic sea ice et al., 2012] and high density [Kawamura et al., 2004], one
(Figure 5 and Table 4). Thus, the gas exchange occurred
more effectively from the flooded surface through the snow

in the Arctic. In addition, no superimposed-ice was found 1290
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temporal variations (blue symbol and dashed line) and diur- Figure 8. Diurnal variations of (a) air temperature and
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can expect that the presence of a superimposed-ice layer
prevents CO, exchange between flooded slush and the
atmosphere in Antarctic sea ice as observed in the present
study (Table 4) and previous studies [Delille, 2006;
Nomura et al., 2010a, 2012].

[41] Our temporal and diurnal experiments (Figures 6
and 8) clearly indicated that the CO, flux varied according
to variations in the sea ice surface properties. During the
temporal study, thickness of snow and superimposed-ice
decreased while snow density increased with warming and
melting (Figures 6a and 6b), and water equivalent
decreased with time (Figure 6¢). These changes in sea ice
surface properties were clearly reflected in the increase of
the Fnow/Friooq ratio from 0.1 on 5 January to 0.4 on 19
January 2010 (Table 4), and in the slight decrease of Fi, oy
from +0.1 to —0.2 mmol C m 2 d~' (Figure 6f and Table
4). Similar results were also observed for the diurnal varia-
tion experiment (Figure 8). Air and snow temperatures
changed in synchrony with fluctuations in solar radiation
(Figures 8a and 8b). During daytime around 08:00 (univer-
sal time coordinated (UTC)) on 19 February 2010, snow
temperatures of up to =0°C (Figure 8b), resulted in snow
melting and downward transport of meltwater through
channels in the snow [Sommerfeld et al., 1991 ; Katsushima
et al., 2009]. In addition, Sommerfeld et al. [1991] reported
that the onset of snow melting and meltwater transport
affect the CO, dynamics within the snowpack. Diurnal var-
iations showed that F§,,, changed from almost zero flux on
18 February to fluxes of up to —0.7 mmol C m 2> d~!
between 00:00 and 16:00 (UTC) on 19 February 2010 in
synchrony with fluctuations in solar radiation and air and
snow temperatures (Figure 8). These results suggest that
snowmelt would affect the CO, dynamics within snow and
the air-sea ice CO, flux, possibly through the well-
developed channel system formed during downward trans-
port of meltwater within snow.

[42] Variations in CO, flux, especially in Fiooq, Will
depend on variations in biogeochemical properties of slush
water because Fj,oq Was measured directly over the flooded
slush surface. pCO, at the surface of sea ice is an important
factor controlling the air-sea ice CO, flux [Delille, 2006;
Nomura et al., 2006, 2010a]. Although we did not obtain
pCO, data for the slush water layer in this study, the varia-
tions of DIC and salinity at the top of sea ice (slush water
and brine) (Figure 7) can help to understand pCO, dynamics
[Nomura et al., 2010a]. The pCO, in the top of sea ice (in
brine) changes dramatically from sea ice formation to the
melting season [Delille, 2006; Nomura et al., 2006, 2010a,
Miller et al., 2011b; Geilfus et al., 2012; Papadimitriou
et al., 2012]. During sea ice formation, pCO, increases with
increases in DIC, and with changes in CO, solubility and
the dissociation constants of carbonic acid as a function of
salinity [Weiss, 1974; DOE, 1994; Millero, 1995], which
increases as a result of the progressive rejection of dissolved
impurities from growing ice [Nomura et al., 2006]. There-
fore, generally, pCO, in sea ice (brine) is supersaturated
with respect to the air during periods of ice growth. On the
other hand, during ice melt, the same process occurs for
pCO; due to the dilution effect, but in the opposite direction
(decrease in pCO, with decreases in DIC). In the case of
flooded slush surfaces, these relationships could be the
same. The snow and sea ice were relatively warm during

both JARES1 and ICE11, indicating that the ice was in the
melting period, suggesting that pCO, in the slush water
layer was low compared to the atmospheric partial pressure,
and thus had the potential to absorb CO, from the atmos-
phere. In addition, our negative CO, flux and temporal var-
iations of Fyooq (Figures 6 and 8 and Table 4) clearly
illustrated that the slush water layer was undersaturated in
pCO, with respect to the atmosphere and variation of pCO,
and salinity in slush water followed the variations in melting
without any input of seawater. However, the pCO, in sea
ice varies depending on other processes as well (e.g., car-
bonate chemistry, biological activity, and ikaite formation/
dissolution). Therefore, further investigation will be
required to understand the pCO, dynamics within the sur-
face slush layer and its relation with the CO, flux.

[43] Our CO, fluxes ranged from —4.0 to +0.5 mmol C
m 2 d~! and fall within the range (—5.2 to +1.9 mmol C
m 2 d ') reported from previous studies based on the
chamber method [Delille, 2006; Nomura et al., 2010a,
2010b; Geilfus et al., 2012]. However, substantially higher
CO, fluxes were measured by the eddy covariance method,
ranging from —259.2 to +74.3 mmol C m 2 d ™' [Zemme-
link et al., 2006; Miller et al., 2011a; Papakyriakou and
Miller, 2011]. Direct comparison is further complicated
because CO, flux measurements with both methods were
performed at different seasons and surface conditions. One
reason for the large difference between the chamber and
eddy covariance methods is considered to be the differen-
ces in the footprint size of CO, exchange measured with
the two approaches. The eddy covariance method reflects
the average flux over a large area [Zemmelink et al., 2006,
2008; Burba et al., 2008; Amiro, 2010; Miller et al.,
2011a; Papakyriakou and Miller, 2011], and it is, there-
fore, most useful for understanding large scale fluxes. How-
ever, it is difficult to distinguish the contribution from
different surface types and local events [Zemmelink et al.,
2006, 2008]. In addition, CO, flux measurements in cold
weather condition by the open-path eddy covariance sys-
tems should be interpreted with caution, given that the
fluxes may be prone to biases [Burba et al., 2008]. While
the chamber method is useful for understanding the rela-
tionship between fluxes and ice surface conditions on small
scales. Therefore, the different spatial scales of the two
methods may be one reason for the discrepancy in CO, flux
measurements. These methodological gaps are still being
discussed and not yet fully understood by the CO, flux
community [Burba et al., 2008; Amiro, 2010]. Further-
more, the CO, flux is influenced by wind-driven pressure
pumping [Takagi et al., 2005 ; Suzuki et al., 2006; Bowling
and Massman, 2011]. As a result, the magnitude of CO,
fluxes through snow overlying soil [e.g., Takagi et al.,
2005] or sea ice [e.g., Papakyriakou and Miller, 2011]
increases with wind velocity and pressure pumping can
enhance the transport beyond molecular diffusion by up to
40% [Bowling and Massman, 2011]. This suggests that the
chamber method, driven by molecular diffusion, underesti-
mates the CO, flux. We, however, collected samples only
on days when wind speeds were low (e.g., Table 1) and
wind-driven pressure pumping was small, thus minimizing
wind effects on the measured CO, flux. Further evaluation
of the impact of pressure pumping on CO, flux is urgently
needed for sea ice.
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[44] Our results suggest that Antarctic and Arctic sea ice
is a potential sink for atmospheric CO, during the melt sea-
son, particularly the flooded ice surface due to the direct
contact of the slush water layer with the atmosphere. It is
important to note that the formation of a slush layer likely
occurs frequently during spring melt [Haas et al., 2001;
Kattner et al., 2004; Ackley et al., 2008 ; Zemmelink et al.,
2006, 2008; Papadimitriou et al., 2009; Nomura et al.,
2012, 2013]. The amount of CO, absorbed by flooded sea
ice may therefore be a significant fraction of the total CO,
uptake of the global ocean. Although few data are available
thus far to support our conclusions we provide first evi-
dence on how changes in sea ice properties amplified by
ongoing climate change could impact air-sea ice CO,
fluxes, particularly in the Arctic Ocean [Parkinson and
Cavalieri, 2012]. During these processes, snowmelt on the
sea ice and the subsequent formation of a flooded surface
and surface melt ponds will be promoted due to changes in
the ice surface energy budget [Nicolaus et al., 2012]. The
effect of snow on the air-sea ice CO, flux decreased with
decreasing snow amount over the sea ice (Figure 5), illus-
trating that if snow thickness decreases [Screen and Sim-
monds, 2011], air-sea ice CO, flux will be enhanced. In
addition, formation of surface melt ponds [Semiletov et al.,
2004] and carbon uptake by algae within melt ponds [Lee
et al., 2012] could also contribute to CO, uptake. In the
future, the melting of sea ice in polar oceans will strongly
affect gas exchange processes although processes related to
the freezing and melting of sea ice still represent large
unknowns [Parmentier et al., 2013].

5. Conclusion

[45] In this study, we present evidence that melting and
flooded Antarctic and Arctic sea ice acts as a sink for
atmospheric CO,. We used a newly developed CO, meas-
uring system composed of three automatic open-close
chambers, which allowed us to simultaneously evaluate the
effect of different sea ice surfaces and conditions on air-sea
ice CO, flux over different temporal scales.

[46] The CO, fluxes of all measurements ranged from
—4.0 to +0.5 mmol C m~2 d™". After removing the snow/
superimposed-ice, the CO, flux measured directly over the
flooded sea ice surface (Fipooq) constituted a net CO, sink
with —1.1 0.9 mmol C m 2 d~' (mean *+ 1SD), which
was an order of magnitude higher than the flux measured
over the snow surface (Fgow: —0.2 0.3 mmol C m *
d™') and nonflooded (bare) sea ice surface (Fic:
—0.1%+0.2 mmol C m? dfl). The ratio Fguow/Fiood
decreased with increasing water equivalent estimated from
the density and thickness of snow/superimposed-ice, sug-
gesting that the CO, flux through the ice surface is clearly
affected by the properties of snow/superimposed-ice. The
Fonow/Firood ratio ranged from 0.1 to 0.5 for all sites, illus-
trating that 50-90% of the potential flux at the flooded sur-
face was reduced due to the presence of snow/
superimposed-ice. Our temporal and diurnal experiments
indicated that the warming of the ice surface, due to the
increase in solar radiation and temperature, led to a melting
of snow/superimposed-ice over the flooded surface. Hence,
Fow changed from almost zero to —0.7 mmol C m2d!,

following the transition of the ice surface properties
according to changes in radiative forcing.

[47] Our CO, flux measurements obtained from sea ice
in both hemispheres provides a useful baseline for future
studies addressing the impact of increased ice melting and
flooding in enhancing the air-sea ice CO, flux across rap-
idly changing polar oceans.
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